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Abstract

Great effort has been dedicated to developing soil acidification models for use on different scales. This paper focuses on the
changes in model performance of a site scale soil acidification model (NUCSAM) and a national to European scale soil acidifica~
tion model (SMART 2). This was done to gain insight into the effects of model simplification. Because these models aim to pre-
dict the response to reduction in acid deposition, these models must be tested under such circumstances. A straightforward
calibration and validation of the regional model, however, is hampered by lack of observations over a sufficient time period.
Consequently, NUCSAM was calibrated and validated to 2 manipulation experiment involving reduced acid deposition in the
Speuld forest, the Netherlands. SMART 2 was then used with calibrated input data from NUCSAM. The acid deposition was
excluded by a roof beneath the canopy. The roofed area consists of a plot receiving pristine deposition levels of nitrogen (N) and
sulphur (S) and a control plot receiving ambient deposition. NUCSAM was calibrated on the ambient plot, followed by a vali-
dation of both models on the pristine plot.

Both models predicted soil solution concentrations within the 95% confidence interval of the observed responses for both the
ambient plot and the pristine plot at 90 cm depth. Despite the large seasonal and vertical (spatial) variation in soil solution chem-
istry, the trends in annual flux-weighted soil solution chemistry, as predicted by SMART 2 and NUCSAM, corresponded well.
The annual leaching fluxes below the root zone were also similar although differences exist for the topsoil. For the topsoil, NUC-
SAM simulated the nutrients and acid related constituents better than SMART 2. Both models overestimated the ammonium
(NH4) concentration at 10 cm depth. SMART 2 underestimated calcium and magnesium (BC2*) concentration at 10 depth,
whereas NUCSAM overestimated BC?* concentration at 90 cm depth. NUCSAM predicted the effect of deposition reduction
on N concentrations at both depths, whereas SMART 2 underestimated the effect of deposition reduction at 10 ¢cm depth. Both
models predicted faster effects of deposition reduction on aluminium (Al), sulphate (SO4) and base cations than was observed.
Generally, it appeared that the differences were large during the period of profound deposition changes whereas small differences
occurred during slight variations in deposition level. It is concluded that a simpler model description does not affect the model’s
performance significantly as regards flux-weighted annual average concentrations at greater depth. Model improvements must
focus on processes related to N-dynamics.

Introduction

Soil and catchment acidification models are widely used at
local to continental scale for assessing effects of reduction
of emissions of acidifying compounds. In the Netherlands,
for example, NUCSAM, a complex local scale model
including seasonal variability (Groenenberg et al., 1995)
contributes insight into acidification processes at the local
scale and short time-scales. To simulate the seasonal
dynamics at a local scale adequately, NUCSAM includes
relatively complex and detailed process formulations. The
site scale properties enable calibration at intensive moni-
toring sites. SMART 2, a relatively simple regional scale
model which neglects seasonal variability (Kros et al.,

1995b), has been developed for application at the regional
scale (ranging from region to continent). A major aim of
SMART 2 is to predict long-term effects of deposition
scenarios at regional scale. To minimize data requirements
for applications at larger scales, SMART 2 is relatively
simple and has a high degree of process aggregation.
Model simplifications include (i) temporal aggregation of
processes, (ii) vertical and spatial aggregation of soil layers
and (iii) aggregation of process descriptions. These simpli-
fications may cause errors in long-term predictions.
Seasonal variability is generally driven by climatic (e.g.
precipitation, deposition, evaporation, snowmelt) and
biotic factors (e.g. litterfall, mineralization, nutrient

473



Janet P. Mol-Dijkstra, Hans Kros and Caroline van der Salm

uptake). A comparison of the simple (SMART 2) with the
complex (NUCSAM) model using the same data set pro-
vides insight into the effects of model simplification in
terms of the required output of the simpler regional scale
model. ’

Validation of regional scale models is hampered by lack
of long-term observations on the effects of reduction in
deposition. If observations are available, they are usually
related only to an individual plot or a small catchment.
Large scale models are tested mainly on short data series
of about 5 years. A notable exception is the Solling site in
Germany with data series from 1973 (major ion concen-
trations at 90 cm depth); this was used for the calibration
of SMART 2 (Van der Salm ez al., 1995) as well as
MAGIC (Alewell ez al., 1997). Recently, the possibilities
for validation have been increased by results from long-
term ecosystem manipulation experiments, e.g. in Norway
(Wright ez al, 1990), the Netherlands (Boxman et al.,
1995) and Sweden (Giesler ez al., 1996). These manipula-
tion experiments are valuable for model validation and
assessment leading to model improvement.

These problems led to the two main objectives of this
study. The first is to evaluate whether a simplified
regional-scale model can be used for national to continen-
tal assessments of the effect of emission reduction. In other
words, what are the effects on long-term predictions of
model simplification by neglecting seasonal variability and
vertical heterogeneity. The second objective is to identify
weak elements in the models and the observation data,
which may lead to a better understanding of the ecosystem
and, hence, model improvement.

In the present study, a comparison was made between
the performance of NUCSAM and SMART 2 to the
roofed ecosystem manipulation experiment at Speuld, the
Netherlands. The roofed area consists of a plot receiving
pristine (pre-industrial) deposition levels of N and S and
a control plot receiving ambient deposition. Because the
observation records are collected at a plot scale over a rel-
atively short period of time, these data cannot be used for
a straightforward validation of the regional scale model
SMART 2 that uses an annual time step. Although a com-
parable large scale model like MAGIC (Beier ez al., 1995
and Cosby et al., 1995) has been applied with relatively
short periods of observations to different sites with
promising results. In addition, these applications are
focussed on small catchments, where output concentra-
tions are the average of the whole catchment. To handle
the time-scale and spatial scale problems, NUCSAM was
calibrated at the Speuld site whilst SMART 2 was used
afterwards, using calibrated input data from NUCSAM, to
examine whether SMART 2 gave results comparable to
NUCSAM at the relevant time-scale and to see how both
models reacted to reductions in deposition. NUCSAM was
calibrated to the ambient plot, whereas SMART 2 was fed
with parameters resulting from the NUCSAM calibration.
Subsequently, both models were validated to the manipu-
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lation plot with pristine deposition to identify weak ele-
ments in the models.

The calibration of NUCSAM has been described else-
where (Van der Salm ez 4/, this issue). Here, an applica-
tion of SMART 2 is presented using the results of the
NUCSAM calibration followed by a comparison of calcu-
lated concentrations and annual fluxes with those pre-
dicted by NUCSAM.

Models

Both NUCSAM and SMART 2 simulate the major bio-
geochemical processes in the canopy, litter layer and min-
eral soil horizons. The differences between SMART 2 and
NUCSAM concern the spatial and temporal scale and the
complexity of the process description. Unlike SMART 2,
NUCSAM is applicable on a local scale, since it simulates
solute transport and biogeochemical processes on a daily
timestep, while SMART 2 uses a yearly «timestep.
Consequently, NUCSAM accounts for seasonal variation
in deposition, precipitation, transpiration, litterfall, miner-
alization and root uptake, and all the biochemical and geo-
chemical processes are modelled as a function of
temperature whereas SMART 2 neglects these effects.
Furthermore, SMART 2 treats the mineral soil layer as
one compartment, while NUCSAM distinguish multiple
soil layers. To compare both models at the same time
scale, the NUCSAM output is averaged over the soil lay-
ers and over the year.

THE SMART 2 MODEL

SMART 2 (Kros et al.,, 1995a) is a simple one-compart-
ment soil acidification and nutrient cycling model that
includes the major hydrological and biogeochemical
processes in the vegetation, litter and mineral soil. Apart
from pH, the model also predicts changes in aluminium
(ABP*), base cation (BC), nitrate (NO37) and sulphate
(SO4%*) concentrations in the soil solution and solid phase
characteristics depicting the acidification status, i.e. car-
bonate content, base saturation and readily available Al
content. SMART 2 is an extension of the dynamic soil
acidification model SMART (De Vries et al.,, 1989). The
major enhancements in SMART 2 are the inclusion of a
nutrient cycle and an improved modelling of hydrology.
SMART 2 consists of a set of mass balance equations,
describing the soil input-output relationships, and a set of
equations describing the rate-limited and equilibrium soil
processes.

The soil solution chemistry in SMART 2 depends solely
on the net element input from the atmosphere (the prod-
uct of deposition and canopy filtering factor) and ground-
water (seepage), canopy interactions (foliar uptake, foliar
exudation), geochemical interactions in the soil (CO; equi-
libria, - weathering of carbonates, silicates and/or Al-
hydroxides, SO4*~ sorption and cation exchange) and a
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complete nutrient cycle (litterfall, mineralization, root
uptake, immobilization, nitrification and denitrification)
for basic cations and N. Litterfall and growth of the veg-
etation are modelled by a logistic growth function which
acts as a forcing function for nutrient uptake. Nutrient
uptake is limited only when there is a shortage in the soil
solution. Processes that are not taken into account, are (i)
N fixation and NH4* adsorption, (ii) uptake, immobiliza-
tion and reduction of SO4%, (iii) complexation of AI3*
with hydroxide (OH"), SO4> and organics (RCOO").

Soil interactions are described either by simple rate-
limited (zero-order) reactions (uptake and silicate weather-
ing) or by equilibrium reactions (carbonate and Al-
hydroxide weathering and cation exchange). Influences of
environmental factors such as pH and moisture content are
included for mineralization, nitrification and denitrifica-
tion, but not for weathering and exchange reactions. Solute
transport is described by assuming complete mixing of the
element input within one homogeneous soil compartment
with a constant density and a fixed depth, since SMART
2 is a single layer soil model and neglects vertical hetero-
geneity. It predicts the concentration of the soil water leav-
ing the root zone. The annual water flux percolating from
this layer is set equal to the annual precipitation minus the
evapotranspiration, and is specified as model input. The
time step of the model is one year so seasonal variations
are not considered. De Vries ez a/. (1989) justify the vari-
ous assumptions and simplifications.

Recently, SMART 2 was extended to a two-compartment
model; an organic layer and a mineral layer. Because the
original SMART 2 model predicts pH values that depend
on the thickness of the soil compartment, different pH
reduction factors for mineralization, nitrification and de-
nitrification result. In the two-compartment version, these
reduction factors are related to the pH values in the
organic layer, which has a constant thickness. Nitrification,
denitrification, weathering, transpiration and root uptake
were divided over the two layers by assigning fractions for
the humus layer and mineral layer summing up to 1.0.
This extended version of SMART 2 was used in this
application.

THE NUCSAM MODEL

NUCSAM (Groenenberg et al, 1995), derived from
RESAM (De Vries et al., 1995), also simulates the major
biogeochemical processes in the forest canopy, litter layer,
and mineral soil but the temporal resolution is daily.
Consequently, hydrological processes are also included, i.e.
(i) partitioning of precipitation into rainfall and snowfall,
(ii) snowpack accumulation and snowmelt, (iii) intercep-
tion evaporation from the forest canopy, (iv) soil evapora-
tion and transpiration, and (v) one-dimensional vertical
transient water flow. Water fluxes and soil water contents
are calculated with an adapted version of the SWATRE
(Belmans et al, 1983) model. The biogeochemical

processes accounted for in the model are basically the same
as those in SMART 2. In contrast to SMART 2, however;
(i) mineralization in the organic layer is extended to three
compartments (L, F and H layer); (ii) litterfall, root decay,
mineralization and root uptake are distributed over the
year by monthly coefficients; (iii) nutrient cycling also
includes SOy, and (iv) carbonate and Al-hydroxide weather-
ing are described by rate-limited reactions. All chemical
equilibrium and rate limited equations are solved with a
separate chemical equilibrium module which allows for the
calculation of aluminium speciation by considering
hydrolysis reactions and complexation with organic and
inorganic anions. In this study, a slightly adapted version
of NUCSAM was used, in which the N-content in the
needles was kept constant. The original version of NUC-
SAM used a relationship between N-deposition and N-
content in the needles. This led to a substantial
underestimate of the N-uptake upon a reduction of N-
deposition (Van der Salm et al., 1998). ‘

Methodology

MANIPULATION EXPERIMENT AND INPUT DATA

The two models were applied to an acid deposition exclu-
sion experiment in a 40 year old Douglas fir plantation in
the Netherlands (Boxman ez al., 1995; Van der Salm et a/.,
1998). In 1989, a 2-3 m high transparent roof was erected
to intercept throughfall before it reached the forest floor.
Part of the roofed area received ambient deposition
whereas the other part received deposition with pristine
amounts of N and S. Until 1992, the collected throughfall
was sprinkled every two weeks. This system was replaced
by almost real time watering in February 1992. As
described in Boxman ez al. (1995). Ceramic lysimeter cups
were installed in the mineral soil of each plot at depths of
10 cm (eight replicates), 25 cm (four replicates), 45 cm
(four replicates) and 90 ¢cm (four replicates). Boxman ez al.
(1995) analysed only the averaged value of the replicates
and paid no attention to the strong spatial variation among
them. Van der Salm er al. (this issue), however, calculated
95% confidence intervals per plot for each observation
date from 19901994 and found strong fluctuations in soil
solution between the individual cups in both the roofed
plot with ambient and with pristine deposition. The co-
efficient of variation ranged between 30 and 150%.
Accordingly, the 95% confidence interval around the mea-
surements was rather broad, especially in dry periods when
no soil solution could be extracted from some of the cups.
Moreover, the lack of soil solution data from these cups,
situated in the dryer part of the plot may lead to an under-
estimation of the average concentrations during these dry
periods. :

Model input data for NUCSAM and SMART 2 were
derived from monitoring data for the roofed site and from
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data gathered in nearby parts of the Speuld forest. An
extensive description of the data derivation for the NUC-
SAM application is given by Van der Salm ez al (this
issue). Hydrological fluxes and water contents were calcu-
lated by SWATRE (Belmans ez a/., 1983; Groenenberg ez
al., 1995). The averaged calculated drainage fluxes over
1991 and 1992 were 366 and 143 at 10 cm and 90 cm depth
respectively. These fluxes are larger than the averaged
fluxes over 1991 and 1992 calculated by an alternative
model, NICCE (Boxman et al., 1995) (270 mm and 100
mm at 10 cm and 90 cm respectively). This difference is
caused by using the calculated throughfall water fluxes
from the ambient control plot (not reofed) to the roofed
plot (Van der Salm et al., 1998). Deposition throughfall
fluxes were based on the composition of the solution sprin-
kled under the roof. Growth rates, turnover rates and
nutrient contents of the biomass were based on measure-
ments in the Speuld forests. Mineralization rates were cal-
ibrated on the thickness of the forest floor. Most
geochemical parameters and rate constants were taken
from a previous application of NUCSAM in another part
of the Speuld forest (Tiktak ez al., 1995). Cation exchange
capacity (CEC), adsorbed base cations and Gaines-Thomas
exchange constants were, however, based on measure-
ments in 1992 on the roofed plot. Sulphate adsorption
capacity, although small, was calibrated on the observed
SO4 concentrations.

INPUT MAPPING

To compare the two models, the input data had to be
derived so that both models start under similar conditions.
The difference in temporal and spatial detail between the
two models requires tuning of input data and model para-
meters to each model. The set of rules and algorithms that
transform information into specific input values, is called
input mapping (Rose et al., 1991).

Input-mapping was applied to the water fluxes,
throughfall fluxes, weathering, and the following
processes: cation exchange, C-mineralization, and growth
to the vegetation parameters. Processes such as nitrifica-
tion and denitrification were kept out of the input map-
ping procedure. The throughfall and water fluxes for
SMART 2 were derived by accumulating the daily values
that were used in NUCSAM. SWATRE was applied to
the roofed ambient plot only. This means that the same
fluxes were used for both the ambient and the pristine
plot. Vegetation parameters were set equal to those in
NUCSAM, such as: initial age of the stand, growth curve,
litterfall, foliar uptake and minimum and maximum con-
tents of nutrients in the various biomass compartments. In
contrast to the usual calculation of foliar uptake by
SMART 2 as a fraction of the deposition, the foliar uptake
flux calculated by NUCSAM was taken as input. The
Gaines-Thomas selectivity constants were derived from
observations from 1992, since both soil solution concen-
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trations and the composition of the exchange complex
were measured together. Firstly, the concentrations were
depth-weighted and the exchange complex compositions
were bulk density-weighted. The averaged concentrations
and exchange complex compositions were used to calculate
the Gaines-Thomas selectivity constants. At 10 cm depth,
the Gaines-Thomas selectivity constants had comparable
values (—~1.8 in SMART 2 and -1.7 in NUCSAM for the
selectivity constant for Al3*/BC?* exchange, and 3.7 in
SMART 2 and 3.5 in NUCSAM for the selectivity con-
stant for H*/BC?* exchange). At 90 cm depth, the selec-
tivity constant for AI*/BCZ* exchange was 3.9 in
SMART 2 and between 3.4 and 3.6 in NUCSAM. The
selectivity constant for H*/BC?* exchange at this depth
was —1.7 in SMART 2 and 0.2 to —1.7 in NUCSAM. The
same procedure was adopted for the derivation of the
weathering rates and the dissolution constant for Al-
hydroxide, but with measured soil solution concentrations
from 1990 to 1994. The averaged concentrations over the
years were calculated and after that the concentrations over
depth were calculated. The mineralization rate constant of
old litter in SMART 2 was calibrated to the amount of lit-
ter in terms of C calculated by NUCSAM. Since nitrifi-
cation and denitrification parameters were kept out of

input-mapping, standard values for sandy soils were used
(Kros et al., 1995a).

MODEL COMPARISON

NUCSAM was calibrated to the roofed plot with ambient
deposition (Van der Salm, this issue). The validation was
performed by an application to the pristine plot using the
hydrology and parameters from the ambient plot and the
reduced throughfall level. For the comparison with
SMART 2, the annual flux-weighted average soil solution
concentrations of NUCSAM were used, calculated by
dividing the total annual element fluxes by the total annual
water fluxes. To compare the model results with the data,
the measured concentrations were aggregated accordingly
towards flux-weighted annual averages, using the simu-
lated water fluxes. The plot average water fluxes, calcu-
lated by SWATRE, may deviate substantially from fluxes
at the individual cups. Since only a few samples were taken
in 1990 and 1991, it was not possible to calculate satisfac-
tory annual means. Therefore, only the results of
1992-1994 are presented. The calculation of the annual
flux-weighted averages was done for each cup per depth
(eight at 10 cm and four at 90 cm depth). Afterwards, the
95% confidence intervals of the annual means were calcu-
lated using the results of the individual cups. As with the
individual concentrations, large 95% confidence intervals
were found (Figs. 1 and 2).

Initialisation of SMART 2 was performed by using an
initialisation period of ten years. The initial base saturation
was derived from the measurements of 1992, i.e. 10%.
For other model inputs whose estimation was based on
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Fig. 1. Simulated and observed flux-weighted annual average concentrations of NH*, NOy and BC** (Ca?* + Mg?*) at 10 cm and 90
cm depth for the ambient plot. For the observations the error bars of the 95% confidence interval are included.

assuming steady state conditions, the conditions specified
for 1980 were assumed to be in steady state.

Results

FLUX-WEIGHTED ANNUAL AVERAGE SOIL
SOLUTION CONCENTRATIONS

Ambient plot

At 10 cm depth, both models predicted higher NHy4-
concentrations than the upper limit of the confidence
interval of the observations (Fig. 1). The overestimation by
SMART 2, however, is much larger than by NUCSAM.
At 90 cm depth, both models simulate very low NHy— con~
centrations. Conversely, higher NO3 concentrations were
simulated at 90 cm than at 10 cm depth. This is a usual

pattern in dry systems. The observations, however,
showed slightly higher NO3 concentrations at 10 cm depth
than at 90 cm depth. At 10 cm depth, both models pre-
dicted comparable NO3 concentrations. The main differ-
ence between the models was the calculated NO3; to NHy
ratio. Due to higher nitrification fluxes in the top 10 cm
(Table 1), NUCSAM calculated a higher NO; to NH;,
ratio than SMART 2, which in turn resulted in a higher
calculated acid load. At 90 cm depth, both models pre-
dicted comparable NOj; concentrations, except for 1992
where SMART 2 estimated a higher NOj3 concentration
than NUCSAM. The total N leaching for both depths cal-
culated by SMART 2 was clearly higher than the calcu-
lated N leaching by NUCSAM, which originated from
higher calculated mineralization fluxes by SMART 2, due
to higher calculated pH values.
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Table 1. Calculated annual average fluxes for 1992-1994 at 10 cm depth at the ambient site with NUCSAM and SMART 2

(kmol..ha™).

SO4 NO;3 NH;4 BC2+ Al
Throughfall NUCSAM 1.67 0.70 2.36 0.70 —
SMART 2 1.67 0.70 2.36 0.70 —
Mineralization NUCSAM — — 2.35 0.58 —
SMART 2 — — 3.58 0.89 —
Nitrification NUCSAM — 2.71 -2.71 — —
SMART 2 — 2.01 -2.01 — —
Weathering NUCSAM — — — 0.01 0.79
SMART 2 — — — 0.01 0.52
Exchange/ NUCSAM 0.08 — -0.17 0.15 0.54
Adsorption! SMART 2 0.06 — — —0.81 0.00?
Root uptake NUCSAM -0.23 -0.70 -1.06 0.40 —
SMART 2 — -0.44 -1.39 0.47 —
Denitrification NUCSAM — -0.00 — — —
SMART 2 — -0.01 — — —
Leaching NUCSAM -1.82 -2.74 —0.77 1.01 -1.33
SMART 2 -1.76 -2.29 -2.56 0.28 -0.42

1 Positive value means desorption
2 Averaged value is zero

At 90 cm depth, SMART 2 matched the base cation
concentrations closely, whereas NUCSAM overestimated.
NUCSAM calculated much higher concentrations of BC?*
than SMART 2 at both depths. At 10 cm depth NUC-
SAM predicted the base cation concentrations well, while
SMART 2 underestimated the base cation concentrations.
The large difference in base cation concentrations at both
depths was caused by the difference in cation exchange
probably caused by higher H* and Al concentrations in
NUCSAM compared to SMART 2 due to higher nitrifi-
cation. NUCSAM calculated a discharge of base cations
for 10 cm as well as for 90 cm depth whereas SMART 2
calculated a recharge of the complex at both depths.

Both models predict comparable SO4 concentrations at
10 cm and 90 cm depth (Fig. 2), within the confidence
interval of the observations. A slight difference was caused
by the root uptake, which is included in NUCSAM,
whereas SMART 2 does not include SO4 in nutrient
cycling.

Both models underestimated Al concentrations at 10 cm
depth. SMART 2 predicted lower Al concentrations than
NUCSAM, resulting in an overestimation of pH at 10 cm
depth by SMART 2 and a good prediction of pH by
NUCSAM. The overestimation of pH at 10 cm depth by
SMART 2 is due mainly to a difference in nitrification
fluxes at 10 cm depth. The overestimation of the NHy
concentration by SMART 2 causes the acid input to be
lower, which in turn leads to lower Al concentrations and
higher pH. At 90 cm depth both models predicted com-
parable concentrations of Al and pH, but NUCSAM
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underestimates Al concentrations at 90 cm depth, although
pH was predicted well by NUCSAM at this depth.
SMART 2 predicts a higher acid load due to a higher min-
eralization flux, which caused the higher leaching flux of
Al calculated by SMART 2. Another reason for different
calculated leaching fluxes is the difference in weathering
rates and discharge or recharge of the adsorption complex.
This was caused by different weathering rates and Gaines-
Thomas constants used in NUCSAM and SMART 2.

Pristine plot

As a result of the reduction in throughfall, both models
predicted lower NOj3, Al and SO4 concentrations and a
higher pH (Figs. 3 and 4). In general, the simulations dif-
fered in the same way as with the ambient plot. SMART
2 calculated a greater overestimation of the NH4 concen-
trations at 10 cm depth than NUCSAM. At 90 cm depth,
both models predicted low NH4 concentrations. Both
models predicted comparable NO3 concentrations, which
were within the 95% confidence interval. The predictions
of the base cation concentrations were the same as at the
ambient plot: at 10 cm depth, SMART 2 underestimates
and a closer prediction is given by NUCSAM. At 90 cm
depth, NUCSAM overestimated BC concentrations, while
SMART 2 predicted concentrations that were comparable
with observation.

NUCSAM and SMART 2 predicted comparable SO4
concentrations. Both models, however, clearly underesti-
mated the SO4 concentration.: The same is true for the Al
concentrations at both depths. This means that the mod-
els predicted a faster reduction in Al and SO4 concentra-
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Fig. 2. Simulated and observed flux-weighted annual average concentrations of SO#~, AP+ and pH at 10 cm and 90 cm depth for the ambi-
ent plot. For the observations the error bars of the 95% confidence interval are included.

tions than were observed. This may be caused by an
underestimation of the SO4 adsorption capacity, which in
turn resulted in an overestimation of the reduction in SO4
concentration. The pH at 10 cm depth showed a profound
difference between both models. SMART 2 overestimated
pH in response to the abrupt reduction of throughfall and
underestimated nitrification rate. At 90 cm both models
calculated comparable pH.

MEASURED AND MODELLED RESPONSES TO
DEPOSITION REDUCTION

The modelled and observed responses at the ambient and
pristine site were compared by using modelled and
observed percentage reductions in the flux-weighted con-
centrations (Fig. 5). With respect to relative changes of
leaching fluxes at both depths, both models reacted com-

parably to reductions in deposition. At 10 cm depth, the
predicted response to throughfall reduction was larger than
that at 90 cm depth which is consistent because of the
smoothing effect with depth. Due to processes in the soil
e.g. cation exchange, weathering, SO4 sorption, (de)nitrifi-
cation and transport, the effect of throughfall reduction on
the concentrations below the root zone is delayed. The
reduction of SO4 concentrations shows this damping effect
very clearly, both in observations and simulations. At 90
cm depth the reduction is smaller than at 10 cm depth, for
the simulations as well as for the observations. Both mod-
els predict this reduction similarly, but faster than the
observed changes, especially for Al and SO4. This may be
caused by too small a SO4 adsorption capacity (see previ-
ous section). SMART 2 predicted the reduction of Al con-
centration at both depths slightly faster than NUCSAM
and the observations. The faster response of SO4 and Al in
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Fig. 3. Simulated and observed flux-weighted annual average concentrations of NHy*, NOs~ and BC?* (Ca?* + Mg?*) at 10 ¢m and 90
cm depth for the pristine plot. For the observations the error bars of the 95% confidence interval are included.

1992 simulated by SMART 2 was due to the aggregation
of the mineral soil layer into one layer. For a more realis-
tic simulation of the progression of the de-acidification
front with depth, more layers must be included. This effect
is shown clearly by Van der Salm et al. (1995); they com-
pared a one compartment model with two multi-layer mod-
< els. At 10 cm depth, NUCSAM calculated a higher
reduction in N concentrations than SMART 2, but, at 90
cm depth, SMART 2 calculated slightly more reduction.
The observed reductions were similar to the NUCSAM
simulations, especially during the last two years. The
reduction of base cation concentrations was overestimated
by both models at 10 cm depth, whereas at 90 cm depth
both models overestimated the effect of throughfall reduc-
tion only slightly. At 10 cm depth, SMART 2 predicted a
much greater effect of acid deposition reduction on BC
leaching. This difference originates mainly from a different
behaviour of cation exchange (Tables 1 and 2).

480

Discussion and conclusions

Due to different N dynamics, large differences in model
results were found at 10 cm depth, but at 90 cm depth
these differences were smaller. The differences in concen-
trations of NQO3, NHy, Al and pH were caused mainly by
the difference in mineralization fluxes and nitrification
rates. There are two possible reasons for the high miner-
alization fluxes calculated by SMART 2. SMART 2 pre-
dicted values of pH which were too high and this led to a
lower reduction in mineralization. Large reductions in acid
deposition lead to high pH values in SMART 2. The other
reason can be found in the calibration of the mineraliza-
tion rate to the amount of litter calculated by NUCSAM
(Van der Salm et al., this issue). The fact that the litter
amounts were modelled satisfactorily does not necessarily
mean that this is also true for the N mineralization flux. A
calibration of the mineralization rate directly to the N min-
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Fig. 4. Simulated and observed flux-weighted annual average concentrations of SOf~, AP* and pH at 10 cm and 90 cm depth for the pris-
tine plot. For the observations the error bars of the 95% confidence interval are included.

eralization fluxes in NUCSAM would probably give more
satisfactory results. Furthermore, the differences in nitri-
fication rates were related directly to the differences in
mineralization fluxes. Consequently, it can be concluded
that more attention has to be paid to the input mapping
focussing on N dynamics. High mineralization fluxes
imply high nitrification fluxes. Besides that, these results
emphasise the need to modify the description of processes
related to N-dynamics in SMART 2.

At 10 cm depth, NUCSAM predicts NO3 and Al con-
centrations better than SMART 2, although SMART 2
was extended to a two-layer model. At 90 cm depth,
SMART 2 predicts the NO3 and Al concentrations quite
well and it seems that for the root zone as a whole a model
with only two layers provides adequate results. Large dif-
ferences were found between the predicted concentrations
of BC with SMART 2 and NUCSAM. These differences

were probably caused by the derivation of exchange con-
stants and weathering rates. Although for both models the
constants were derived from observations, both models
predicted different BC concentrations.

In general, the effect of reduction of acid deposition is
greater at 10 cm depth than at 90 cm depth due to differ-
ent soil processes. The model predictions are compared to
flux-weighted annual averaged observed concentrations,
neglecting the intra-arrival variability. Both models predict
effects of acid deposition reduction on soil solution con-
centrations in the same direction. SMART 2 overestimates
the effect of deposition reduction on SO4 and Al concen-
trations due to the aggregation of the mineral soil into one
layer. The effect on N concentrations is predicted well by
SMART 2 whereas NUCSAM underestimates the effect
on N concentrations. Both models predict a faster effect
on SOy concentrations than observed and this may be cor-
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Table 2. Calculated annual average fluxes for 1992 — 1994 at 90 cm depth at the ambient site with NUCSAM and SMART 2
(kmolc.ha™?).

SO, NO;3 NH;4 BC?* Al
Throughfall NUCSAM 1.67 0.70 2.36 0.70 —
SMART 2 1.67 0.70 2.36 0.70 —
Mineralization NUCSAM — — 3.48 0.95 —
SMART 2 — — 4.87 1.21 —
Nitrification NUCSAM — 2.80 -2.80 — —
SMART 2 — 2.75 -2.75 — —
" Weathering NUCSAM — — — 0.01 2.80
SMART 2 — — — 0.22 4.66
Exchange/ NUCSAM 0.80 — -0.28 0.91 -0.22
Adsorption’ SMART 2 1.03 — — -0.31 —0.05
Root uptake NUCSAM -0.78 -2.14 -3.14 -1.55 —
SMART 2 — -1.42 —4.46 -1.53 —
Denitrification NUCSAM — —0.00 — — —
SMART 2 — —0.02 — — —
Leaching NUCSAM -2.62 -1.41 -0.02 -1.08 -2.67
SMART 2 -2.93 -2.37 -0.03 - 0.32 -5.04

! Positive value means desorption
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rected by higher SO4 adsorption capacity. To predict, ade-
quately, the changes in leaching fluxes due to throughfall
reduction these processes in the models should be modified.
SMART 2 simulates flux-weighted annual averaged soil
solution concentrations satisfactorily. The predicted con-
centrations are comparable with NUCSAM predictions as
well as with observation. Van der Salm er al. (1995)
showed satisfactory results with SMART 2 for a longer
observation period, which contributes to an increase in
confidence in using SMART 2 at the regional scale.
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