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Abstract. The dynamic hydro-chemical Model of Acidifi- 1 Introduction
cation of Groundwater in Catchments (MAGIC) was used to

predict the response of 163 Finnish lake catchments to futurgn Finjand there has been a substantial decrease in sulphate
acidic deposition and climatic change scenarios. Future de(SOf[) deposition (30% in northern and up to 60% in south-
position was assumed to follow current European emissionsr Finland) since the late 1980s (Vuorenmaa, 2004) owing
reduc'tlon pohme; and a scenario based on maximum (techo arge reductions in sulphur (S) emissions in both Finland
nologically) fea5|bl_e _red_uctlons (MFR). Future climate (tem- 5nq Europe in general. European emissions of S and nitro-
perature and precipitation) was denvgd from the HadAM3 gen (N) oxides, and ammonia (NHhave declined by 67%,
and ECHAMA4/OPYC3 general circulation models under two 2494 and 20%, respectively, between the years 1980 and 2000
global scenarios of the Intergovernmental Panel on ClimatqemEP, 2004). The protocols to the Convention on Long-
Change (IPCC: A2 and B2). The combinations resulting inrange Transboundary Air Pollution (LRTAP) of the United
the widest range of future changes were used for simulationsyations Economic Commission for Europe (UNECE) and
ie., t_he A2 scenario results from ECHAMA/OPYCS3 (highest |ggis|ation of the European Union (EU) have been the key
predicted change) and B2 results from HadAMS3 (lowest pre-jnternational instruments driving this development. In Fin-
dicted change). Future scenarios for catchment runoff wergang, observed decreases in N deposition (monitored by the
obtained from the Finnish watershed simulation and fore-Finnish Environmental Institute, SYKE) are lower than for
casting system. The potential influence of future changess2- due to the smaller reductions in precursor emissions.
in surface water organic carbon concentrations was also eXgjitrate (NG;) in bulk precipitation has decreased by 30—
plored using simple empirical relationships based on tempery oy i southern, 20-40% in central and 20-30% in north-
ature and sulphate deposition. Surprisingly, current emission,, Finland since the late 1980s. Ammonium Q\bl-deposi—
reduction policies hardly show any future recovery; how- jon has also shown a decreasing trend (40-50% in southern,

ever, significant chemical recovery of soil and surface wa-3q0_509 in central and 30% in northern Finland) during the
ter from acidification was predicted under the MFR emissiongg o period (Forsius et al., 2003; Vuorenmaa, 2004). Pre-

scenario. The direct influence of climate change (temper;nitation monitoring results of the Finnish Meteorological

ate and precipitation) on recovery was negligible, as runoff) iy te show similar trends (Ruoho-Airola et al., 2003).
hardly changed; greater precipitation is offset by increased Reduct . idifving d - imarily dri b
evapotranspiration due to higher temperatures. However, two € .uctlo.ns In aci |f¥|ng epositions (prlman y driven by

exploratory empirical DOC models indicated that changes inreductmns in S deposition) have _re_s_ulte_d inlarge-scale recov-
sulphur deposition or temperature could have a confoundin ry of lakes and streams from acidification across Europe and

influence on the recovery of surface waters from acidifica- orth America (e.g., Staddard et al., 1999, 2003; Skjakey

tion, and that the corresponding increases in DOC concenﬁt al., ﬁ003, 2?]05)2 Iln concert, sfurface y(\j/i.ter? n Fll\r;lland
trations may offset the recovery in pH due to reductions in avezgoiwdn EC terglcaz ;gct;pviry .ror.r]l amtldlcalllon:rﬁsgn—
acidifying depositions, nio ( ) detected a statistically significant decline i

concentrations in 60—80% of the lakes in the Finnish lake
Correspondence tavl. Posch acidification monitoring network (RMLA), depending on re-
(max.posch@mnp.nl) gion. Forsius et al. (2003) estimated that some 1400 lakes of

Published by Copernicus Publications on behalf of the European Geosciences Union.



450 M. Posch et al.: Modelling the impacts of European emission and climate change scenarios

regional scales to predict changes in soil and surface water
chemistry (e.g., De Vries et al., 1994; Alveteg et al., 1995;
Aherne et al., 2003; Wright et al., 2005). Recently, dynamic
modelling has also become an important part of the effects-
oriented work under the LRTAP Convention (Hettelingh et
al., 2007). In Finland, SMART has been extensively used to
model the response of soils and surface waters at site-specific
(livonen et al., 1993; Emari et al., 1995, 1998; Forsius et
al., 1997; Holmberg et al., 2000) and regional scales (Posch
et al., 2003). The SMART, SAFE and MAGIC models have
also been compared at a few Finnish monitoring sites (War-
fvinge et al., 1992; Forsius et al., 1998). More recently,
MAGIC has been calibrated to the RMLA lakes (n=163; Ah-
erne et al., 2008) to assess future water chemistry.

There are a number of factors that can influence the extent
of chemical recovery from acidification (Beier et al., 2003;
Evans, 2005; Larssen, 2005; Skjelte et al., 2005; Aherne
et al., 2004, 2006). In general, modelling studies assume a
constant influence of climate; however, there is a high proba-
bility that during the coming decades climate will change and
have a confounding effect on chemical recovery from acid-
ification. Changes in temperature, precipitation and stormi-
ness can all affect surface water chemistry directly, as well as
indirectly through changes in vegetation and soils of the ter-
restrial catchments. Climate change projections for Finland
based on six general circulation models (GCMs) give a range
of increases for mean annual temperature betweéiCadd
7.4°C and for annual precipitation of 6% to 34% between the
baseline period 1961-1990 and the period 2070-20994Jylh
et al., 2004). The confounding influence of increasing dis-
Fig. 1. Location of the 163 Finnish lake acidification monitoring solved organic carbon (DOC) concentrations has recently re-
network (RLMA) catchments used in this study (see Table 1 onceijved considerable attention (Skje#ite et al., 2003, 2005;
catchment characteristics, lake-specific climate variables and avefpgrrall et al., 2004: Evans et al., 2006: Roulet and Moore,
age lake chemistry). 2006; Vuorenmaa et al., 2006). It has been hypothesised that

factors related to climate change may be (somewhat) respon-

sible for the increases in DOC (Freeman et al., 2001a, b,
size 4-100ha (27% of Finnish headwaters) have shown aR004; Hejzlar et al., 2003; Evans et al., 2005; Holmberg et
increase in Gran alkalinity during the 1990s. The first signsa|., 2006), which have been observed across Europe and east-
of a (biological) recovery of perctPgrca fluviatilig popula-  ern North America during the past 10—20 years (Stoddard et
tions have also been recorded (Rask et al., 2001). al., 2003). Clearly, greater consideration of climatic effects

Further reductions in acidifying emissions are expected to(and climate variability) on biogeochemical cycles should be
result in continued recovery of acid sensitive ecosystems. Itonsidered when predicting the recovery of acidified soils
is anticipated that implementation of the 1999 Gothenburgand surface waters (Forsius et al., 1997; Evans, 2005; Ah-
Protocol under the Convention on LRTAP will cut European erne et al., 2006; Wright et al., 2006).

S emissions by at least 63%, N oxides by 41% andsNH  This paper presents a regional application of MAGIC to
by 17% by the year 2010, compared to 1990. To evalu-163 RMLA lakes in Finland. The objective of the study
ate the time-scales of future (chemical) response for soilsvas to evaluate the impacts of future acid deposition and
and surface waters to the resulting changes in depositiorglimate change scenarios on soil and surface water chem-
dynamic process-oriented models are required. Several dyistry. The regional model inputs, data processing and model
namic (hydro-chemical) models, such as MAGIC (Model of calibration are described in detail elsewhere (Aherne et al.,
Acidification of Groundwater in Catchments: Cosby et al., 2008). Future deposition was assumed to follow current Eu-
1985, 2001), SAFE (Soil Acidification in Forest Ecosystems: ropean emission reduction policies and a scenario based on
Warfvinge et al., 1993) and SMART (Simulation Model of maximum technologically feasible reductions (Amann et al.,
Acidification’s Regional Trends: De Vries et al., 1989), have 2005). Future climate change (temperature and precipita-
been developed and extensively applied at site-specific antlon) was derived from the HadAM3 and ECHAM4/OPYC3
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Table 1. Statistical summaries (5th percentile, median and 95th percentile) for catchment characteristics, soil properties, long-term net
removal in forest biomass, climate variables and annual average lake chemistry (2000—2004) for the RMLA lakes (n=163; see Fig. 1 for
locations).

Variable Unit 5 percentile  Median 95 percentile
Catchment area ha 21.28 108.6 797.2
Forest area % terrestrial area  35.1 74.7 97.0
Peatland area % terrestrial area 0.4 14.7 60.6
Soil depth m 0.26 0.49 0.67
Soil bulk density kg 3 826.4 1008.7 1196.5
Cation exchange capacity (CEC) meqig 8.52 17.10 36.69
Soil base saturation % CEC 25.87 41.20 58.81
Net base cation uptake meq*r"f’ﬁyr*1 0.89 6.38 14.57
Net nitrogen uptake meqmfyr-1 051 5.26 11.19
Lake area ha 2.3 10.0 137.3
Maximum lake depth m 1.61 5.4 20.35
Retention time year 0.08 0.88 6.05
Catchment runoff m 0.243 0.331 0.420
Precipitation m 0.482 0.608 0.701
Temperature °C -2.3 2.2 4.4
Calcium weq L1 11.00 63.87 143.21
Magnesium peq L1 8.23 39.49 80.09
Sodium weqlL™1 14.94 47.85 106.85
Potassium weq L1 2.30 8.70 18.71
Ammonium weq L1 0.20 0.64 3.13
Sulphate weq L1 13.10 4582  118.64
Chloride weqlL™1 9.03 21.44 81.24
Nitrate weqL™1 0.11 0.61 2.62
Acid neutralising capacity * neq L1 0.84 78.97 181.72
pH (pondus Hydrogenji pH units 4.87 5.84 6.77
Labile aluminium weqlL™1 0.00 1.00 5.27
Dissolved organic carbon mg it 2.23 7.33 21.36
Gran alkalinity weq L1 -8.50 30.80  104.92

* Acid neutralising capacity (ANC) is estimated as the sum of base cations minus the sum of strong acid anions (see Eq. 1).

general circulation models under two emission scenariosage lakes. Catchment characteristics were determined from
of the Intergovernmental Panel on Climate Change (IPCCtopographic maps (1:20000). The terrestrial land cover is
Nakienovi et al., 2000). Future scenarios for runoff were ob-dominated by forests (median = 75%) and peatlands (me-
tained from the Finnish watershed simulation and forecastdian = 15%); the catchments are relatively undisturbed (only
ing system (WSFS, Vehwdinen and Huttunen, 2002). Fi- seven lakes have catchments wit8% agricultural fields).
nally, the potential influence of future changes in surface wa-All the lakes are acid-sensitive with low base cation concen-
ter DOC concentrations on lake acid status was also explorettations, low alkalinity and sometimes elevated labile alu-
using simple empirical models. minium (AIRt) concentrations (Mannio, 2001; Forsius et
al., 2003; Table 1). Long-term annual precipitation ranges
between 0.48 and 0.70 m, temperature betwe@& and
2 Study sites +4.4C, and catchment runoff between 0.24 and 0.42m for

e o o the lake catchments (Table 1).
The acidification monitoring network (RMLA), maintained

by SYKE, consists of 163 lakes located throughout Fin-

land (Fig. 1). The lakes were subjectively chosen by ex-3 Model description

pert judgement for use in national acidification studies. They

were initially surveyed for chemistry during 1987 and have MAGIC is a lumped-parameter model of intermediate com-

been monitored regularly since 1990. The lakes are preplexity, developed to predict the long-term effects of acidic

dominantly small (median area = 10 ha) headwater or seepdeposition on soils and surface water chemistry. The model
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70 charge to the lake compartment. The soil compartment rep-

5% 25y Se% 7% resented the aggregated horizons of the catchment soils (min-

?60 SN ‘ 95% eral and organic). Simulations were carried out using an an-
S50 7:% nual time-step, with a number of simplifying assumptions
IS ) applied consistently across all study lakes. Discharge vol-
ol 40 o e ume and flow routing within the catchments were not varied
% 30 2% during the calibration period; discharge was described us-
$ ing long-term means with 100% routed to the lake. Detailed
§ 20 process-oriented N dynamics were not modelled. The co-

10 efficient for in-lake N retention was set to 5nmyrfor all

lakes (Kelly et al., 1987) and terrestrial N retention was set

0 5 10 15 20 to match observed lake concentrations (on average, 92% of

BC pool (eq m?) the incoming N is retained in the catchment). Essential data

for the regional application are time-series of annual atmo-

Fig. 2. Lumped average catchment base cation (BC) pool (e§m  spheric deposition (wet plus dry), biological production and
versus percent base saturation for the 163 study sites. To aid interemoval, physical and chemical characteristics of the soils

pretation, a “percentile grid” — i.e. selected percentiles values (5%and lakes, and observed soil and lake chemistry for each
25%, median, 75% and 95%) as thin dashed lines for both variablesydy |ake.

— is shown together with the “percentile-percentile curve” (thick

solid line) connecting all percentiles of the respective distributions

of the two variables, from the minima in the lower left to the max- 4 Data sources
ima in the upper-right corner. This so-called “P-P-plot” reveals both

the correlation structure of the two variables and allows an (approx-4.1 Lakes
imate) determination of any percentile.

Chemical data for the RMLA lakes (Fig. 1) have been sam-

pled (at least) annually since 1990. A sample of water from
was first described by Cosby et al. (1985) and development@aCh lake was taken either from the middle of the lake (1 m
are reviewed in Cosby et al. (2001). The model predictsdepth) or at the outlet each autum.n during the thgrmal over-
monthly and annual average concentrations of the major ion&Irn phase (from early September in the north to mid Novem-
for soil solution and surface water chemistry. MAGIC repre- ber in the south). Chemical analyses are carried out by the
sents the catchment with aggregated, uniform soil Compartlaboratories of the Environmental Administration; samples
ments (up to three), and a surface water compartment that caif€ analysed for C&, Mg?*, K*, Na*, chloride (CI"),
be either a lake or a stream. Time series inputs to the modepD; , NOg, NH}, AI**, DOC, pH and Gran alkalinity (Ta-
include: deposition of ions from the atmosphere (wet plusb|e 1) according to standardised methods (e.qg., Forsius et al.,
dry deposition); discharge volume and flow routing within 1990; Vuorenmaa and Forsius, 2008). Charge balance acid
the catchment; biological production, removal and trans-neutralizing capacity (ANC) was calculated as the sum of
formation of ions; internal sources and sinks of ions from base cations minus the sum of acid anions:
weathering or precipitation reactions; and climate data. Con-, _ + 2+ + 4 +
stant parameters in the model include physical and chemica'IA‘NC = (€& + Mg™" + K + Na’ + NH)
characteristics of the soils and surface waters, and thermo-  — (Sd[ + NO; + CIM) 1)

dynamic constants. Soil base cation weathering rate and ini- . . .
y v Jhe five-year period 1990-1994 was used to describe ob-

tial base saturation are calibrated using observed (or“target”)S d | lak tration data (¢ ts) f
values of surface water and soil chemistry for a specified pe- erved annual average lake concentration data (targets) for

riod. In this instance calibration refers to an automated opti-mmjeI cgllbranon (cal|brf':1t|0n year = 1992). A second f'V?'
misation procedure that is a component of the MAGIC suiteY€ar period (2000-2004: Table 1). was used to compare sim-
(MAGICOPT), generally used for regional applications. The _ulated and obserygd Qata. Med'flln pH fo.r the stud3_/1lakes
minimum required site-measured target variables are: sur® 5.8, Gran a}lkallnlty Is 30.AeqL™", DOC s 7.3 mgl__l
face water concentrations for the major ions and soil ex-and ba?e cations and sulphate are 16.2'8 an(_jméi}& '
changeable fractions for base cations, calciun?{Gamag- respectively, for the 2004—2004 averaging period (Table 1).
nesium (M@*), sodium (N&) and potassium (K). Prior

processing, or calibration, of additional model data is also

camgd out as de_scnbed under “model calibration”. Furtherg; physico-chemical properties were described using a net-
details are given in Aherne et al. (2008). work of 488 permanent plots located throughout Finland, es-

In the current study all catchments were represented byablished as part of the 8th national forest inventory. Samples
one soil compartment receiving deposition and releasing disef the humus layer and 0-5, 5-20 and 20—40 cm mineral soil

4.2 Soils
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Fig. 3. Average annual deposition of sulphate (left), oxidised nitrogen (centre) and reduced nitrogen (right) in the year 2000 on the EMEP50
grid (Note: 1 meq equals 16 mg of S or 14 mg of N). The right map also shows the location of the 19 bulk deposition monitoring stations
operated by the Finnish Environment Institute (SYKE; Vuorenmaa, 2004).

layers were taken systematically from five pits at each plot.4.3 Forest uptake
From the 60—70 cm layer a single sample was taken from one
of the five soil pits (Tamminen and Starr, 1990). Soils wereThe long-term average annual net uptake of base cations
analysed for exchangeable base cations, exchangeable aci@Ga?", MgZ" and Kt) and N by forests in the lake catch-
ity, organic matter, and carbon and nitrogen content accordments was calculated from the average annual volume
ing to standard procedures. Base saturation was calculategrowth and the nutrient concentrations in the removed (har-
as the sum of base cations divided by the effective cation exvested) biomass (stem and bark). The average annual for-
change capacity. Further details of sampling and analyses armest growth in Finland was estimated from the national forest
given in Tamminen and Starr (1990). inventory for 1970-1976 (Kuusela, 1977). The total forest
The permanent soil plots do not, in general, lie within the 8@ and total annuali volume grpwth for three tree species
study catchments. Soil properties were defined by interpolat{d€ciduous, spruce, pine) were given separately for 21 forest
ing (averaging) the three (geographically) nearest sites. Furmanagement districts with their average effective tempera-
ther, lumped soil physico-chemical data for each study catchuré sum (ETS) values. From these data the average annual

ment were derived by weighting soil properties by depth anddrowth for each tree species at any location in Finland as a
density: e.g., for exchangeable7€a(ECa): function of the local ETS was estimated. Biomass densities

of each tree species @konen, 1975; Rdm, 1982) were
used to convert average annual volume growth to mass incre-
" " ments. Finally, the annual average nutrient uptake was cal-
Eca= ZZiPiCECi ECai/Z zipiCEC; (2)  culated using data on nutrient contents in biomass based on
i=1 i=1 field measurements (dkonen, 1975; Rdm, 1982; Olsson
etal., 1993). Long-term average annual net uptake values are
wherez;, p;, CEG and Ecy; refer to the thickness, bulk available for Finland with a spatial longitude-latitude resolu-
density, CEC andtc, of layeri (i=1,...m), respectively. tion of 0.250 x0.125 (the HAKOMA grid; Johansson et al.,
Bulk densities were estimated from soil organic carbon con-1990). Grid estimates were interpolated (distance averaged)
tent using empirical relationships by Van Wallenburg (1988) and multiplied by the percentage of forest area to estimate the
for the organic layer and Harrison and Bocock (1981) for thenet uptake for each catchment. The median long-term aver-
mineral layers, and from these a depth- and area-weightedge annual net uptake of base cations and N for the study
catchment average was computed. The median soil depthites are 6.4 and 5.3 meqryr—1, respectively (Table 1).
for the study sites is 0.49m; median soil bulk density is
1009 kg3 (Table 1). Soil base saturation appears to be4.4 Deposition
relatively high (median = 41%: Table 1 and Fig. 2); how-
ever, the total base cation pool (computed as the numeratorhe spatial distribution of S and N deposition on a
in above Eq. 2) is low (Fig. 2). The median CEC for all study 50 kmx50 km grid resolution (the EMEP50 grid) for the
sites is 17 meq kgt (Table 1). years 1990 and 2000 were taken from the output of the
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CAFE
MFR

1880 1900 1920 1940 1960 1980 2000 2020 2040

0.5

3.5 Sulphate scaling Sulphur and N deposition history on the EMEP50 grid
for the period 1880-1990 was obtained from Sub et

3.0 al. (2003). The historical pattern is relatively consistent over
% s Finland; therefore, a single relative deposition curve for each
2 pollutant was used at all study sites (Fig. 4). The deposi-
8 20 tion sequences were scaled to unity for the year 2000 (ref-
% 15 erence year). Sulphur has by far the largest variation in the
L past, whereas ammonium varied the least (Fig. 4). Combin-
£ 1.0 e ing these curves with the depositions in the year 2000 (Fig. 3)
£ -/’_/\/ allows the calculation of S and N deposition at every location

in Finland at any time between 1880 and 2000. Calcium and
Mg?* deposition were assumed to follow the same historical
sequence as S, the remaining base cations and chloride were
assumed constant throughout the simulation period.

Nitrate scaling

320

g

o 15

e 5 Model calibration

205 /\/ CAFE Site-specific parameter files were prepared for each study site

£ MFR using catchment and soil physico-chemical characteristics

€ 1880 1900 1920 1940 1960 1980 2000 2020 2040 based on, or esti_mated from, field obs_ervations (lake area,

lake retention, soil bulk density, soil cation exchange capac-

2 20 Ammonium scaling ity, etc), and considered “fixed” in the model (see Table 1).

E In addition, a number of default parameter values were uni-

g 15 formly applied across the region, e.g., the partial pressure

Q 1.0 Cle of carbon dioxide in the soil was set atl5 times atmo-

kS spheric. Lake DOC concentrations and aluminium solubil-

g 0.5 MER ity constants were calibrated to lake pH andAtoncentra-

E tions, respectively. Chloride and SOwere assumed to be
1880 1900 1920 1940 1960 1980 2000 2020 2040 conservative with respect to input-output fluxes. The excess

of outputs over inputs was principally attributed to unmea-
Fig. 4. Historical and future development of sulphate, nitrate and gyyred dry deposition. However, in general, IakeflS(ﬂuxes
ammonium deposition in Finland. Between 2010 and 2020 threeyre consistent with deposition estimates. Further details are
scenarios are introduced: CLe (highest), CAFE and MFR (low'given in Aherne et al. (2008). Nitrogen (I\IOand ng)

est; see text for details). Note that these are scaling time'serieﬁ‘ransformation was described as a catchment net retention
all having the value of one in 2000. The absolute deposition for any

year is obtained by multiplying the deposition at a given location calculated smply "’,IS the dlﬁergnce between input and output
in 2000 (from Fig. 3) with the fraction for the year shown in these flux for the calibration year. T_h's pe_rcentage was assumed to
sequences. be constant throughout the simulation.

Base cation weathering rates and initial soil exchangeable

fractions were calibrated using MAGICOPT. The procedure

EMEP/MSC-W eulerian dispersion model (Tarrason et al.,uses numerical techniques to select parameter values that re-
2005). The deposition of S and oxidised and reduced N insult in a minimum sum of squares error between simulated
Finland show the well-known north-south gradient (Fig. 3). and observed target variables for each catchment. To ac-
The depositions of base cations fa Mg?t, Kt and count for uncertainty in a number of the fixed parameters
Na™) and CI have been mapped on the HAKOMA grid (lake retention, lake area, soil depth, soil bulk density, cation
for the years 1991-1995 by interpolating observations fromexchange capacity and sulphate adsorption half saturation),
a nation-wide network of (up to) 38 stations measuringa “fuzzy” optimisation method was employed. Multiple cal-
monthly bulk deposition @vinen and \Anni, 1990). Both ibrations were carried out for each study lake; during each
(deposition) data sources are consistent with observations aimulation the fixed parameters were randomly varied within
19 bulk deposition monitoring stations operated by SYKE specified uncertainty band${0%). In addition, uncertainty
(Fig. 3; Vuorenmaa, 2004). Pre-calibration catchment-bands (or tolerance levels) were also applied to the target
specific estimates of base cation,”CIS and N deposition lake water ¢2 eqL™1) and soil chemistry+£0.2%) vari-
during the calibration year (1992) were estimated by interpo-ables. For each study lake 10 calibrations were performed,
lating (distance averaging) the surrounding grid values. Furand any simulation that reproduced all target variables was
ther details are given by Aherne et al. (2008). considered successful.
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Table 2. Statistical summaries (5th percentile, median and 95th percentile) of the calibrated soil parameters (weathering rate, 1880 cation
saturation, cation exchange selectivity coefficients, dissolved organic carbon and aluminium solubility coefficients) for the study sites (h=163,;
see Fig. 1 for locations).

Calibrated parameter Units 5 percentile  Median 95 percentile
Weathering rate

Calcium meqm2yr~1 299 14.46  41.32
Magnesium meqm2yr-1 123 10.90  24.72
Sodium meqmZyr-1 0.84 7.79 18.89
Potassium meq e yr~1  0.00 0.82 5.13
Initial cation saturation (1880)

Calcium % CEC 19.44 31.39 47.96
Magnesium % CEC 5.96 10.13 19.33
Sodium % CEC 3.49 5.36 8.01
Potassium % CEC 0.71 1.26 2.03
Exchange selectivity coefficients

Aluminium-calcium Log -2.69 0.03 2.05
Aluminium-magnesium Log -1.90 1.18 3.26
Aluminium-sodium Log -4.79 -2.86 -1.25
Aluminium-potassium Log —4.55 -3.14 -1.61
Dissolved organic carbon mmol ™™ 2.64 37.29 98.19
Aluminium solubility coefficient Log 8.14 9.12 10.12

Ten calibrations were performed on simulations run from6 Future scenarios
1880 to 2000 using historical deposition sequences. The
number of successful calibrations per study lake ranged fron.1  Deposition scenarios
3-10, with the majority of lakes having5 successful cali-
brations (155 lakes). Calibrated base cation weathering rat
(median = 37 meqmPyr—1) are similar to those for acid

eshree future (2010-2100) scenarios for S and N deposition
have been used in the current study: (i) a “Current Legis-

sensitive catchments in Europe and North America (Table 2/ation” (CLe) scenario, which assumes the implementation
Watmough et al., 2005). Median percent base saturation ifff the 1999 Gothenburg Protocol of the LRTAP Convention
1880 was approximately 7% greater than current (48.1% an@S Well as the EU National Emissions Ceiling (NEC) Di-
41.2%, respectively; see Tables 1 and 2). Goodness-of-fit fof€CtiVe; (il) a scenario developed by the European Commis-
observed against predicted values was evaluated using mod&ion's “Clean Air for Europe” (CAFE) programme; and (iii)
efficiency (100% represents complete agreement: Jansséh Maximum Feasible Reductions” (MFR) scenario, which
and Heuberger, 1995). There was excellent agreement b&@SSumes implementation of all technically feasible emission
tween simulated and observed ANC for the calibration yeafr€dUction measures by 2020 (Amann et al., 2005). All de-
(model efficiency = 100%; Fig. 5). Simulated and observedPosition scenarios follow a common sequence between 1880

ANC were also compared ten years beyond the calibratiorf"d 2010, from 2010 the three scenarios are phased in lin-
year: 2002 (mean of five-year period centred on 2002). ingarly until 2020 and assumed constqnt thereaftgr §F|g. 3). In
general, there is good agreement between simulated and og€neral, the CLe and CAFE scenarios show similar reduc-

served ANC for 2002 (model efficiency = 88%:; Fig. 5). The tions, with CAFE showing slightly larger re(_juctions (more
simulated lake ANC is in general lower than the observed,SO fof NH;). The MFR scenario shows considerably greater

which may be due to an underestimate of the S depositioﬁedUCtiO”S; relative to 2000, S deposition in 2020 is reduced

reduction between 1992 and 2002 by the EMEP sequenclY 67% with CLe and CAFE showing 28% and 32% reduc-
(Fig. 4) compared with actual reductions. The largest devialionS (Fig. 3).
tions occur for lakes with the highest ANG {00ueq L),

which are not important with respect to acidification. Further

details are given by Aherne et al. (2008).

6.2 Climate and runoff scenarios

Future climate (temperature and precipitation) was de-
rived from the HadAM3 (Hadley Centre, UK) and

ECHAM4/0OPYC3 (Max Planck Institute, Germany) general
circulation models (GCM) under two emission scenarios of
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Fig. 5. Five-year mean observed ANGiéq L~1) for the 163 study lakes in 1990-1994 (left) and 2000-2004 (right) compared with the
simulated ANC for the years 1992 and 2002, respectively. Also shown are the 1:1-line, the percentile grid and the percentile-percentile curve
(P-P-plot; see also Fig. 2).

the Intergovernmental Panel on Climate Change (IPCC: A2and runoff were assumed to be constant until 2000 (reference
and B2). The GCM outputs were downscaled to a 0.5 degregear), change linearly between the midpoints of the periods
grid resolution using the Swedish Rossby Centre regional2025, 2055 and 2085), and remain constant thereafter. In
Atmosphere-Ocean (RCAO) model. In the present studycontrast to the deposition scenarios, which use a common fu-
the combination giving the highest range of uncertainty wasture sequence for all sites, individual temperature and runoff
chosen, i.e., the A2 scenario results from ECHAM4/OPYC3scenarios have been used for each study site.

(highest predicted change) and B2 results from HadAM3

(lowest predicted change). The A2 scenario represents 8.3 Aquatic DOC scenarios

more pessimistic future with high emissions of greenhouse

gases, the B2 scenario is more optimistic with lower emis-te reason for increases in DOC concentrations is currently
sion (Nakienovi et al., 2000). These scenarios have beefynger intense debate and several different hypotheses have
umform!y chosen in the Euro—lepacs project to reflect the poean proposed (see above). Recent Finnish studies have
uncertainty in the climate scenarios. suggested that temperature (Holmberg et al., 2006) and de-
Present day (1961-1990) and future scenarios for catchereases in acidic deposition (primarily sulphate) are con-
ment runoff were obtained from the Finnish watershed sim-tributing factors (Vuorenmaa et al., 2006).
ulation and forecasting system (WSFS, Finnish version of In the current study, an exploratory sensitivity analysis of
the Swedish HBV-model system), which is used for opera-the potential impact of future changes in surface water DOC
tional hydrological forecasting (Vehdinen and Huttunen, concentrations on lake acidity status was carried out. Two
2002). In the WSFS simulations, both the temperature(alternative) empirically based models related to changes in
and precipitation changes were assumed to directly followclimate (temperature: T-model) and S deposition (S-model)
the change given by the climate scenarios (“delta-changavere employed, reflecting the uncertainty in the mechanisms
method”). Model output is provided as changes in temper-and drivers behind the DOC increases. The change in ob-
ature, precipitation and runoff with respect to the control served lake DOC concentrations between 1990 and 2000 was
period (1961-1990) for three 30-year periods: 2010-2039related to the observed change in S deposition as well as the
2040-2069 and 2070-2099. These data have been furthghange in temperature during the same period. For each lake
interpolated to a 10 km10km grid covering Finland. For change coefficients were estimated:
each study site, the value of the grid cell in which the lake
was located was used. ADOG, ADOG

Temperature is predicted to increase quite uniformly (5— S ASdep! ' AT,
7°C) over the next 100 years, precipitation increases are also
pronounced, but less uniform. Modelled runoff decreases aFor the latter, high-resolution European climate data from
most sites, but the changes are quite small (Fig. 6) becaustne Climate Research Unit in the United Kingdom (Mitchell
higher temperatures “counter-act” higher precipitation by in-et al., 2004) were employed. These coefficients were then
creased evapotranspiration. In the current study temperatunesed in simple site-specific linear models to “forecast” DOC
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concentration at any future timethe subscript “0” refers to
the 2000 values):

S—model: DOC;(r) = DOG; o+ks.i-(Sdep: (1) —Sdept,0) (4)
T—model: DOG;(t) = DOCi o + k7, - (Ti(t) — T1,0)  (5)

Negative DOC values predicted by these models were set to
zero; and in the T-model the predicted DOC value was lim-
ited to a maximum of 60mgt! (Fig. 7). Sulphate depo-
sition and temperature in 2100 were obtained from the de-
position and climate scenario described above. The sulphate
(S)-model predicted modest increases in DOC in 2100 un-
der the CLe scenario (median DOC increased from 7.3 to
7.8mgL1). In contrast, the temperature (T)-model pre-
dicted considerable increases in lake DOC concentrations
under the CLe and A2 scenarios (median DOC increased
from 7.3 to 11.6 mgL!: Fig. 7). The modelled DOC con-
centrations for each lake were incorporated into MAGIC to
estimated lake pH in 2100.

7 Results and discussion
7.1 Influence of deposition on recovery

Future soil and surface water chemistry for each lake were
simulated for the period 2000—-2100. The multiple simulation
results for each lake were combined using median statistics.
Future recovery patterns (until the year 2100) were evaluated
using three key indicators: ANC and pH in lake water and
base saturation in the catchment soils (Fig. 8 and Table 3).
Lake ANC and pH are standard indicators used in acidifi-
cation studies, as both are strongly indicative of biological
recovery (Hutchinson et al., 1989; Lien et al., 1996). In ad-
dition, ANC is the most widely used chemical criterion in
critical load calculations for surface waters (Henriksen et al.,
1995). Base saturation is a key indicator for the chemical
conditions in soil.

The reduction in S deposition is the main driver of acid-
ification recovery in Finland (Forsius et al., 2003; Posch et
al., 2003). The median nitrate concentration of the modelled
lakes is only 0.6ueq L~1 (Table 1) and increasing trends in
nitrate for the RMLA lakes have not been observed. Future
changes in N emissions are therefore not expected to have
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any major impact on the acidity status of annish lakes .(Fo_r'Fig. 6. Multiple correlations (“windmill plots”) of temperature, pre-
sius et al., 2003), and are therefore given limited attention incipitation and runoff at the 163 study sites for the control period

the present study.

(1961-1990) and three future 30-year periods under the A2 sce-

Both the CLe and CAFE scenarios showed very marginalnario. Starting at the top and proceeding clock-wise, the “windmill
recovery in lake chemistry between 2000 and 2100 (Fig. gplots” provide a comprehensive overview of the temporal changes
and Table 3). The median of the simulated ANC for the between successive periods as well as the overall change between

CLe/CAFE scenarios increased by 2.76/4.@4 L. Sim-
ulated median pH increased by approximately 0.1 of a pH
unit for both scenarios (0.12/0.13 for CLe/CAFE). Median

the first and last period in the last (top-left) quadrant.

soil base saturation similarly showed limited recovery, with 28 and 32% relative to 2000 under the CLe and CAFE sce-
increases<1%. The marginal recoveries are (initially) some- narios, respectively. However, the largest reductions in S de-
what surprising considering that S deposition is reduced bypositions, and largest recoveries, occurred during the 1980s
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Fig. 7. Lake dissolved organic carbon (DOC) concentrations measured in 2000 against DOC estimated for 2100 with the “S-model” (left)
and the “T-model” (right). The 1:1-line is also shown.

and 1990s (Fig. 4). The future recovery of surface water7.2
chemistry will continue, but more slowly than during the pre-
vious decades. In addition, future reductions in emissions arerhe direct influence of climate was investigated by incorpo-
likely to stop soil acidification (base cation depletion). rating future changes in temperature and catchment runoff,
Posch et al. (2003) used the SMART model to predictunder the IPCC A2 and B2 emission scenarios, into model
the possible recovery of 36 acid-sensitive Finnish headwatesimulations. Climate showed very little influence on recov-
lakes, located mainly in southern parts of the country. Theery when compared to constant climate under CLe (Table 3).
model was used to simulate soil and water chemistry untilThe A2 and B2 emission scenarios were selected to reflect
2030 under a “current legislation scenario”. In concert with the widest range of future changes. Despite this, both sce-
the current study, Posch et al. (2003) indicated that most ofiarios showed very little difference in simulated soil and sur-
the catchment soils would show very little change in base satface water chemistry (Table 3). The results are not surpris-
uration, whereas the positive trends in lake ANC, which haveing; incorporation of temperature changes has little influence
been observed over the past decade, would continue into then the process descriptions included in MAGIC and similar
future, albeit at a slower pace. Posch et al. (2003) also prehydro-chemical models. Temperature primarily influences
dicted that during 2010-2030 all lakes will have reached athe calculation of internal (temperature-dependent) equilib-
positive ANC, a pre-requisite for the recovery of fish popu- rium constants. Catchment runoff changes can potentially
lations. In the current study, based on a larger and more spdiave a significant influence on recovery (especially in rela-
tially representative data set, four lakes have negative ANQion to drought: Aherne et al., 2004, 2006); however, both
in 2030, and 28 have ANE20.eq L~1. Wright et al. (2005)  the A2 and B2 scenarios indicate very little difference in fu-
applied the MAGIC and SMART models to twelve acid- ture runoff across Finland (Fig. 6).
sensitive surface water regions in Europe. The model re- Wright et al. (2006) used the MAGIC model to evaluate
sults indicated that even after complete implementation ofthe effect of climate change on the modelled recovery of soil
the Gothenburg protocol and other current legislation, acid-and surface water from acidification. A simple sensitivity
ification with commensurate adverse biological effects will analyses was used at 14 intensively studied sites in Europe
continue to be a significant problem in southern Norway, and eastern North America. Wright et al. (2006) indicated
southern Sweden, the Pennines in the UK, the Tatra Mounthat predictions for future recovery require actual climate
tains (Slovakia), and the Italian Alps. In each of these regionsscenarios downscaled from GCMs, as in the current study.
more than 5% of the lakes will not meet the ANC criterion to More importantly, the results of their simple sensitivity anal-
protect sensitive aquatic organisms. yses potentially indicated limitations in current modelling
In contrast to the other two scenarios, the MFR scenariostructures to represent climate-induced changes. Climate-
showed significant recovery potential; ANC increased byinduced changes in processes are generally not incorporated
10.18ueq L1, pH by 0.28 units and percent base saturationin current versions of acidification models. This is largely
by 3.35%. Recent studies of future global atmospheric en-due to the lack of knowledge on the detailed cause and mech-
vironment similarly indicated that improvements in (global) anisms linking changes in climate to changes in soil and wa-
air quality could only be obtained through the introduction ter chemistry. Ultimately the mechanisms and rates by which
of stringent abatement technologies (MFR: Dentener et al.climate changes affect key biogeochemical processes need to
2006). be incorporated directly into process-oriented models such

Influence of climate on recovery
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6.4 pH Fig. 9. Cumulative distribution function of pH of the 163 study
6.3 lakes in the year 2100 for the CLe scenario: with no climate change
6.2 and constant DOC (solid line), and for the two DOC models: the S-
6.1 MFR model (dashed line) and the T-model under the A2 scenario (dotted
6.0 CAFE line).
59 CLe
5.8 mineralization of nitrogen. Further Wright et al. (2006)
5.7 suggested that the modelling of recovery from acidification
5.6 should take into account possible concurrent climate changes
55 and focus especially on the climate-induced changes in or-
50 1900 1950 2000 2050 2100 ganic acids and nitrogen retention.
N In the current study, the influence of DOC concentrations
49 base saturation (%) (organic acids) on surface water acidity was investigated us-
48 ing two simple empirical models related to temperature and
47 S deposition change (Fig. 9). Simulated median pH in 2100
46 for the S-model (under CLe) was 0.12 pH units lower than the
45 CLe scenario (under constant DOC). Median pH was identi-
44 MFR cal to the base calibration in 2000, suggesting that the modest
43 recovery in pH resulting from reductions in S deposition (un-
42 CAFE der CLe) may be offset by increases in DOC concentration
41 _ o (owing to the reduced S deposition). The simulated median
40 pH for the T-model (under CLe and A2) was significantly
1900 1950 2000 2050 2100 reduced; pH in 2100 was estimated to be 5.47 (Table 3).

_ _ This suggests that temperature may potentially be a signif-
Fig. 8. Temporal development of the median of ANC (top) and pH .4t confounding factor in the recovery of surface waters

(centre) in the lake water as well as the catchment base saturatio P . S
(bottom) of the 163 lakes for the three deposition scenarios CLe,]{}om acidification (Fig. 9). Recent studies in Finland have

CAFE and MFR (see Fig. 4) suggested that both temperature (Holmberg et al., 2006) and
- decreases in S deposition (Vuorenmaa et al., 2006) influence
the concentrations of DOC in surface waters.

as MAGIC (Wright et al., 2006). Furthermore, to simulate ~ Several hypotheses have been proposed to explain the in-
changes in seasonal processes, such as snow cover dynafieases in DOC, which have been observed across Europe

ics, drought and storm events, a finer time resolution (at leasnd €astern North America during the past few decades. En-
monthly) is necessary. hanced decomposition of peat soils due to increased tem-

perature has been proposed (Freeman et al., 2001a, b), as
7.3 Influence of dissolved organic carbon on recovery well as elevated atmospheric carbon dioxide levels and con-

sequent stimulation of primary production (Freeman et al.,
Skjelkvale et al. (2005) presented four major climate-related2004). Others have cited changes in hydrological regimes
factors that may potentially confound chemical and biologi- (Tranvik and Jansson, 2002; Hejzlar et al., 2003) and the fre-
cal recovery: (i) increased frequency and severity of sea-saltjuency of severe droughts (Worrall et al., 2004). The de-
episodes; (ii) increased frequency and severity of droughtrrease in acidic deposition and the consequent decrease in
(i) increased turnover of organic carbon; and (iv) increasedacidity variables and/or ionic strength have been proposed as
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Table 3. Median values of simulated soil base saturation (BS), lake acid neutralising capacity (ANC) and lake pH in 2000 and 2100 under
three emission, two climate and two DOC scenarios.

Scenario SoilBS Lake ANC Lake pH
% CEC peqL™l  pHunits

Base calibration scenario (2000)

Historical emissions 40.78 66.97 5.84
Emission scenarios (2100)

Current Legislation (CLe) 41.02 69.73 5.96
Clean Air for Europe (CAFE) 41.70 71.01 5.97
Maximum Feasible Reductions (MFR) 44.13 77.15 6.12
Climate scenarios (2100)

A2 (under CLe) 41.01 69.74 5.99
B2 (under CLe) 40.43 69.38 5.97
DOC scenarios (2100)

Sulphate model (under CLe) - - 5.84
Temperature model (under CLe and A2) - - 5.47

other contributing factors (e.g., Hejzlar et al., 2003; Stod-conceptualised to include climate-sensitive processes, and it
dard et al., 2003; Evans et al., 2005, 2006; Vuorenmaa eis hoped that exercises like the present one will encourage
al., 2006). Land-use change and disturbance may also rehe improvement of the models in this respect. Furthermore,
sult in increased decomposition of soil organic matter andwhen more observations become available, they should be
release of DOC (Kortelainen and Saukkonen, 1998; Neal etised for validation or, since validation in a strict sense is
al., 2005). Lake DOC concentrations may further be con-not possible (see, e.g., Beven, 1993), for gaining confidence
trolled by photo-mineralization (Hudson et al., 2003). It is in model simulations — or suggest modifications. However,
likely that different factors act simultaneously, and that the comprehensive uncertainty analyses are time- and resource-
relative significance of these factors varies between sites anihtensive, a fact which decision makers tend to forget when
regions. requesting information on uncertainties.

In the current study, changes in temperature and S deposi-
tion were used to model future DOC concentrations. How-
ever, (increased) cloudiness showed the largest changes dw8- Conclusions
ing the last decade (data not shown). Increased cloudiness
may drive reduced photo-mineralization. Unfortunately, esti- The impact of future acid deposition and climate change sce-
mates of future cloudiness were not available for DOC mod-narios on soil and surface water chemistry was evaluated for
elling. Using a process-based model of carbon biogeochem163 lakes in Finland using MAGIC. Simulations suggested
istry, Futter et al. (2008) have recently proposed that in-that only the maximum (technically) feasible emission re-
creased DOC concentrations in a small Finnish lake were atluction scenario would result in significant recovery of soils
least partly due to decreased photo-mineralization rates.  and surface waters from acidification, and would bring back

It is inevitable that there are uncertainties associated withwater quality close to pre-acidification values. The direct in-
the application of models such as the one used here. Thedtuence of climate change (temperature and runoff) had very
can be roughly grouped into two categories: (a) uncertaintiedittle impact on model simulations for Finland, based on cur-
due the model structure (conceptualisation), and (b) uncerrent process descriptions. However, climate-induced changes
tainties in the model parameters and input data. Althoughmay have a significant influence on the recovery of sur-
some of the process descriptions used in simple hydroface waters from acidification. Since there is indication that
chemical models have been called into question (e.g., Nealchanges in dissolved organic carbon, induced by reductions
1997), the MAGIC model has been used across a wide rangi acid deposition or increases in temperature, may poten-
of study sites and deposition regimes, and it has proven ittially influence the recovery of surface waters from acidifica-
self as a reliable tool for simulating the impact of deposition tion, two simple empirical DOC models were used to explore
reductions. In general, it is mainly the lack of site-specific these influences. Theses model experiments showed that
input data which limit the applications on a regional scale,changes in both sulphur deposition and temperature could
especially a more explicit consideration of the spatial hetero-have a confounding influence on the recovery of surface wa-
geneity of catchments. A different issue is the impacts of cli-ters from acidification, and that the corresponding increases
mate change: MAGIC (and related models) are not explicitlyin DOC concentrations may offset the recovery in pH due to
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reductions in acidifying depositions. It has to be noted thatCosby, B. J., Hornberger, G. M., Galloway, J. N., and Wright, R. F..

climate-induced changes in processes are generally not ex- Modeling the effects of acid deposition: Assessment of a lumped

plicitly incorporated in current versions of most acidification ~ parameter model of soil water and streamwater chemistry, Water

models. Therefore, it is recommended to incorporate into  Resour. Res., 21, 51-63, 1985. .

currently used acidification models the drivers and mechaCosby. B. J., Ferrier, R. C., Jenkins, A., and Wright, R. F.: Mod-
elling the effects of acid deposition: refinements, adjustments

nisms by which climate changes affect the key biogeochem- and inclusion of nitrogen dynamics in the MAGIC model, Hy-

ical processes. drol. Earth Syst. Sci., 5, 499-517, 2001,
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