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ABSTRACT

I. Kros, I.E. Groenenherg, C. van der Salm, W. de Vries and G.J. Reinds, 1996. Validation and
application of soil acidification models on local, national and European scales; a compilation of
articles on the models NuCSAM, ReSAM and SMART, 1996. Wageningen (The Netherlands), DLO
Winand Staring Centre. Report 98. 158 pp.; 25 Figs; 51 Tables; 85 Refs; 2 Annexes.

An overview is given of three dynamic soil acidification models for application on different spatial
scales. NuCSAM, the model for the local scale, was validated on data from two intensively monitored
research sites. Results of annual average soil solution concentrations and fluxes calculated with the
validated NuCSAM model agreed well with those of the national-scale model ReSAM and to a lesser
extent with those of the European-scale model SMART. Various deposition scenarios for SO, NO,
and NI, on soils were evaluated with the three acidification models.
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Preface

This report is the final report of the project Extension of the model ReSAM towards
a soil acidification model on stand level. The rescarch was part of and funded by the
third phase of the Dutch Priority Programme on Acidification. The main part of this
report have been included, in part or in whole, in the following publications:

Tiktak, A., J.J.M. van Grinsven, J.E. Groenenberg, C. van Heerden, P.HL.M. Janssen,
J. Kros, G.J.M. Mohren, C. van der Salm, J.R. van de Veen and W. de Vries, 1995.
Application of three Forest-Soil-Atmosphere models to the Speuld experimental
forest. RIVM Report no. 733001003, Bilthoven, Netherlands. (Chapter 2)

Groenenberg, J.E., I. Kros, C. van der Salm and W. de Vries, 1995. Application of the
model NUCSAM to the Solling spruce site. Ecological Modelling, 83: 97-107.
(Chapter 3)

Kros, J., J.E. Groenenberg, W. de Vries and C. van der Salm, 1995. Uncertainty due
to time resolution in long term predictions of forest soil acidification. Water Air
and Soil Pollution 79: 353-375. (Chapter 4)

Salm, C. van der, J. Kros, J.E. Groenenberg, W. de Vries and G.J. Reinds, 1995.
Validation of soil acidification models with different degrees of process aggregation
on an intensively monitored spruce site. In: S. Trudgill (Ed.): Solute modelling in
catchment systems, John Wiley, Chichester: 327-346. (Chapter 5)

De Vries, W., J. Kros, J.E. Groenenberg, G.J. Reinds, C. van der Salm and M. Posch,
1995. Scenario studies on soil acidification at different spatial scales. In: J.F.T.
Schoute, P.A. Finke, F.R. Veeneklaas & H.P. Wolfert (eds.), Scenario studies for
the rural environment. Kluwer, Dordrecht, Netherlands. Environment & Policy 5:
169-188. (Chapter 6)

This study was carried out during the period 1991 - 1994 at the DLO Winand Staring
Centre and was focused on the validation and application of the soil acidification model
ReSAM and the extended version (NuCSAM). Together with three other modelling
projects: (i) calibration of the DAS modules (RIVM), (i1} modification of the forest-soil
model SoilVeg (RIVM) and (iii) extension and validation of the forest growth model
ForGro (IBN-DLQ), it was aimed either to validate or to improve scientific justification
for the DAS module.

Moreover, this report was extended with two chapters, which include results about the
soil acidification model SMART, which was developed for applications at a European
scale. Basicly these chapters were no project results as such, but it was considered useful
to include them in the final report.
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Summary

During the last decade various soil acidification models have been developed at the

DLO Winand Staring Centre to evaluate long-term soil response to deposition scenarios

at a national scale (ReSAM) and a European scale (SMART). An important shortage

of these models is that they are only partly validated, because of the lack of sufficient

long-term (> 50 a) observations. A thorough validation, using available short-term (<

10 a) observations from intensively monitored sites is hardly possible because these

models do not account for day-to-day variability observed at these sites. In order to

use these data from intensively monitored sites for model validation, ReSAM was

extended towards a model at stand-level by incorporation of:

(i) ahydrological module to simulate daily soil water contents and soil water fluxes
in both upward and downward direction;

(ii) a heat transport module to simulate the seasonal variation of soil temperatures
with depth;

{iii) a solute transport module to simulate upward and downward solute transport;

(iv) temperature dependence in the formulations for biogeochemical processes to
simulate these processes on a daily basis;

(v) dissolution of iron and cycling of phosphorous;

(vi) a more detailed description of mineralization;

(vii) a chemical equilibrium module, EPIDIM (Groenendijk, 1995), to account for ion
speciation.

The model thus derived is called the Nutrient Cycling and Soil Acidification Model

(NuCSAM). This model was used for an indirect validation of the regional model

ReSAM. Furthermore, NuCSAM was developed to be linked with an extended version

of the forest growth model FORGRO to simulate effects of nutrient limitations on forest

growth.

First, the results of the newly developed stand-level model NuCSAM were directly
compared to the observations from two sites. The two intensively monitored sites used
for validation were:

(i) a Douglas fir stand in the Speulderbos, Netherlands;

(ii)) a Norway Spruce stand at Solling, Germany.

Subsequently, the results of the stand-level model NuCSAM were compared to those
of the regional model ReSAM.

A brief description of the NuCSAM model and a calibration of the model to the
Speulderbos Douglas fir stand is presented in Chapter 2. Results show a reasonable good
fit of NuCSAM to the Speulderbos observations. However, problems exists for the pH
and Ca concentration in the topsoil and Cl in the subsoil. Long-term (60 y) impacts
of acid deposition of three deposition scenarios on two generic forest soil combination
were also evaluated with NuCSAM. Scenario analyses show a fast response of the Al
and SO, concentration after a decrease in SO, deposition, a time-delay in decrease of
the NO; concentration resulting from a decrease in NO, deposition and higher soil
solution concentrations below Douglas fir.
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The NuCSAM application to a Spruce site at Solling (Chapter 3), Germany, took place
within the scope of a workshop on comparison of forest soil atmosphere models.
Simulated trends and dynamics in the concentrations of SO,, Al and base cations and
pH between 1973 and 1991 compared favourably with observed time series during that
period. Dynamics and concentrations of NO; in the subsoil were, however,
overestimated. Scenario analyses for the period 1990-2090 for two deposition scenarios
showed ongoing acidification (pH decrease) of the soil at continuation of present acid
load, whereas a rapid response of soil solution chemistry to deposition reduction was
stimulated. However, there was a long time delay before favourable Al/Ca ratios were
reached.

Uncertainty caused by the neglect of seasonal variability in long-term predictions was
investigated by a comparison of long-term simulations with ReSAM and NuCSAM
(Chapter 4). Two deposition scenarios for the period 1990-2090 were evaluated. The
models were parameterized and validated by using data from the intensively monitored
spruce site at Solling, Germany. Although both the seasonal and the interannual variation
in soil solution parameters were large, the trend in soil solution parameters simulated
with ReSAM and NuCSAM corresponded well. The leaching fluxes were almost similar.
Generally it appeared that the uncertainty due to time resolution in long-term predictions
of annual average concentrations was relatively small.

A comparison between the one-layer soil acidification model SMART, the multi-layer
model ReSAM (both with a time resolution of one year) and the multi-layer soil
acidification model NuCSAM (with a temporal resolution of one day) was made using
data from the intensively monitored spruce site at Solling, Germany (Chapter 5).
Simulated concentrations and leaching fluxes were compared with measured values at
this site during the period 1973-1991. The major aim was to study the influence of
model simplifications, especially with respect to process formulation and the reduction
of temporal and vertical resolution, on the simulation of soil solution concentrations.
Results showed that all models were able to simulate most of the concentrations during
the examined period reasonably. However, the one-layer model, SMART, had some
difficulties to simulate strong changes in soil solution concentrations due to a lower
retardation in the soil system.

Chapter 6 presents an overview of the various studies made with three dynamic soil
acidification models, i.e. SMART, developed for application at a European scale,
ReSAM, a national scale model and NuCSAM, a site scale model. The uncertainties
in model predictions and the use of the models in acidification abatement policies is
addressed and the various strong and weak points of the model are evaluated.
Furthermore, the limitations and possibilities to use the models in other scenario studies,
such as changes in land use, hydrology and heavy metal deposition are discussed.

The major conclusions of this research are (Chapter 7):

(i) The daily based model NuCSAM reproduces the main features of the concentration
variations over time for most elements in both Speuld and Solling.

(ii) The capability of the yearly based model ReSAM to simulate observed flux-
weighted annual averaged concentrations (and ratios) is comparable or even better
than NuCSAM.
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(iii) Long-term predictions of annual average concentrations with ReSAM and
NuCSAM show general agreement. This implies that ignoring seasonal variation
of weather conditions does not have a large impact on the long-term response of
soil solution chemistry to deposition. ReSAM, is thus acceptable for making long-
term annual average predictions.
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1 Introduction

Information on the long-term effects of acid deposition on soils is very important for
the formulation of policies for emission reductions. Models are an important tool to
assist decision makes in evaluating the effectiveness of abatement strategies. During
the first two phases of the Dutch Priority Programme on Acidification (DPPA), the
integrated Dutch Acidification Systems (DAS) model has been developed (Heij and
Schneider, 1991). This model aims at evaluating the long-term effectiveness of
acidification abatement strategies on a number of receptor systems (forests, forest-soils,
heathland and aquatic ecosysterns). The model describes the complete causality chain
from emissions to effects in a regionalized way. Within DAS the forest soil model
ReSAM (De Vries et al., 1995) forms an important effect module. The temporal
resolution of all DAS modules is one year.

The DAS model was used for scenario analysis at the end of the 2nd phase of DPPA

(Heij and Schneider, 1991; Tiktak et al., 1992). The scenarios were based on abatement

strategies announced in the National Dutch Environmental Policy Plan Plus. Some

conclusions with respect to forest soils and forests, based on results from ReSAM, were:

(i) deposition reduction leads to a fast (almost instantaneous) improvement in soil
solution chemistry, i.e. an increase in pH and a decrease of the Al/Ca and NH,/K
ratio’s;

(il) the exceedance of the critical Al concentration in the soil solution decreased from
about 75% of the total forest arca now to 40% in 2000, the exceedance of the
critical Al/Ca ratio reduced from about 65% to 40%:;

(1) a reduction of the acid deposition to 1200 mol, ha! a”! was needed to stop the
exhaustion of the pool of secondary aluminium compounds. These compounds
provide an important pool for buffering protons.

1

An important shortage remaining at the end of the 2nd phase of DPPA, was that the
integrated modules were not or only partly validated. ReSAM was validated against
a regional data-set containing data from 150 forest stands (De Vries et al, 1992).
However, because this data-set only contained one observation for each stand, validation
of the predicted changes in time could not be carried out. None of the modules were
applied to the stand level, which is the most appropriate level for validating this type
of models because intensive monitoring is carried out at this level. The yearly average
concentrations as calculated with ReSAM, however, cannot be compared directly to
sitc measurements as these show high temporal dynamics. In principle, though, a
comparison on stand-level is possible by generating flux-weighted annual averaged
concentrations from the observed concentration. ReSAM, which aims at predicting fong-
term changes, cannot be validated with results from relatively short (3-10 a) monitoring
programmes alone. Therefore, it was considered necessary to derive a stand-level model
from ReSAM, which can be used for validation and scientific justification for the
regional DAS module ReSAM. The model thus derived is called the Nutrient Cycling
and Soil Acidification Model (NuCSAM). Furthermore, NuCSAM was developed to
be linked with an extended version of the forest growth model ForGro (Mohren, 1987)
to simulate effects of nutrient limitations on forest growth (Mohren, 1995).
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With the use of NuCSAM validation of ReSAM has been be carried out in two steps.
The first step was to compare the results of the daily based stand-level model NuCSAM
with observations. The second step was to compare the results of the flux-weighted
annual average concentrations with the validated stand-level model NuCSAM with those
of the regional model ReSAM. Two intensively monitored sites were used for validation:
(i) A Dutch Douglas fir stand in the Speulderbos (one of the so called experimental
AciForN sites). Data on forest hydrology, soil chemistry and tree growth were
available for the period 1986-1990 (Heij and Schneider, 1991; Evers et al., 1987).
(i) A Norway Spruce stand at Solling (Germany). Monitoring data were available for
the period 1973-1991. The data-set, which focused on soil chemistry and nutrient
cycling, is very suitable for validation of the models over a longer time span
(Bredemeier et al., 1995; Tiktak er al., 1995).

In addition, NuCSAM was used to asscss the long-term development of seil solution
chemistry (in particular Al concentration in the soil solution, Al/Ca ratio, content of
secondary aluminium compounds and nutrient status) and forest growth. This goal was
achieved by performing scenario analyses for the following two generic forest-soil
combinations: (i) Douglas fir on a Cambic podzol and (ii) Scots pine on a Haplic
arenosol. For both combinations, model simulations were carried out with deposition
scenarios that are representative for Dutch regions with low, average and high deposition
rates, respectively. It was assumed that in a clean region, the target acid deposition load
of 1400 mol, ha! a”! (NMP4+) is reached in 2010, whereas in average and polluted
regions these loads are reached in 2050 and 2100, respectively.

At the DLO Winand Staring Centre also a one layer soil acidification model was
developed for applications at a European scale. This model, SMART (De Vries et al.,
1989) is part of the integrated model RAINS (Regional Acidification INformation and
Simulation model; Alcamo et al., 1990). As with ReSAM, SMART has a temporal
resolution of one year and a very simple hydrologic description. Consequently, amongst
other things, these models do not include seasonal dynamics. In order to characterize
the effects of model simplification on soil and soil solution chemistry, this report
includes a comparison of an application of the models SMART, ReSAM and NuCSAM
to the Solling Spruce site. Furthermore various studies on model validation and
uncertainties in model predictions with SMART, ReSAM and NuCSAM are reviewed
and the strong and weak points of the model are evaluated.

Chapter 2 provides a full description of the NuCSAM model and a calibration on the
Speulderbos site and scenario analyses. Chapter 3 presents the results of the application
on the Solling site, which was carried out as part of an international workshop on
comparison of Forest-Soil-Atmosphere Models (Van Grinsven er al, 1995). A
comparison between the long-term results of ReSAM and NuCSAM is given in Chapter
4. A comparison of the three acidification models NuCSAM, ReSAM and SMART,
using the Solling data-set, is given in Chapter 5. Chapter 6 gives an overview of the
various model studies (validation and scenario studies) carried out with NuCSAM,
ReSAM and SMART, on a local scale, a national scale and a European scale
respectively. Chapter 7 summarizes the most important results and gives the conclusions
and recommendations.
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2 Validation and application of a nutrient cycling and soil
acidification model to an intensively monitored douglas fir site

Abstract

A brief description of the NuCSAM model and a calibration of the model to the
Speulderbos Douglas fir stand is presented. Results show a reasonable good fit of
NuCSAM to the Speulderbos observations. However, problems exists for the pH and
Ca concentration in the topsoil and Cl in the subsoil. Long-term (60 y) impacts of acid
deposition of three deposition scenarios on two generic forest soil combination were
also evaluated with NuCSAM. Scenario analyses show a fast response of the Al and
SO, concentration after a decrease in SO, deposition, a time-delay in decrease of the
NO, concentration resulting from a decrease in NO, deposition and higher soil solution
concentrations below Douglas fir.

2.1 Introduction

Several hypotheses that link forest growth and forest vitality to air pollution, atmospheric
deposition, soil acidification and disturbed nutrient cycling have been developed.
Examples are the Al-toxicity hypothesis (Ulrich, 1983) and the nitrogen saturation
hypothesis (Skeffington, 1988). Such hypothetical effect relationships can be tested by
applying a mechanistic and comprehensive simulation models. As a first step, the
integrated Dutch Acidification Systems (DAS) model has been developed during the
Dutch Priority Programme on Acidification (DPPA; Heij and Schneider, 1991). This
model aims at evaluating the long-term effectiveness of acidification abatement strategics
on a number of receptor systems (forests, forest-soils, heathland and aquatic ecosystems}).
The model describes the complete causality chain from emissions to effects in a
regionalized way. An important effect module within DAS is the forest soil model
ReSAM (De Vries et al., 1995a), which has a temporal resolution of one year.

One major limitation of the regional model ReSAM is, however, the difficulty to
validate if at the stand level (which is the most appropriate level for validating this type
of models as most measurements are carried out at this particular level of detail), since
yearly average concentrations cannot be compared directly to (biweekly or monthly)
monitoring measurements, which show high temporal dynamics. Furthermore, the
regional model ReSAM, which aims at predicting long-term changes, cannot be validated
with results from relatively short (3-10 a) monitoring programmes. In order to overcome
this limitation, during the third phase of DPPA ReSAM was extended towards a stand-
level model with a higher temporal resolution. The model thus derived is called the
Nutrient Cycling and Soil Acidification model (NuCSAM). In addition NuCSAM was
coupled with ForGro (Mohren, 1987; Mohren et al., 1993), a process-oriented model
that includes the essentials of whole-tree physiology, to simulate effects of nutrient
limitations on forest growth.
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One of the most important reasons for developing NuCSAM was validation and
scientific justification for the regional model ReSAM. Validation of ReSAM was carried
out in two steps. First, the results of the stand-level model NuCSAM were directly
compared to measurements at a Norway Spruce stand at Solling (Germany) for which
monitoring data were available for the period 1969-1990 (Groenenberg et al., 1995;
cf Chapter 3). Secondly, the results of the stand-level model NuCSAM were compared
to results of the regional model ReSAM, using data of the intensively monitored Solling
site (Kros et al., 1995; cf Chapter 4).

In this Chapter, emphasis is given to the description of the model NuCSAM, and
application the application of the model to a Dutch Douglas fir stand in the Speulderbos
(one of the so called experimental AciForN sites). Data on forest hydrology, soil
chemistry and tree growth were available for the period 1986-1990 (Heij and Schneider,
1991; Evers et al., 1987). Furthermore, the results of scenario analyses are presented
which represents the present targets of the Dutch environmental policy (Keizer, 1994).

2.2 Model description
2.2.1 Model structure

NuCSAM simulates the major hydrological and biogeochemical processes in the forest
canopy, litter layer, and mineral soil. The change in seil solution and solid phase
chemistry is calculated from a set of mass balance equations, describing the input, output
and interactions in each compartment. Vertical heterogeneity is taken into account by
differentiating between soil layers. The soil layers are considered as homogeneous
compartments of constant density and the constituent input mixes completely within
each soil layer.

2.2.2 Hydrology

To simulate soil water fluxes, soil water contents, etc. an adapted version of the
SWATRE model (Belmans et al., 1983) was used as hydrological submodel.

Potential evapotranspiration

Potential transpiration is calculated by multiplying the reference evapotranspiration
according to Makkink (1957) by an empirical, season dependent crop factor. For
conditions in the Netherlands, the Makkink equation is written as:

E, = B.s .kl f, (1
A s+y

in which E, (m d'l) is the Makkink reference evapotranspiration, s (g g'1 K'l) is
derivative of the saturation water vapour pressure temperature curve, ¥ (g g' K'') is
psychrometer constant, Kl w m'z) is global radiation, A (J g'l) is specific heat of
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evaporation and 3 (-) is empirical constant related to the geographical latitude, which
for conditions in the Netherlands is equal to 0.65.

Canopy interception

A relatively simple empirical one-layer canopy-interception submodel is used. Water
is supplied to the canopy by precipitation and lost by throughfall and evaporation of
intercepted water:

A, =A, +At-(P-TF-E,;) )

where A, (m) is amount of water intercepted by the canopy, P (m d!) is daily
prec1p1tat10n TF (m d ) is daily throughfall, E;, (m d° ) is evaporation of intercepted
water and At (d} is time-step (which is one day)

The amount of water intercepted is calculated by using a coefficient of free throughfall
in combination with a threshold value.

The calculation of the interception evaporation is based on Gash (1979). An analytical
approximation is used to calculate daily interception. However, unlike the original Gash
model, NuCSAM uses daily evaporation rates instead of yearly average evaporation
rates. As evaporation rates are lower during rainfall, empirical correction factors have
been introduced for the dry and wet part of the day. First the amount of rainfall required
to saturate the canopy, P, (m), is calculated:

o Aveman 1y B TEe 15 3)

Ps =
Er -wael R 5

where sc (-) the soil cover fraction, A, .. (m) the maximum amount of water stored
in the canopy, E, (m d’ !} the reference evapotransplratlon fE,,.; (-} a correction factor
for the evaporation rate during rainfall, R (m d'!) the average rainfall intensity and P
(m) the precipitation. The interception evaporation is now calculated as:

if P<P: E, =P-sc

E fE, . 4)
iftP>P: E =P -sc+| L _* |.(P-P)
R

The canopy water storage at the end of the day is calculated as:

E, -fE,
A = Ay, €XP - Dy, (5)
WO, Inax

where A,,. (m) is the water storage at the end of the day, A, , (m) the water storage
at the start of the dry part of the day, fE,,, (-) a correction factor for the evaporation
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rate during the dry part of the day, and t; (d) the length of the dry part of the day,
which is calculated from the precipitation and average rainfall intensity:

t,=1-(P/R) (6)

Potential transpiration and soil evaporation
Potential transpiration and potential soil evaporation are calculated by partitioning the

potential evapotranspiration on the basis of the available energy by a method equivalent
to Van Grinsven et al. (1987) and Tiktak and Bouten (1992):

E*pl
E*

5

max

0.{f, .sc.E, —fi.EI.}J 7
(1 -sc)E,

in which E"y (m d"') is the potential transpiration, E', (m d'") is the potential soil
evaporation, f, (-) is an empirical factor that accounts for crop characteristics, sc (-)
is the soil cover fraction, E; (m dh is evaporation of intercepted water, and f; (-} is
the fraction of the daily interception that reduces the potential transpiration. The gap
factor is calculated on the basis of the leaf area index.

The actual soil evaporation rate is calculated as a function of time since the last rainfall
event according to Black ez al. (1969):

E -el o1 ) E ®

where E_(m d''} is actual soil evaporation, ¢, (d) is time from the start of a drying cycle
and € (d'” 2) is an empirical parameter.

Soil water transport
Transport of water through the soil is calculated with a numerical solution of Richard’s
equation:

00 _ d

_ (O - 9
= a_z[K(h) (a_z 1)] S(h) )]

where 8 (m® m™) is volumetric water content, ¢ (d) time, z (m) vertical position in the
soil, 2 (m) soil water pressure head, K (m d'l) hydraulic conductivity and § (d'l) sink
term accounting for root water uptake. The model allows for upward water transport.
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Actual transpiration

The potential transpiration is distributed among soil layers on the basis of the root length
distribution. Reduction of water uptake occurs when soil water pressure heads drop
below or exceed a threshold value. The root water uptake fluxes are summed to get
the actual transpiration.

2.2.3 Nutrient cycling

Canopy interactions

The solute fluxes to the soil surface by throughfall are calculated in NuCSAM from
the total deposition corrected for canopy interactions, i.e. foliar uptake and foliar
exudation. Foliar uptake of NH, NO;3, SO42 and H* is described as a linear function
of the dry deposition of these elements:

FX, = frX, - FX,, (10)

where FX (mol_ ha'! a'l) refers to the flux of element X, erﬁ‘ (-) is the uptake fraction
of element X and where the subscript fu refers to foliar uptake and dd to dry deposition.

Foliar uptake of NH} and H* is counterbalanced by exchange with Ca?*, Mg?* and K*
(Draaijers, 1993):

FCa +FMgfe + FK, = FNH

" 4 + FH,, (11)

4fu

where the subscript fe refers to foliar exudation and fu refers to foliar uptake. The foliar
exudation flux of each individual cation, F’Xfe {mol ha™! a"l) is calculated as:

FX, = frX, - (FNH,; +FHg) (12)

where frX,, (-) is the foliar exudation fraction of Ca**, Mg* and K*. The sum of these
fractions equals 1.

Litterfall and root decay
Litterfall and root decay are the input to the organic pools of N, P, Ca, Mg, K and S.
Litterfall and root decay are described by first-order rate reactions:

FXpp = (V- frX,, ) kX, - Ay, - ctX), (13)

relv

Fer = (1 ‘ﬁ'X,e,r,) ‘kX,d AL otX (14

rt rt
where k,f and k; (2 1y are the rate constants for litterfall and root decay, A b and A,
(kg ha ) are the amounts of leaves and fine roots, ctX;, and c2X,, (mol_kg™) are the
contents of element X in leaves and roots, and frX,, , and frX,, . (- ) are the reallocation

fractions for element X in leaves and fine roots, respectively. The contents of P, Ca,
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Mg, K and S in leaves and fine roots are assumed to be constant in time. As high
contents of nitrogen are caused by high nitrogen deposition rates, the nitrogen content
in stems, branches, leaves and fine roots is calculated as a function of nitrogen
deposition by (FN < FN,; < FN

td,min td, max):

FN,,-FN

) td,min (15)
mi FN

¢tN =ctN_, + (ctN, -cN N

td,max td, min

where ctN,_ . and c/N, . (mol, kg!) are the minimum and the maximum nitrogen

min
content m stems branchcs leaves or fine roots, respectively and FN and FN,; .

td,min
(mol, hala ) are the minimum and the maximum deposition levels between which

the nitrogen content in biomass is affected.

Mineralization

In NuCSAM, both exogenous and endogenous organic matter are distinguished. For
the exogenous organic matter, a distinction is made between a litter layer and a
fermentation layer. The organic matter in the humus layer is lumped with endogenous
organic matter. All equations, except for litter fall fluxes, are first-order rate equations.
The mass balances for the litter and fermentation layers (mol, ha’! a'l) are described
by:

d(A,, ctX,,)
— (1-fr, ) FX} - (kmi,lt +khu.lr) Ay ctXy, (16)
d(Ag, ctXy,)
J . . .
——iﬁ——— Rpypie At Xy - (kmi,fe +khu,fe) Ap, ctXp, a7

where fr;,, (-) is the leaching fraction (see also equation ?), k., (@) is the
mineralization constant for the litter layer, &, ;, (& ) is the humification constant for
the litter layer, mife (@ 1Y is the mineralization constant for the fermentation layer and
Kiugo (@ ) is the humification constant for the fermentation layer, ctX; and ctX,
(mol, kg ) are the contents of N, P, K, Ca, Mg and S in the litter and fermentation
layers, and A;, and A, (kg ha" 1Y are the amounts of litter and fermentatwn respectively.
For each soil layer within NuCSAM, a mass balance (mol,_ ha'! ) can be written for

endogenous organic matter:

d(A etXy m i)

a1 = (18)

hum,i

fr}mm i (khuje CIXf + kmi,rn 'Am 'CIXrn - kmi,hum 'Ahum,i 'CtXhum,i)

where fr,,, ; (-) is fraction of endogenous organic matter in soil layer i, k;, ;. (2’ lyis
humification constant for the fennentatlon layer, k,; ., (@ 1 is mineralization constant
for the root necromass, and k,,,; ;... (2" ) is mineralization constant for the humus layer.
The amount of produced organic anions by mineralization is calculated from the charge

balance including all other ions.
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Rate constants are described as maximum values which are reduced for non-optimal
water contents and soil temperatures. The mineralization constants for nitrogen are also
reduced at low N contents to account for immobilization by microbes according to
Janssen (1983) and De Vries (1994).

Uptake of nutrients by roots

Total uptake of NHJ, NO; , Ca®*, Mg?*, K*, PO,* and SO2" (mol, ha! a™') is described
in NuCSAM by a demand function, which consists of maintenance uptake and growth
uptake in stems and branches according to:

FX,, = FX,, +FX; +FX; +FX, ,+FX (19)

fu

where the subscript ru refers to root uptake, If to litter fall, »d to root decay, fe to foliar
exudation, fu to foliar uptake and gu to growth uptake. The growth uptake is directly
related to stemn growth, which is described by a logistic growth curve:

Am

Mm - S, mx 20
81 10 +e ~krgrl - (age ~t-15,) ( )
and
FXgu = dAm , °(ctXS' +frgu,br -ctXbr) (21)
where fr aubr - -) is the fraction of growth uptake for branches, kr ol (kg ha™! a 1) is a

logistic rate constant, dAm , (kg halal)is the stem growth, Amurr max (Kg ha” ) is the
maximum amount of stemwood ctX, (mol, kg } is content of element X in stemwood,
ctX,, (mol_kg ) is content of element X in branches, ¢ (a) is time, 5, (a) is time at
which the amount of stemwood is 0.5 - -Amg, .., and age (a) is the stand age at the start
of the simulation. The contents of Ca, Mg, K and S in stemwood are assumed to be
constant in time. The concentration of nitrogen in stems is described as a function of
the nitrogen deposition according to Equation (15). The nutrient uptake from a given
soil layer i is determined by the given root distribution:

FXru,i = FXru 'frrti (22)

where FX ; (mol, hal a'ly is uptake of element X from soil layer i, FX,,
(mol ha™! a ) is total uptake of element X, fr; is the root fraction in soil layer i.
Preferential uptake of NH; over NOj is calculated according to (Gijsman, 1990):

1 23
FNH, . = - FN (23)
dre 1741 /f,NH, ,, ru

where f,NH, _, (-} is a preference factor for the uptake of NH; over NOj . NO; uptake
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is calculated as the difference between total nitrogen uptake and NH] uptake:

FNO,, = FN,, - FNH, (24)
Nitrogen transformations
Nitrification (mol,_ ha! a!) is described as a first-order reaction by:

FNH,,, = -f. 6-TL-k,,-cNH, (25)

where 0 (m3 m'3) is the volumetric water content, 7L (m) is thickness of the soil layer,
k,; (a’') is the nitrification rate constant. As with mineralization, the nitrification rate
constant is adjusted on the basis of soil temperature, water content and pH (De Vries,
1988). The nitrification rate constant is reduced at high water contents.

2.2.4 Geochemical process formulations

Rate limited reactions

Protonation of organic anions and weathering are described by rate-limited first-order
reactions. Protonation (the association of organic anions with H*} is described according
to:

FRCOO,, = -f,'8-TLk,, -cRCOO (26)

where kpr @l isa pH dependent protonation rate constant.

Weathering (dissolution) fluxes of Al and base cations from carbonates, silicates
(primary minerals) and aluminium hydroxides (mol_ ha™! a™) are described by first-order
rate and Elovich reactions. The flux of calcium from dissolution of carbonates is
described by:

FCa =f,pTL-kCa,, , ctCa,-(cCa, - cCa) 27)

wech

where p (kg m‘3) is the bulk density, kCa,, ., (m? mol a 1) is a weathering rate
constant, c#Ca,_, (mol_ kg ) is the content of Ca in carbonates and ¢Ca and ¢Ca, (mol,,

m™) are the concentration and equilibrium concentration of calcium {cf Eqn (32)),
respectively. When the soil solution is supersaturated with respect to calcite, equilibrium
is enforced (cf Eqn. (32)) The flux of base cations from silicates (primary minerals)
is described by (Van Grinsven, 1988):

. . X
FXpoom =fo P " TL kX o - ctX,, - cHHX) (28)
where kae pm (rn rnol a 1) is a weathering rate constant ct n (mol_ kg’ ) is the

content of basc cation X in primary minerals, cH (mol, m’ 3 is the H* concentration
and « (-) is a parameter. The weathering of aluminium from primary minerals is
described by:
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F Al =3FCa +06FMg,,,, + 3FK + 3FNa (29)

we pm we pm we pim we pm

This equation comes down to congruent weathering of equal amounts of Anorthite (Ca),
Chlorite (Mg), Microcline (K) and Albite (Na). When the solution is under saturated
with respect to natural gibbsite, the release of aluminium from hydroxides is described
by an Elovich equation:

FAL, =fp-TL-kEl, -¢¥P2 8

W€ ax

“(cAl_-cAl) (30)

with cAl and cAl, (mol, m 3) as the actual and equilibrium concentranon of aluminium
in the soil solutlon and kEl] (m mol; ! ’1) and KEI2 (kg mol_ 1y as Elovich constants.
As with calcite, equilibrium is enforced with respect to Al hydrox1dc when the soil
solution is supersaturated (cf Eqn. (34)).

Weathering of P is described by the rate-limited equation:
P_=f pTLkP_ ctP,-(cP,-cP) (3D

where p (kg m>) is the bulk density, kP, (m mol;'a™) is the weathering rate constant

for P, ciP, (mol_ kg’ 1y is the total phosphate content, cP (mol m~) is the actual
phosphate concentration in the soil solution, and ¢P, (mol, m’ %) is the equilibrium
concentration of phosphate with apatite, variscite or strenglte

Egquilibrium reactions
Equilibrium reactions include the dissociation of COQ,, the calculation of the
concentration of Ca** in equilibrium with Ca carbonate, the conccntratlon of AP* in
equilibrium with Al hydromde adsorption/desorption of SO4 and cation exchange.
The concentration of Ca®" in equilibrium with Ca carbonate is calculated as:
cCa, = KCa_ - _._'io%__ (32)
(¢ HCO, )?

where KCa_, (mo!® L barl) is the equilibrium constant for Ca carbonate dissolution
and pCO, (bar) is the partial CO2 pressure in the soil. The bicarbonate concentration
in the soil solution (mol, m 3) is calculated from:

- KCO, -pCO
cHeo; = (K02 PCO) (33)
cH”

where KCO, (mol2 L? bar'l) is the product of Henry’s law constant for the equilibrium
between CO, in soil water and soil air, and the dissociation constant of H,CO;. The
concentration of Al** in equilibrium with natural gibbsite is calculated by:

cAl, = KAl -cH? (34

where KAl (mol'2 L2) is the equilibrium constant for aluminium hydroxide dissolution.
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Cation exchange is described by Gaines-Thomas equations with Ca®" as reference ion
according to:

2

rX 2
e _gx o X @5)
frCa cCa™

with z, (-) as the valence of cation X, KX, ((mol L'l)zx'2) as the Gaines-Thomas
selectivity constant for exchange of cation X against Ca, frX, . (-) is the fraction of cation
X on the adsorption complex. X equals H', AI**, Fe**, Mg?*, K*, Na* or NH}.

JrX is calculated by:
ctX

Xy = Tg (36)

where CEC (mol,_ kg!) is the cation exchange capacity. The sum of all fractions is equal
to 1.

SO42' and H,PO, sorption in each soil layer are described with a Langmuir equilibrium
equation according to:

XSC - KX ;- cX
1+ (KX _ ;- cX)

Xy = @37)

where ¢fX_; (mol, kg!) is the sorbed amount of anion X, XSC (mol, kg) is the
sorption capacity for X (cf Eqn. (46)), and KX (m® mol;l) is the equilibrium constant
for sorption of anion X.

NuCSAM also includes ion speciation, such as the hydrolysis of Al*and complexation
of aluminium with organic anions. All equilibrium reactions are calculated with the
chemical equilibrium program EPIDIM (Groenendijk, 1995).

2.2.5 Forest growth

Forest growth is simulated by a logistic growth function (Section 2.2.3) and a nutrient
cycling process, in which nutrients are taken up daily by a growing stand, and later
returned by means of litter fall and root decay (Section 2.2.3). The vegetation together
with the litter layer merely act as a steady state nutrient cycle, with a small part of the
nutrients taken up and stored in the accumulating forest biomass. This vegetation cycle
is parameterized by root uptake, storage, litter fall and root decay, which are given as
time-independent constants for a particular forest type. There is no feedback of nutrient
cycling on growth rate. Growth constants are taken from available field and literature
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data. Stem growth (kg ha! a'lyis described with a logistic growth function (see equation
(20)). Branch growth (kg ha’! a'l) is derived from the stem growth using a fixed
stem/branch ratio fr,,, (-):

dAmbr = frbrsr ) dAmst (38)

The amounts of leaves and roots (kg ha'!) are described as:

Am
ATy 39)

St,mx

Am,v =

Am

where Am,, (kg ha'l) is the actual amount of foliage (or roots) and Am,, . (kg ha'! a'l)
is the given maximum amounts of foliage (or roots). The nutrient contents of base
cations and sulphur remain constant in all biomass compartments, whereas the nitrogen
contents are calculated as a function of the atmospheric deposition.

2.3 Model calibration

Model calibration is defined as the determination of the model parameters, boundary
and initial conditions and/or structure on basis of measurements, and of prior knowledge.
The applied model contains parameters, initial and boundary conditions, which are
incompletely known. More information on these quantities, which are often not
measurable, is required to obtain accurate inferences from the model, and to judge its
performance adequately. Hence, model calibration is required to determine these values
accurately from the available measurements, taking into account the intended model
use and available prior knowledge.

Model calibration thus becomes a critical phase in the modelling process. Despite its
importance, the required activities for calibration are often given little consideration,
and in many cases the model is calibrated using non-structured arbitrary methods. As
the model under consideration contain a large number of parameters, a well-structured
and systematic calibration approach is needed, supported by useful guidelines.

Strategy

Janssen and Heuberger (1995) present a general outline of the calibration process, and

distinguish various important steps:

(i) identify the characteristics of the data-set.

(i) identify the parameters that need calibration, preferably by performing model
analyses (sensitivity and uncertainty analyses).

(iii)  specification of model performance criteria, which express the dlscrepancy
between measurements and model results.

(iv)  solution of the calibration problem, which often consists of adjusting the model
parameters such that the model results match the measurements adequately (e.g.
minimal misfit).
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The calibration process is usually completed by assessing the accuracy and quality of
the obtained model (validation aspects; see Janssen and Heuberger (1995)).

In the sequel it is briefly addressed how the above mentioned issues apply for the
calibration of the NuCSAM model to the Speuld data-set.

The characteristics of the data-set

Measurements were carried out at different spatial scales and at different positions within
the stand. Most soil hydrological measurements were carried out at one plot of
30x30 m?, although an attemnpt has been made to scale these measurements to stand
average values (Bouten er al.,, 1992). Soil chemical measurements are ‘point’
measurements. Samples were taken from three plots and the volume of soil sampled
is small. Also the tree physiological measurements were carried out at one point within
the forest stand. On the other hand, eddy correlation measurements of deposition and
transpiration are representative at a scale which is larger than the stand. Measurements
of throughfall amounts, throughfall quality and of forest growth, although point
measurements, were scaled to average values. However, all these measurements were
carried out at the Eastern half of the stand, possibly leading to a deviation from stand
average values.

Due to these different spatial scales it is almost impossible to combine all measurements
within one data-set. Consider the following example: If the hydrological part of
NuCSAM is calibrated using the average transpiration measured by eddy correlation
as a criterion, the hydrological regime will be different from the hydrological regime
at the soil chemical sampling points. For this reason, the hydrological part of NuCSAM
(i.e. an adapted version of the model SWATRE, cf Section 2.2) was calibrated using
data from the soil monitoring plot only. This calibration is not representative for the
stand as a whole, but can be used in combination with the soil chemical data-set.

Parameters that need calibration

The choice of the model parameters that need calibration was based on an uncertainty
analysis for the model ReSAM (Kros et al., 1993). Table 2.1 summarizes the parameters
for which the solute concentrations were most sensitive. These parameters have been
chosen for model calibration. To calibrate soil chemistry, simulated soil chemical
variables were compared with measured soil chemical variables using statistical
measures. For the calibration only concentrations in the soil solution were used since
this were the only variables measured in time, soil contents (e.g. oxalate extractable
Al) were only measured once. Solute concentrations were measured with cups and plates
at different depths for three plots (cf Tiktak et al., 1995b). Because of the large variation
in measured concentrations between these three plots (cf Tiktak et ai., 1995b) it was
decided to choose one plot for calibration (plot 5) because otherwise no trends in soil
chemistry would be visible. Model outputs used for calibration are: pH and the
concentrations of Al, Ca, Mg, K, NO,, NH,, SO, and Cl at 10, 20 and 90 cm depth,
two depths for the topsoil and onc in the subsoil beneath the rooting zone. For
comparison with simulated output concentrations in soil water extracted with cups at
the same depths were used.
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Table 2.1 NuCSAM model parameters that were calibrated

# Parameter Description Effect on concentration of: Eqn.
1 #8054 forest filtering factor SO, 4, SOf' -
2 HNO forest filtering factor NO, ,, NO; and NH; -
3 xdd forest filtering factor NHx dd NOj and NHy -
4 flu forest filtering dry deposition

base cations and CI Na*, K¥, Ca®*, Mg?* and CI -
5 kry, nitrification rate ¢onstant NOj; and NH; (25)
6 REI, Elovich constant APt and H (30)
7 ciNlvy, Maximum N-content of leaves NO; and NH; (15)
8 kCa, rate constant for Ca-weathering Ca?* (28)
9 kMg, rate constant for Mg-weathering Mg? (28)

The choice of the hydrological parameters to be calibrated (not shown in Table 2.1)
was based on Tiktak and Bouten (1992).

Performance criteria

For the evaluation of model performance in relation to observation data in Speuld,
statistical indicators as described by Janssen and Heuberger (1995) have been used. As
each of these indicators gives different information about model behaviour, two different
performance measurements were use, as described below:

NME=%@ (40)
NMAE_,'Z;(lpi_Oil) (41)
n-0

Here, NME (-) is the Normalized Mean Error, NMAE (-) is the Normalized Mean
Absolute Error, P, is the predicted value, O, is the observed value, O and P are the
averages for the observed and predicted values, and » is the number of observations.
The NME compares predictions and observations on an gverage basis (i.e. over the
whole time-span). The NME thus expresses the bias in average values of model
predictions and observations and gives a rough indication of overestimation (NME >
() or underestimation (NME < 0). The NMAE is an absolute indicator for the
discrepancy between model predictions and observations. The NMAE does not allow
for compensation of positive and negative discrepancies. An NMAE of zero is
considered optimal.

These criteria can be defined and evaluated for various model quantities, individually
as well as jointly. For a fair comparison between model results and observations, their
temporal and spatial scale should be compatible. For model calibration, model results
were compared with accumulated throughfall amounts, soil water contents and soil
solution composition.
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Solution of the calibration problem

The different parameters were calibrated manually after each other by comparing model
output and measurements using performance criteria (cf Eqns. (40) and (41)). Table
2.1 gives the order in which parameters were calibrated. Comparison between model
output for different parameter values with measured data was done by comparing the
statistical measures for the most effected (sensitive) model output (cf Table 2.1). In case
of an (almost) equal model performance with respect to the most sensitive variables,
differences in model performance for other model outputs were taken into account to
choose the most optimal parameter value.

The presented misfit criteria consider only specific aspects of the system under study,
and express the agreement between model data and data in a very condensed form, i.e.
in one number. Therefore, the use of these quantitative criteria should be supplemented
by qualitative techniques (¢.g. visual comparison of measurements and model results).

2.3.1 Derivation of input data
2.3.1.1 Site description

Input data was derived mainly from the data set of the Speuld location as described
in Tiktak et al. (1995b). The Speuld site is located in a 2.5 ha Douglas fir stand.
Altitude is 50 m. The stand is surrounded by a large forest of approximately 50 km?;
the nearest edge is at a distance of about 1.5 km. The soil is a well-drained Typic
Dystochrept (USDA) or Cambic podzol (FAQO, 1988) on heterogeneous sandy loam and
loamy sand textured ice-pushed river sediments. A full soil profile description is
included in Tiktak er al. (1988). The water table is at a depth greater than 40 m
throughout the year. In 1988, the start of the monitoring period, the stand was 29 years
old.

2.3.1.2 Hydrology

Vegetation dependent properties
The most important vegetation dependent hydrologic parameters are presented in Table
22.
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Table 2.2 Vegetation dependent hydrologic parameter values for the Speulderbos site

Parameter Symbol Value Unit
Soil cover fraction ? 5c 0.9 )
Average precipitation intensity d R 10.0 (mm}
Interception capacity b A, max 21 {mm}
Factor for evaporation
during dry part of day: Ty, L5 )
during wet part of day: wet 0.5-90 )
Reduction point # A, g -600 (crm)
Wilting point ? by, -6000 {cm)
Crop factor ? £ 0.85 (-)
Root density distribution®:
litter R, .05 )
00-20 cm R, 0.30 )
20-40 cm R, 0.34 )
40-60 cm R, 0.15 )
60-80 cm R; 0.08 (-)
> 80 cm R, 0.08 (-)

% Based on Tiklak and Bouien {1990; 1994),

Y Measured by Bouten (1992).

©  Based on root length distribution measurements by Olsthoorn (1991).
9 Based on the calibration of SWATRE to Speuld.

Soil physical characteristics

Water retention characteristics were obtained from simultaneously measured average
water contents and pressure heads at a plot of 30 x 30 m?. The physical characteristics
are valid for the same plot as the monitoring data. To extrapolate the retention
characteristics outside the range of pressure heads that can be measured with
tensiometers, and to obtain conductivity characteristics, the measured data were fitted
to the Mualem-Van Genuchten functions (Van Genuchten, 1980):

©,-6,)

oy =0+ ) .
L1+ |R]Y']™
and:
K(hy = K . {1-(a|h D" L1 +a| k™2 -

[1+(ct}h]y1™?

where 0, (m® m™) is saturated volumetric water content, 0, (m® m™) residual water
content, # (m) pressure head, o (m'l) reciprocal of the air entry value, X (m d'l)
hydraulic conductivity, n (-) a fitting parameter and m = 1-1/n. Table 2.3 summarizes
the results of the fitting.
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Table 2.3 Parameters of the Mualem-Van Genuchten functions to describe the soil physical
properties. Source: Tiktak and Bouten (1992)

Depth 0, 0, o n K,
@ m?® (mm?) (cm™) ) (em d'

litter 0.500 0.00 0.10 1.25 800

0-60 cm 0.330 0.00 0.10 1.25 800

> 60 cm 0.210 0.00 0.04 1.40 100

2.3.1.3 Soil chemistry

For the derivation of the geo-chemical input parameters of NuCSAM, the data-set for
plot B was used (see Tiktak et al. 1995b). However, parameters were often available
for different depths in the soil profile. In order to obtain a coherent set of input
parameters, all state variables used in the derivation of input parameters were estimated
for the same depths according to:

. Az, X, + Az, X
§ = 22t 142

2

44

with X, as the estimated value of state variable X at depth z, X, , as the measured value
of state variable X at depth z,,, and z,, as the nearest depth with measurement z, <
7 < z,. For state variables related to a soil layer with thickness Az, z is the depth in the
middle of that layer.

Exchange constants

Gaines-Thomas exchange coefficients were calculated from the long-term average soil
solution concentrations extracted with cups (plot B; Tiktak ez al, 1995b) and the amount
of exchangeable cations as measured with Bascomb (Tiktak et al, 1995b)) and Li-EDTA.
Fractions of exchangeable cations and total CEC were calculated as the mean of both
methods. From the concentrations, activities were calculated with the chemical equilibri-
um program EPIDIM (Groenendijk, 1995). Coefficients were calculated with equation
(35) using Ca®* as the reference ion. As the content of exchangeable base cations was
below the detection limit, the exchangeable fractions (fraction of total CEC) of all base
cations were set to 0.01 to calculate Gaines-Thomas exchange coefficients and to
initialize the model. Results are shown in Table 2.4.

Weathering rate parameters

Parameters for weathering of silicates (equation (28)) were calculated from results of
batch experiments (De Vries et al., 1995b) for a generic Cambic Podzol. They estimated
the total weathering flux for a 70 cm profile by dividing the fluxes derived from the
batch experiments by 50. This factor was introduced to account for differences between
field and laboratory conditions. The fluxes presented by De Vries et al. (1995b) were
multiplied by a factor 10/7 to calculate the weathering fluxes for a 1 m profile. The
weathering rate constant for the Speuld profile, kX, is calculated as follows. The

e,pm’
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coefficients o.and kX, ., are assumed to be layer independent. Parameter o was taken
directly from De Vries et al. (1995b). The average pH value as measured for plot B
by Van der Maas and Pape (1990) was substituted. Total contents of primary minerals
and the bulk density were taken from Tiktak et al. (1988). Equation (28) can be written
down for each soil layer. By substituting all parameters into equation (28), and by
assuming that the total weathering fluxes calculated by this equation equals the
weathering flux by De Vries er al. (1995b), the weathering rate constant can be

calculated. The results of the calculations are presented in Table 2.5.

Table 2.4 Gaines Thomas exchange coefficients (mol ' 2 and cation exchange capacity (mmol,,
kg

Depth  Gaines Thomas exchange coefficient relative to Ca®* (mol L'1)*? CEC
(cm) H* Na* K* NH; Mg*  AP*+Fe**  (mmol, kg
-9-0 400x10* 429 151.9 1890.9 34 561.7 245.67
0-5 1.70x104 223 128.3 289.1 25 813.7 96.94
5-10 0.57x10* 6.7 80.6 13.6 1.2 127.5 58.33
10-20 0.13x10* 6.0 120.8 6.7 1.1 73.0 57.08
20-30 0.87x10" 8.6 267.0 11085.1 14 322 42.83
30-40 6.66x10" 5.1 162.5 2136.4 0.9 1.8 29.00
40-50 2.50x10° 33 93.7 1624.7 0.7 0.4 26.92
50-60 2.95x10° 31 69.6 10526.7 0.7 04 25.67
60-70 2.43x10° 3.5 59.2 19454.1 0.8 0.7 27.65
70-80 2.33%x10° 4.5 56.5 36254 1.0 1.4 28.83
80-100 2.83x10° 6.6 52.5 . 0.0 1.2 2.5 39.67

Parameters for weathering of secondary Al compounds (Table 2.6) were taken from
batch experiments as described by De Vries et al. (1995). They investigated a total
number of 15 sites throughout the Netherlands. For the model applications, we sclected
the soil horizons that showed most resemblance to Speulid site. These included the Ah,
Bhs, BCs and C horizons. The rate constant, kE{1, as determined by De Vries et al.
(1995b) was divided by an empirical value 100 to account for differences between field
and laboratory conditions (Van Grinsven, 1988; Wesselink, 1994).

Table 2.5 Parameters for weathering of silicates (Eqn. (28))

Cation Total weathering pH dependent PH independent
flux?) kae,pm o X, o
(mol, ha! a™) (™l ) @)
Nat 80 8.43x10°2 0.87 4.19%107°
K* 75 2.33x10°! 1.02 4.87x10?
Ca®t 45 2.26x10°! 0.85 7.11%107?
Mg** 20 1.92x10°! 1.54 8.81x107!

a) source: De Vries et al, 1995b,
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Table 2.6 Parameters for the calculation of weathering of oxalate extractable Al (De Vries et al.,
1995h)

Depth kEL] kEI2 Horizon in

(cm) kgt ah (m? molc'l) De Vries ef al.
0- 10 1.13x10°° 11.4 Ah

10- 40 2.04x10* 9.1 Bhs

40- 80 7.49%x10™ 7.3 Bces

80- 100 1.67x10™ 9.8 C

Sulphate and phosphate sorption parameters
The sulphate sorption capacity, SSC (mmol, kg'l), was calculated from the oxalate
extractable amount of secondary Al according to (Johnson and Todd, 1983):

SSC = 0.02 -ct Al (45)

The phosphate sorption capacity, PSC (mol, kg'l), was calculated from the equation
(Van der Zee, 1988):

PSC = 02-(ct Al +ctFe ) (46)

Contents of oxalate extractable Al are from Tiktak e al. (1988), contents of oxalate
extractable Fe are from measurements on comparable Cambic podzols (De Vries,
unpublished results). The Langmuir adsorption constant for SO,, KeSO, _,, is set to
0.5 m™ mol™! and is extracted from the ReSAM database (De Vries ef al., 1994). The
Langmuir adsorption constant for phosphate, KeH,PO, _, is determined from Pw
(phosphate in water) and Pox (oxalate extractable phosphate) as determined in 150 forest
stands in the Netherlands. Results are shown in Table 2.7.

Table 2.7 Sulphate and phosphate sorption capacities
as a function of depth, calculated according to Eqn,
{(43) and (46)

Depth Yo PSC?
(cm) (mmol, kg'!) (mmol_ kg
0-5 3.3 59
5-10 34 60
10-20 5.7 99
20-30 8.1 123
30-40 9.8 140
40-50 7.6 118
50-60 6.3 106
60-70 5.6 98
70-80 5.2 94
80-100 5.4 66

 derived from generic data for a Cambic Podzol
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Soil layer independent parameters
The Al equilibrium constant and parameters for nutrient cycling are presented in Table
2.8.

Table 2.8 Values for soil-layer independent model parameters

Process Parameter Unit Value Eqn.
Foliar uptake® fiNH, j, ) 0.21 (10)
fer“ -) 0.58 (10)
Foliar exudation® frCa, () 0.18 (12)
frMg,, ) 0.11 (12)
fK,, ) 0.71 (12)
Nitrification® ” @h 100.0 (25)
Al dissolution® KAl @L? mol® 5.0x10% (34)

*  Based on throughfall data over the period 1987-1990 (Van der Maas and Pape, 1990).
®  Obtained by calibration. The generic value for ,; is 40 a'\.
¢ Average JAP for Al(OH), at 90 cm over the period 1987-1990, activitics

calculated from measured concentrations {Van der Maas and Pape, 1990).

2.3.1.4 Forest growth

The main ecophysiological research and growth analysis was carried out from 1987
until 1989 (Evers et al., 1991) in a plot adjacent to the plot where most of the soil
research was done. The soil subplot had a somewhat higher stand density compared
to the ecophysiological plot (812 vs. 765 trees ha'l). After 1989, the biomass analysis
was moved to the soil research plot, causing a discontinuity in the data series. Table
2.9 gives an overview of basic stand data for the soil plot and for the tree physiclogical
plot as measured in December 1988.

Table 2.9 Tree growth parameters as derived from data for plot I measured by Jans et al. (1994)
and data for the soil plot (Olsthoorn, 1991)

Parameter Symbol Unit Value
Stand age age;, (a) 30
Logistic growth constant krgﬂ @h 0.094
Maximum amount of stems Amst, (Mg ha'h) 543.8
Amount of foliage Amy, (Mg ha') 19.5
Half life time growth function 105 (@l 38
Branch stem ratio Trist (-) 0.11
Litter fall rate® kif @h 0.15

9 Litterfall was measured directly using 12 litter traps with a surface area of 1 m? (Van der Maas
and Pape, 1990).

State variables that must be known at the beginning of the simulation include the
element contents in needles, stems, branches, roots and litter. Data related to these
compartments are given in Table 2.10. Data are given for the end of the year 1988.
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Table 2.10 Dara on biomass and element contents of needles, roots and stems of Speuld stand

Compartment Biomass Element content (% of dry weight)
(Mg ha'l)

N K Ca Mg S
Foliage (Am,,)* 185 1.84 0.58 0.33 009  0.14
Branches (Am,,)° 14.0 0.30 0.10 0.05 0.03  0.05
Stems (Am )" 60.0 0.20 0.10 0.05 001 005
Fine roots (Am,)° 3.2 1.00 0.08 0.16 0.04 0.0
Litter (Am,)* 35.0 - - - - -

% measured in the ecophysiological research (Evers er al., 1991).

% nutrient contents in branches, wood and roots inferred from general data
(Berdowski er al., 1991).

) measured in the soil research plot by Olsthoorn (1991).

9 Measured by Tiktak and Bouten (1992). The litter mass is an average value for 485 samples.
Element contents in litter are calculated by the model using the foliage contents as initial values.

2.3.2 Results
2.3.2.1 Hydrology

Interception and throughfall

The hydrological submodel was calibrated in two steps: (i) calibrating the interception
losses using measured throughfall values and (ii) calibrating the transpiration and soil
evaporation fluxes using measured water contents. The interception fluxes were
calibrated using data for the year 1988 only, because for this year the differences
between the daily precipitation at station Drie and the weekly site measurements where
smallest. The transpiration and soil evaporation fluxes were calibrated by using data
for the year 1989, because frequent measurements on water content were available for
that year only.

Simulated throughfall amounts for the years 1988 and 1989 are presented in Fig. 2.1.
Table 2.11 presents the annual water balances for the period 1987-1989. The calibrated
NuCSAM model overestimated the accumulated throughfall amount for 1989 and
underestimated the throughfall amount for 1987. For 1988, throughfall amounts are in
close agreement with measured throughfall values (maximum deviation < 10% of
observed value). The overestimation of throughfall for 1987 and 1989 are partly caused
by deviations between measured precipitation at station Drie and on-site measured
precipitation (see footnote in Table 2.11). Whereas in 1989, rainfall mainly occurred
as large storms. After such storms, a large part of the total precipitation drains
instantaneously from the canopy and evaporation loss is relatively small. In 1987,
however, a large part of the annual precipitation was in the form of small storms and
evaporation losses were high. In addition NuCSAM uses an average rainfall intensity
(R), which may also lead to deviations.
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Fig. 2.1 Accumulated simulated throughfall for the years 1988 and 1989

Table 2.11 Simulated water balance terms for the Speuld experimental forest
1987 1988 1989

Observed NuCsSAM Observed NuCSAM Observed NuCSAaM
Fluxes (mm a'l)

Precipitation 950 976" 9359 933% 710Y 8062
Interception - 357 - 331 - 285
Throughfall 660 619 618 602 449 521
Evaporation - 35 - 56 - 66
Transpiration - 365 - 323 - 371
Drainage - 199 - 221 - 84
Transpiration

reduction (%) - 0.8 - 13 - 16

¥ On-site measured precipitation. These values were not used by NuCSAM, because on-site
measurements were not carried out daily.
b) Precipitation measured at station Drie was used as input to NuCSAM.

Soil water contents

Simulated soil water contents for 1989 are shown in Fig. 2.2. Table 2.12 gives an
overview of performance criteria for the discrepancy between the observed and measured
soil water contents. The performance for the 0-50 cm soil layer appeared to be
reasonably good, whereas for the 50-100 cm soil layer, soil water contents are
underestimated. However, differences mainly occur in autumn, indicating that rewetting
of the soil occurs too late. NuCSAM was not able to predict the dynamic behaviour
of measured soil water contents correctly, probably indicating that fingered flow is a
relevant hydrological process for Speuld.
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Table 2.12 NuCSAM Performance criteria for the discrepancy between observed
and measured soil water contents

Layer NME NMAE
0-50 cm® 0.097 0.248
50-100 cm® 20.130 0.174

% Model output compared with TDR measurements (n = 88).
% Model output compared with neutron probe measurements (plot B; n = 43).

2.3.2.2 Soil chemistry

Soil solution concentrations
Results of the calibration are shown for 20 cm depth in Fig. 2.3 and 90 cm depth in
Fig. 2.4. Table 2.13 shows the NME and NMAE (Eqn. (41)) for the major components
for 10, 20 and 90 cm depth.



pH

Simulated pH values are calculated from the charge balance in NuCSAM. Thus, pH
values are affected by virtually all biogeochemical processes. Simulated pH values
showed to be over estimated for 20 cm and slightly under estimated for 90 cm. At 10
cm depth the agreement was good (figure not shown). This is also reflected by the
performance criteria, i.e. the Normalized Mean Absolute Error (NMAE) for H*
concentration at these depths (Table 2.13).

Aluminium

The Al** concentration was simulated fairly good at both depths. Regarding the
calibration results for both the pH and the AP concentration, it can be concluded that
the pH and Al behaviour in Speuld can be described reasonably good with a
combination of the Al-hydroxide equilibrium model (Eqn. (34)) and rate limited
dissolution of Al-hydroxides (Eqn. 42). This contrasts with the results from the model
comparison study for the Solling site in Germany (Kros and Warfvinge, 1995).

Calcium

The Ca®* concentration at 20 cm depth was under estimated. This is also reflected by
the NME, which is £ -0.50. At 90 cm depth, NuCSAM gives a slight underestimation.
The underestimation of the Ca®* concentration at 20 cm depth is probably due to either
an overestimation of the calcium root uptake in the topscil or an underestimation of
the calcium cycling through the vegetation. Changing the internal cycling of base cations
within the system will lead to higher calcium concentrations in the topsoil, without
affecting the calcium concentrations below the root zone (i.e. > 90 cm). Because of the
moderate fit for 90 cm (i.e. below the root zone), it is presumnable that the calcium input
by weathering and deposition is correct.

Nitrate

NOj concentrations were reasonably reproduced by NucSAM (NMAE = 0.41 - 0.54).
Comparing these results with the results of a model comparison study for the Solling
site (Kros and Warfvinge, 1995), it is notable that the nitrogen behaviour can be
simulated reasonably with NucSAM for Speuld, whereas for Solling this was not
possible.

Sulphate and chloride

For 90 cm, the SOf‘ and CI” concentrations were predicted rather poor (MNAE =
0.40 - 0.58). This is striking because CI" and SO arc rather conservative anions in
Dutch forest soils. The poor performance for these anions is most likely caused by the
strong spatial variability of throughfall fluxes and spatial patterns of water uptake by
roots. Consequently, the hydrological calibration is not valid for the scil chemical
monitoring pit.
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Fig. 2.3 Simulations of soil water chemistry by NuCSAM for 20 cm depth
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Table 2.13 Performance of NucSAM during the observation period

Parameter Performance measurement {-) and number of observations (-)

HY AP G Mg™ K* NO; NH; SoF CI

Depth 10 cm.

n? 48 37 37 37 37 41 44 4] 41
NMAE? 0.39 0.60 0.52 0.86 0.83 0.54 0.84 0.62 0.65
NME? -0.37 -0.30 -0.45 -0.86 0.80 -037 -0.82 060 -0.65
Depth 20 cm.

n 48 4] 40 40 40 46 44 46 46
NMAE 0.81 0.49 0.63 0.86 2.16 0.41 470 044 0.47
NME -0.81 0.10 -0.63 -0.86 2.16 -0.24 394 -033 -040
Depth 90 cm.

n 48 35 35 35 35 43 34 43 43
NMAE 0.32 0.57 0.40 0.54 0.84 0.53 097 040 0.52
NME 0.20 0.28 -0.34 -0.54 -0.84 0.02 -090 002 0.04

2 1 is number of observations
® NMAE is Normalized Mean Absolute Error and NME is Normalized Mean Error (see Eqgn.
(41)).

Element budgets

Element budgets are presented in Table 2.14. In spite of preferential uptake of NH;
(Eqn. (23)), the uptake of nitrogen occurs almost completely in the form of NO3. Due
to the fast response of both Al-exchange and dissolution of secondary Al-oxides to a
change in pH, the contribution of both processes to nmet Al-mobilization remains
unpredictable for short time periods (Van Grinsven et al., 1989). The Al wransfer from
the oxide pool to the adsorption complex or vice versa within specific years can be
much higher than the net Al-mobilization.

Table 2,14 Major element fluxes of the simulated element budgets for NO; NH;, AP* and Ca** for
the soil component. Element budgets are averages for the period 1988-1991. Positive fluxes indicate
an increase in the soil solution concentration

Process Fluxes (kmol, ha'l a'l)

NO, NH; AP* Ca®*
throughfall 0.84 2.09 0.01 0.38
uptake -6.96 -0.40 0.00 -1.38
mineralization 0.00 5.79 0.00 1.11
nitrification 7.40 -7.40 0.00 0.00
weathering? 0.00 0.00 -5.43 0.15
exchange 0.00 -0.09 8.7 0.09
leaching -1.23 -0.00 -2.14 -0.29

? including dissolution/precipitation of secondary aluminium compounds.
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2.4 Scenario analyses

NuCSAM was also used to assess the long-term development of soil solution chemistry,
in particular Al concentration in the soil solution, Al/Ca ratio, the content of secondary
aluminium compounds and nutrient status. This goal was achieved by performing
scenario analyses for the following two generic forest-soil combinations:

()  Douglas fir on a Cambic podzol;

(1i) Scots pine on a Haplic arenosol’.

For both combinations, model simulations were carried out with deposition scenarios
that are representative for Dutch regions with low, average and high deposition rates,
respectively. It was assumed that in a clean region, the target acid deposition load of
1400 mol, ha™' a™! (NMP+) is reached in 2010, whereas in average and polluted regions
these loads are reached in 2050 and 2100, respectively (Keizer, 1994). This scenario
is a rather optimistic one with respect to the reduction of deposition. Weather data were
randomly selected by a statistical model of historically observed weather data
(Richardson and Wright, 1984). The resuits of these scenario analyses were primarily
meant as an example of model use for predictive purposes, as only one deposition
scenario and one realization of weather data was evaluated.

2.4.1 Derivation of input data
2.4.1.1 Deposition scenarios

Table 2.15 presents the deposition scenarios for the six combinations evaluated

Table 2.15 Total acid deposition (mol, hatal ) for generic Scots pine (SP) and Douglas fir (DF)
stands in Drenthe {situated in the Northern Netherlands), Veluwe (Central Netherlands) and North
Limburg (Southern Netherlands).

Year Total acid deposition (mol, ha'! a’!)
Drenthe Veluwe North Limburg
SP DF SP DF SPDF

1980 # 5800 6700 8300 8700 8900 10400
1990 * 4300 4900 5400 6400 6800 7900
2000 ° 2400 2800 2600 3000 4000 4600
2010 ° 1400 1600 2000 2300 3000 3500
2050 © 1400 1600 1400 1600 2000 2300

3 inferred from DEADM calculations (see further text).
% deposition target (Keizer, 1994).

For the period between 1980 and 1991, the deposition of acidifying components was
estimated with the DEADM model (Erisman, 1993). The DEADM model was used to
generate data for an average stand, based on meteorological measurements and

! Soil classification according to FAO (1988). According 1o the American Soil Taxonomy, these soils
can be classified as Typic Dystochrepts and Typic Udipsamments, respectively.
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measurements of concentrations in the atmosphere and precipitation. For the period
before 1980, concentration measurements were not available and the deposition was
inferred from historical deposition data which were based on emissions in those years
(De Boer and Thomas, 1991). The historical deposition was scaled to the DEADM
deposition, using the following equation:

ZC
td, DEADM
Acld = Acld,hisl N (47)

thd,hist

where Ac,; (mol ha'a ) is the total deposition of ac1d1ty, Acm. hise (MOL, hal & ) is
the deposition based on emissions, Ac,; ppappy (MOl ha'l a” ) is the average deposition
of

ac1d1ty calculated with DEADM for the period 1980-1991 and Acm, hise (MOL, ha'!
a'lyis the average deposition of acidity based on emission data for 1980-1991. Future
deposition data of acidity (1992-2050) were infetred from average DEADM results for
1989-1991 and the deposition targets (Table 2.15) by linear interpolation. Moreover,
it was assumed that the relative contributions of SO,, NO, and NH, were constant and
equal to the contributions for 1991. The average deposition figures were converted to
deposition figures for Douglas fir and Scots pine by applying filter factors (De Vries,
1991). Scots pine was assumed to behave as an average tree with respect to dry
deposition, so the calculated deposition figures directly apply to Scots pine. Dry
deposition for generic Douglas fir was inferred from the DEADM results using a dry
deposition filter factor of 1.2. Finally, the deposition of base cations was calculated
using a filter factor of 2.5 for Scots pine, and 3.0 for Douglas fir.

Deposition (kmot, ha™ a™)

10 : 10
Veluws; Douglasfir ~ ______ SOx
4 0 T e NOx -
2 e - NHx 8
total acidi
6 Y s
49 7 - -4
27 __—'--’-F-T ............................... \-"{'\1'_:_‘_' PRt S M2
0 b T e PR, 0
10 - 10
Veluwe; Scots Pine SOx
8 _ NOX — 8
————- NHx
total acidity
6 6
4 - -4
2 ] ‘.'._-'"=:'-:::'::— /\.: 55555 B 2
0l , TR i L0
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Fig. 2.5 Deposition scenarios for Scots Pine and Douglas fir stands in the Veluwe
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The results for region ‘Veluwe’ are shown in Fig. 2.5. It is obvious that the DPPA-3
scenario is a rather optimistic one. Deposition targets for 2010 are lower than the
deposition calculated on the basis of future emissions. These emission data were based
on an evaluation of the current environmental policy (RIVM, 1993). On the other hand,
the deposition for a generic Douglas fir stand is higher than the deposition for the
Speuld site, due to the large distance of Speuld from forest edges.

2.4.1.2 Hydrology

Soil physical characteristics

The retention and conductivity characteristics were taken from the new ‘Staring soil
series’ (Wosten et al., 1994). A drawback from using the Staring Soil Series is that they
particularly apply to agricultural soils, and not to forest soils. Therefore, the saturated
conductivities are underestimated, and retention and conductivity characteristics derived
from the Staring series are steeper (larger values for n; see equations (42) and (43)),
particularly for the sub soil. Results are shown in Table 2.16.

Table 2.16 Parameters of the Mualem-Van Genuchten functions to describe the soil physical
properties for a Cambic podzol and @ Haplic arenosol

Depth Code * 6, 0, o nk,®
@md)  @mnd) () O (emdh

Cambic podzol

litter (B3) 0.500 0.010 0.0152 1.41 17.8

0-30 cm (B3) 0.450 0.010 0.0152 1.41 17.8

S50-70 cm (B2) 0.430 0.020 0.0227 1.55 97

> 70 cm (02) 0.380 0.020 0.0214 2.08 15.6

Haplic arenasol

litter (B1) 0.500 0.010 0.0249 1.51 174

0-80 cm (B1) 0.430 0.010 0.0249 1.51 17.4

> 80 cm ((82))] 0.360 0.010 0.0224 2.17 13.2

% Codes refer to the Staring series.
»  See Section 2.3.2 for an explanation of symbols.

Crop dependent properties
Parameters for generic Scots pine and Douglas fir are given in Table 2.17.
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Table 2.17 Hydrological parameter values for generic Douglas fir on a Cambic podzol and Scots
pine on a Haplic arenosol

Parameter Symbol Douglas fir Scots pine Unit
Canopy gap fraction® G 0.1 0.3 (-)
Average precipitation intensity R 10.0 10.0 (mm}
Interception efficiency” f; 0.141 0.141 -
Interception capacity® Ay max 21 1.6 (mm})

Factor for evaporation

during dry part of day: JE jy 1.5 1.5 )
during wet part of day: JE, .. 0.5 (summer) - 0.5 (summer) (-)
9.0 (winter 9.0 (winter) {)
Reduction point ¢ h, -600 -600 (cm)
Wilting point ¢ h, -6000 -6000 {cm)
Crop factor ¢ £ 0.85 0.70 )
Root length distribution © R, cf Table 2.1 cf Table 2.1 (-)

3 Rased on Tiktak and Bouten (1990; 1994) for Douglas fir and De Visser and De Vries (1989).
®  Measured by Bouten (1992) for Douglas fir.

©  Measured by Mitscherlich and Moll (1970) for Scots pine and Bouten (1992) for Douglas fir.
9 Obtained by Tiktak and Bouten (1990; 1994) for the Speuld site.

® Based on root length distribution measurements for Douglas fir by Olsthoorn (1991).

Generally, the hydrological parameters used for generic Douglas fir were identical to
those used for Speulderbos. Parameters for Scots pine were assumed identical to Douglas
fir when no better alternatives were available. Important differences between Scots pine
and Douglas fir are present for the gap factor (larger for Scots pine) and for the
interception storage capacity (smaller for Scots pine). Parameters with no source
indication were derived by calibration.

2.4.1.3 Soil chemistry
Initial values of state variables that must be known at the beginning of the simulation
include the amount of elements in all soil compartments, i.e. primary minerals,

secondary Al-oxides, the adsorption complex and the soil solution.

Data used for the element amounts in primary minerals, secondary Al-oxides and the
adsorption complex are given in Table 2.18.
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Table 2.18 Element contents in primary minerals, hydroxides and the adsorption complex for the
generic Cambic podzol and the Haplic arenosol

# Horizon Depth Density” Total contents® ctAlm") CEC*  Exchangeable fraction®
(cm) (kg m™) (mmol, kg'') (mmol_kg) ()

Ca?* Mg?* K* Nat H*  AP*Y BCY NHj
Cambic podzol
0 0 350 10 - - - - - 275 030 0.08 0.54 0.08
1 Ah 010 1345 35 40 230 155 95 42 033 050 0.2 005
2 Ah 1020 1345 35 40 230 155 95 42 033 050 0.12 0.05
3  Bhs 20-30 1460 25 45 225 150 185 18 0.10 077 0.08 0.05
4 BC 3050 1535 30 45 240 140 175 18 0.05 077 008 0.10
5 C 5070 1535 30 45 240 140 175 18 0.05 077 008 0.10
6 C 70110 1555 30 50 240 160 94 4 0.06 075 007 0.12

Haplic arenosol

o o 3509 10 - - - - - 275 030 0.08 054 0.8
1 Ah 010 1375 75 60 480 430 55 42 020 063 009 0.10
2 C 1020 1455 40 35 225 175 70 42 022 049 038 0.09
3 C 2040 1455 40 35 225 175 70 42 022 049 038 0.9
4 C 4060 1455 40 35 225 175 70 42 022 049 038 009
5 C 60-80 1455 40 35 225 175 70 42 022 049 038 0.00
6 C 80-100 1455 40 35 225 175 70 42 022 049 038 0.9

3 Derived from a field survey (Kleijn ef al., 1989). The CEC was measured in an unbuffered
solution of silverthioreum. In a buffered solution, both the CEC and the exchangeable H content
would have been higher.

Derived from laboratory analyses.

©  Derived from a soil information system (Bregt ef al., 1936).

9 Thickness calculated for the beginning of the simulation period in 1980.

© BC is the sum of Ca®*, Mg?*, K* and Na*,

D Horizon numbers used in NuCSAM.

b}

The initial content of sorbed sulphate was calculated from the equilibrium with the soil
solution SO%" concentration, using a sulphate sorption capacity ($5C) equal to 2% of
the Al-oxalate content (Johnson and Todd, 1983). The initial (i.e. 1980) ion
concentrations in each soil layer were derived by running the model during 25 years
(1955-1990) using historical emission-deposition data for the corresponding region.
Anion concentrations in 1955 were estimated from the annual atmospheric input at that
time and the annual average water flux per layer. Cation concentrations in 1955 were
derived by combining the charge balance equation with the various cation exchange
equations, using given initial exchangeable cation fractions (cf Table 2.18), and cation
exchange constants (cf Table 2.20). During the initialization period (1955-1990), the
cation contents in primary minerals and hydroxides were kept constant, while the
contents of sorbed sulphate and cation contents were continuously updated.

An overview of various overall parameters for Douglas fir on a Cambic podzol and
Scots pine on a Haplic arenosol are given in Table 2.19. Most data were derived
indirectly from available literature. For example, foliar uptake and foliar exudation
fractions were derived from throughfall and bulk deposition data of more than 20
Douglas stands as summarized in Erisman (1990) while using a derivation procedure
described in Van der Maas and Pape (1990). Maximum values for the nitrification and
protonation rate constants were derived by calibration of model results on measured
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NH/NO; ratios and RCOO" concentrations as given in Van Breemen and Verstraten
(1991). An overview of soil-layer dependent parameters is given in Table 2.19.

Table 2.19 Values used for overall model parameters for Douglas fir on a Cambic podzol and Scots
pine on a Haplic arenosol

Process Parameter Unit Value Derivation
Foliar uptake fiNH, ;, - 0.30 Erisman (1990)
SINO; 5, - 0.05 Erisman (1990)
fr80,, - 0.10 Erisman (1990)
Foliar exudation JrCa,, - 0.24 Erisman (1990)
ergfe - 0.13 Erisman (1990}
K, - 0.63 Erisman (1990)
Litterfall ky a’! 0.28 De Vries ef al. (1990)
Root decay kg a’! 1.40 De Vries e7 al. (1990)
Reallocation e max - 0.36 Berdowski et al. (1991)
Mineralization i, 1. max - 0.40 De Vries ef al. (1990)
il max a’! 0.05 De Vries ez al. (1990)
RDA, - 1.5 Janssen (1983)
CIN_, - 15 Janssen (1983)
Root uptake F,NH, ,, - 1.5 Gijsman (1990)
Nitrification Ko a’l 40 De Vries ef al. (1994)
Denitrification Ko max a' 10 Reddy et al. (1982)
Protonation Ky smax a'l 40 De Vries et al. (1994)
Al dissolution KAl mol?L? 4107 Kleijn et al. (1989)
SO, adsorption kSO, , mol' L 5.10" Foster et al. (1986)

¥ The foliar uptake fractions for H' and NH,, were taken equal. This implies that a decrease in
NH, deposition which is compensated by an increase in H” deposition does not affect the foliar
exudation flux of base cations.

Table 2.20 Elovick constants for Al dissolution, base cation weathering rate constants and Gaines
Thomas exchange constants of the Cambic podzol and the Haplic arenosol used in the simulation

Soil kEL_}" kEL,®>  Weathering rate constants  Exchange constants °
horizon (10° m® (10°kg (10°ahH*® (mol L1yx?
kg’1 al molc'l)

Ca Mg K Na H Al Mg K Na NH,

Cambic podzol

Ah 57 9.3 25 11 23 29 1870 0.62 035 021 077 1.05
Bhs 6.4 6.3 9.1 1.8 53 85 7830 177 030 131 335 6.53
BC 42 4.4 2.9 016 31 59 11470 191 033 6.14 500 307
C 87 9.1 17.0 1.5 15 20 2454 441 085 805 4.04 402
Haplic arenosgl

Ah 3.7 9.4 83 115 1.0 24 6439 1.06 030 031 033 153
C 360.0 7.9 16.7 16 15 20 2445 441 085 8.05 4.04 402

2 Derived from batch experiments that were conducted during one year for two Cambic podzols
and Haplic arenosols (De Vries, 1994). Base cation weathering rate constants thus derived were
divided by 50 to scale results to field weathering rates, that were estimated by the depletion of
base cations in these two soil profiles (De Vries and Breeuwsma, 1986). In this model application
we assume a negligible pH influence on the weathering rate.

) Derived from simultaneous measurements of chemical components at the adsorption complex and
in the soil solution of two Cambic Podzols at five locations and at four soil depths (Kleijn ez al.,
1989).
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Faorest growth and nutrient cycling

Table 2.21 presents the initial basic stand data for Douglas fir on a Cambic podzol and
Scots pine on a Haplic arenosol. The biomass of stems was derived from a logistic
growth function for Douglas fir (La Bastide and Faber, 1972, De Vries et al., 1990)
using a tree age of 30 years. At this age, the amount of needles and fine roots is
assumed at it’s maximum. The initial litter amount was calculated by integrating the
various mineralization equations, using a stand age of 30 years. Initial element contents
in litter were taken equal to needle contents.

Table 2.21 Initial stand structure conditions for generic Douglas fir and Scots pine

Parameter Unit Douglas fir on Scots pine on
Cambic podzol Haplic arenosol

Stand age (a) 30 30
Logistic growth constant ah) 0.077 0.085
Maximum amount of stems Mg ha‘l) 543.8 105.1
Amount of foliage (Mg ha') 10.9 7.5
Half life time growth function @l 37 34
Branch stem ratio ) 0.1 0.1
Litter fall rate (@) 0.28 0.55
Soil organic matter Mg ha'y

L 15 10

F 45 20

H 350 100

Dead roots 15 10

Data related to various tree compartments are given in Table 2.22. Biomass data of
needles and fine roots, and element contents in fine roots and stems were based on
literature surveys (Janssen and Sevenster, 1995; Scherfose, 1990; De Vries et al., 1990),
whereas the element contents in needies were based on a field survey in 1987 in eight
Douglas stands {Oterdoom et al., 1987), and 150 stands (Hendriks er al., 1994).

Table 2.22 Data on biomass and element contents of leaves, fine roots and stems for the generic
Douglas fir and Scots pine (see text for data sources)

Compartment Biomass Element content (%)
(kg ha'ly
N Ca Mg K S

Dougilas fir

Needles 15000 1.75 0.35 0.12 0.65 0.20
Fine roots 3500 1.00 0.30 0.05 0.20 0.10
Stems 120000 0.20 .05 0.03 0.06 0.03
Branches 15000 0.30 0.05 0.03 0.10 0.05
Scots pine

Needles 6000 1.85 0.20 0.13 0.50 0.20
Fine roots 2500 1.00 0.15 0.05 0.15 0.10
Stems 50000 0.15 0.04 0.01 0.05 0.03
Branches 10000 0.40 0.04 0.03 0.08 0.05
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2.4.2 Results
2.4.2,1 Hydrology for the ‘Veluwe’ region

Table 2.23 shows the long-term average simulated water balance for Douglas fir on
a Cambic podzol and Scots pine on a Haplic arenosol in the ‘Veluwe’ region. Some
general conclusions can be drawn from the table:

(i) NuCSAM simulates a lower average interception evaporation for Scots pine than
for Douglas fir.

(ii) Potential transpiration for Douglas fir is higher than for Scots pine, mainly because
of the higher crop factor and the lower canopy gap factor for Douglas fir. This
demonstrates that feed-backs between the hydrological submodel and the forest-
growth submodel may not be ignored in the long run.

(iii) Actual transpiration for Scots pine is much lower than for Douglas fir due to a
lower potential transpiration.

(iv) Soil evaporation is lower under Douglas fir than under Scots pine. This is mainly
caused by the lower Leaf Area Index and higher canopy gap fraction for Scots
pine. {v)

Variation in time of potential transpiration, interception evaporation, actual
transpiration and soil evaporation is much smaller than variation in time of
precipitation.

(vi) There is hardly any reduction of soil evaporation calculated by NuCSAM. This
is the consequence of using the approach by Black et al. (1969), which is only
sensitive to the length of the period with a daily precipitation less than 0.3 mm.
The generated meteorological dataset contains correct drought intervals but
apparently underestimates the length of periods without precipitation.

(vii) The average precipitation surplus for Douglas fir is very small.

Table 2.23 Average simulated water balance for Douglas fir on a Cambic podzol (DFCP) and Scots
pine on a Haplic arenosol (SPHA) in the ‘Veluwe' region for the period 1980-2050

Tree/Soil Fluxes and standard deviation (mm a’!) ® o)’
combination

P 1 E, E, E, E, PS
DFCP 804 08 304 £35 371220 59 +3 38917 602 74440 0.96 006
SPHA 804 +08 288 +34 268 x11 954 272 +12 97 x5 188 x38 (.99 +0.03

3 P (mm a is precipitation, 7 (mm a') is interception loss, E,; (mm a’!) is transpiration, E, is soil
evaporation, E"E (mm a‘l) is potential transpiration, E: {mm a'l) is potential soil evaporation,
and P§ (mm a '} is precipitation surplus.

LA (-) is ratio of actval transpiration over potential transpiration (E,/ Ep? )

Compared to transpiration values given by Roberts (1983) for an average forest in

Europe (330 mm a™!), values for Douglas fir are higher and for Scots pine lower. The

actual transpiration for Douglas fir is almost similar to that for Speuld. The actual

transpiration simulated by NuCSAM for Scots pine (268 mm a™') compares well with

that from previous SWATRE simulations by De Visser and De Vries (1989) (281 mm

a’l), but are substantially higher than for Douglas fir (371 mm a! by NuCSAM and

328 mm a’! by De Visser and De Vries, 1989).

56



2.4.2.2 Soil chemistry for region ‘Veluwe’

Fig. 2.6 shows the simulated yearly average soil solution concentrations for the ‘Veluwe’
region.

Sulphate, aluminium and pH

Concentrations of sulphate and Al are higher and the pH is lower in the soil under
Douglas fir than under Scots pine due to higher filtering of air pollutants by Douglas
fir, and a lower precipitation surplus. NuCSAM simulates a fast response of the sulphate
concentration after a reduction in SO, deposition, whereas the response of Al shows
a considerable time delay. The pH increase under Douglas fir is clearly higher than the
increase under Scots pine. This difference is mainly due to the use of a log scale. When
inspecting the H' concentration (not shown), the decrease in H™ concentration was more
or less comparable,

Nitrate

Results showed a higher concentration of NO; under Douglas fir than under Scots pine.
As with sulphate, this is caused by higher filtering of NO, and NH, by Douglas.
NuCSAM also simulates a time delay for the decrease of the NO; concentration in the
soil solution after a decrease in NH, and NO,_ deposition, caused by the release of
nitrogen previously stored in living biomass and litter. The NO4 leaching fluxes at 90
cm depth show the same behaviour as the NO; concentrations at 90 cm depth.

Table 2.24 Annual simulated fluxes of NO; and NH, for generic Douglas fir on a Cambic Podzol for
region "Veluwe’, and for 1990 and 2010. As these results apply to two individual years, conclusions
with respect to time-trends must be drawn carefully (e.g. with respect to mineralization). Positive
fluxes indicate an increase in the soil solution concentration

Parameter Fluxes (mol, ha’!l a’l)

NH; NO;

1990 2010 1990 2010
throughfall 3.20 1.09 1.42 0.54
mineralization 6.57 3.05 0.00 0.00
Toot uptake -3.92 -1.68 -2.61 -1.12
leaching® -0.15 -0.49 -2.92 -2.53

3 Refers to 1 m depth

Table 2.24 shows that root uptake of NH, and NO; in 2010 is approximately 66% of
the uptake in 1990. There is a clear reduction in N root uptake flux in 2010. This is
caused by a fast decrease of the nitrogen content in needles simulated by this model,
which in turn is a result of the assumed empirical relationship between the nitrogen
content in needles and the nitrogen deposition (eqn. (15)).
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Fig. 2.6 Simulated soil water chemistry for Douglas fir on a Cambic podzol and for Scots pine
on a Haplic arenosol (right) in the ‘Veluwe’ region at 20 cm (left) and at 90 cm (right)
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Al/Ca ratio

Differences between Douglas and Scots pine showed again to be large. A considerable
time delay was found for the Al/Ca ratio, which continues to rise for a short time after
deposition reduction. This phenomenon was also observed in an application on a Norway
Spruce stand at Solling, Germany (Groenenberg et al., 1995; Chapter 3). It can be
explained by exchange of Ca®* from the soil solution against sorbed A1**, This is less
pronounced in this study than in Solling, due to the smaller CEC of the soils used in
this study. Both the Al/Ca ratio and the time-delay for decrease of this ratio is larger
for Douglas compared to Scots pine, which is caused by the higher acid load for a soil
under Douglas.

Critical values

Regarding the criteria for indirect effects on forest stress (Al/Ca ratio < 1 and no
depletion of the pool of secondary aluminium compounds), the results show that an
Al/Ca ratio < 1 at 20 cm depth for both forest-soil combinations in 2050 in the ‘Veluwe’
region. NuCSAM simulates an initial decrease of the pool of secondary aluminium
compounds. However, a faster decrease of this pool was simulated for the soil under
Douglas fir, whereas for Scots pine a slight increase of this pool was simulated.

Conclusions

Results show a fast response of the sulphate and aluminium concentrations after a
decrease in SO, deposition, a time-delay for the NO, concentration following a decrease
in deposition, and higher soil solution concentrations for Douglas.

2.4.3 Comparison of results for the three deposition scenarios

Fig. 2.7 shows the simulated pH at 20 cm depth for all six forest-soil-deposition
combinations considered, whereas Table 2.25 show some important averaged model
outputs for the periods 1990-2000 and 2040-2050. All soil parameters in Table 2.25
are shown for 20 cm depth.

Fig. 2.7 shows that for both forest-soil combinations the difference in pH of the topsoil
(20 cm) is very small for the regions Drenthe and Veluwe. Only region Northern-
Limburg, the region with the highest deposition level, can be distingnished with a lower
pH and higher NO;, SO; and AP** concentrations (Table 2.25).

For the subsoil (90 cm), NO; and 8042' concentrations differ for the three regions, which
is also reflected in the difference in nitrate leaching at 90 cm (Table 2.25). However,
effects on the pH and Al concentration at 90 cm are limited. There is quite a large
difference in the fate of the pool of secondary aluminium compounds (oxalate
extractable Al). For region Drenthe and Veluwe this amounts stabilizes or even
increases, as for region Northermn-Limburg there is an ongoing decrease of this pool,
which can lead to an exhaustion of this pool and pH drop in the long run (figure not
shown).
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Fig. 2.7 Simulated pH at 20 cm depth for Scots pine on a Haplic arenosol (top) and Douglas fir on a
Cambic podzol (bottom) for scenario ‘Drenthe’, ‘Veluwe' and ‘N-Limburg’

Regarding the criteria for indirect effects on forest stress, results show that the scenarios
for Drenthe and Veluwe for both Douglas fir and Scots pine will cause a reduction in
the Al/Ca ratio down to or even below the defined critical values in the year 2050. The
same is true for Scots pine in region N-Limburg, but for Douglas fir in this region the
Al/Ca ratio remains above the critical values up to 2050.
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Table 2.25 Mean predicted soil parameters at 20 cm depth simulated by NuCSAM between 1990
and 2000, and between 2040 and 2050 for generic Douglas fir on a Cambic podzol and generic
Scots pine on a Haplic arenosol

Model variable Unit Douglas fir on a Scots pine on a

Cambic podzol Haplic arenosol

Period

1990-2000 2040-2050 1990-2000 2040-2050
Drenthe
pH (-) 38 4.0 4.1 4.7
Al-concentration  {mol, m>) 0.8 0.2 0.3 0.1
ctAlox ® (mmol, kg™ 81 70 57 57
Al/Ca (mol mol™) 4.4 1.0 0.9 0.0
NO, leaching (kg ha') 16 3 8 0
N content leaves (%) 1.5 1.0 12 1.0
Veluwe
pH =) 3.8 4.0 4.0 4.8
Al-concentration  {mol_ m?) 1.0 0.1 0.4 0.0
ctAlox ? (mmol, kg') 78 66 54 54
Al/Ca (mol mol ") 4.0 0.8 1.0 0.0
NO; leaching (kg ha’l} 25 5 13 1
N content leaves (%) 1.9 1.0 L7 1.0
N-Limburg
pH ) 3.7 36 4.0 -
Al-concentration  (mol, m™) 1.5 0.5 0.6 -
ctAlox @ (mmol, kg™ 81 70 57 -
Al/Ca (mol mol™) 4.4 1.0 0.9 -
NO, leaching (kg ha'l) 36 10 20 -
N content leaves (%) 2.5 1.8 22 -

c) ctAlox refers to content of secondary aluminium compounds at 20 cm depth.

2.5 General discussion and conclusions

The application of NuCSAM to detailed observation data-sets, like the one for Speuld,
was a challenge. However, a first remark should be that both the Speuld data-set and
the models were not really ready for this exercise to be carried out efficiently. Too much
technical and practical questions arose when compiling the Speuld data-set and preparing
it for the model application. We feel that in the past not enough attention was paid to
quality control, compilation, maintenance and distribution of the data-set as a whole.
In future research programs, more attention should be paid to quality control and to
bridging the gap between models and data.

2.5.1 Model validation
A major conclusion arising from this exercise should be that the detailed NuCSAM

model is now thoroughly tested against a common data-sets (Speuld), and that it provide
a wealth of opportunities to test hypotheses about the interactions between forest, soil
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and atmosphere. However, it is not yet clear wether the models are suitable instruments
for long-term predictions and scenario analyses. It is obvious that the Speuld data-set
was too short for true model-validation. Moreover, due to the large spatial variability
of throughfall, soil solution chemistry and stand structure, it was almost impossible to
build a meaningful and representative data-set. A major reason for this was that the
monitoring at Speuld followed a disciplinary approach, with separate subplots for
hydrology, soil chemistry and forest growth. Either was the number of sampling
replicates too small to calculate stand averages (soil chemistry), or it was impossible
to select more or less homogeneous subplots (hydrology and biomass inventory).
Furthermore, individual monitoring groups came with different data for some model
parameters. Nevertheless, NuCSAM could reproduce the general magnitude of measured
quantities, such as soil water contents and soil solution chemistry. However, NuCSAM
was not always successful in simulating measured seasonal dynamics.

2.5.2 Scenario analyses

Scenario analyses were carried out for Douglas fir on a Cambic podzol and Scots pine
on an Haplic arenosol in areas with low, intermediate and high atmospheric deposition.
The most important trend were a fast response of the sulphate and aluminium
concentrations after a decrease in SO, deposition, time-delay for the NO; concentration
following a decrease in nitrogen deposition, higher soil solution concentrations in the
soil below Douglas fir, and depletion of the pool of secondary aluminium compounds.

2.5.3 Uncertainties

One of the problems with calibrating a complicated model is that it is difficult, if not
impossible, to find a unique set of model parameters. One way to improve the
uniqueness of the obtained calibration is using automated and objective calibration
procedures. In view of the large number of model parameters that need calibration, such
a calibration procedure is very time-consuming. For this reason, automated calibration
procedures have not been applied to NuCSAM, but strict (manual) calibration procedures
have been postulated. However, if the uniqueness of the calibration remains questionable,
results of scenario analyses are also uncertain. Model uncertainty can be assessed by
performing thorough and systematic uncertainty analyses. Confidence in predictions
from an individual model will also increase when other models predict the same
magnitude and trends of model outputs. Therefore, NuCSAM was used in two model
comparison studies (Van Grinsven et al., 1995 and Tiktak ef al. 1995b). Results showed
that the compared models were able to identify the general trends and levels of ion
concentrations and fluxes. Arguably, stress factors (cf pH, Al, Al/Ca ratios etc.) may
be modelled with a level of detail corresponding to the uncertainties in how the trees
reacts to chemical stress in the rhizosphere (Sverdrup er al., 1994). Problems remain,
however, when inspecting the details (e.g. seasonalility) especially for modelling of Al,
pH and N behaviour.
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2.5.4 Recommendations for future research

After application of the integrated model NuCSAM at the stand-level, some uncertainties
still remain, and new uncertainties arose. However, despite these uncertainties progress
was made. This exercise clearly shows that for further hypothesis testing and validation
of the model NuCSAM, there is a need to continue intensive monitoring programs, but
the balance between data acquisition in the various compartments of the ecosystem
should be emphasized. Moreover, much more attention should be paid to bridging the
gap between models and experimental data. NuCSAM should be used to select the most
important parameters to be monitored. Furthermore, NuCSAM can be used to set-up
sampling strategies (in parttcular sampling frequencies). Another major point of concern
should be the issue of guality control. The current exercise shows that both the model
and the dataset were poorly adjusted. Perhaps the only way to guarantee that integrated
data-sets become available is by building databases, which are maintained by a small
group of researchers. Besides long-term monitoring of important model parameters, there
is a need for measurement campaigns aimed at reducing the uncertainty in the model
results. However, such campaigns should be directed by the requirements of integrated
models, and not follow a disciplinary line. Besides intensive monitoring programs there
is a need for extensive monitoring on a larger number of locations. Such extensive
monitoring programs are mandatory for calibration of regional models. However, as
with the intensive monitoring programs, much more attention should be paid to bridging
the gap between models and measurements. In extensive monitoring, the need for using
models to set-up measurements campaigns is cven more evident than in intensive
monitoring programs.

In the near future, NuCSAM should be used to further explore available manipulation
experiments, and present sitc calibrations could be used to assess the uncertainty of
predictions for Speuld, and the deposition scenarios.

2.5.5 Major conclusions

(iy NuCSAM could reproduce the general magnitude of measured quantities.

(ii) The scenario analyses showed a fast response of the sulphate and aluminium
concentrations in the soil solution after a decrease of the SO, deposition, time-delay
for the NO; concentration following a decrease in nitrogen deposition, and depletion
of the pool of secondary aluminium compounds in regions with high deposition.

(iii) This research clearly shows that for further hypothesis testing and validation of
NuCSAM. There is a need to continue intensive monitoring programs, but the
balance between data acquisition in the various compartments should be
emphasized. For further validation, NuCSAM should be applied to experimental
manipulation sites.
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3 Application of the model NuCSAM to the Selling spruce site

Abstract

The Nutrient Cycling and Soil Acidification Model (NuCSAM) was applied to a spruce
site at Solling, Germany, within the scope of a workshop on comparison of forest soil
atmosphere models. Simulated trends and dynamics in the concentrations of SO,, Al
and base cations and in pH between 1970 and 1990 compared favourably with time
series of measured data during that period, Dynamics and concentrations of NOj; in
the subsoil were overestimated.

Simulation results for the period 1990-2090 for two deposition scenarios showed
ongoing acidification (pH decrease) of the soil at the present acid load and a rapid
response of soil solution chemistry to reduced acid input, but there was a long time
delay before favourable Al/Ca ratios were reached.

3.1 Introduction

The Nutrient Cycling and Soil Acidification Model (NuCSAM) is derived from the
Regional Soil Acidification Model (ReSAM) (De Vries et al., 1995). ReSAM is used
to evaluate the long-term (decades) impact of various emission/deposition scenarios
on forest soils on a regional scale. The time resolution of this model is one year. In
contrast to ReSAM, NuCSAM has been developed for application on the scale of a
forest stand, including inter annual variability. The main extensions of NuCSAM
compared with ReSAM are (i) implementing transport of solutes on a daily basis in
both upward and downward directions, (ii) linking with a detailed hydrological model,
(iii) describing the biochemical and geochemical processes on a daily basis including
the modelling of temperature influences, and (iv) adding the elements phosphorus and
iron.

This paper describes the application of NuCSAM to an intensively monitored spruce
site in Solling, Germany. This application was done within the scope of a workshop
on forest soil atmosphere models (Van Grinsven et al., 1995}

3.2 Model principles and key equations
3.2.1 Model structure

NuCSAM simulates the major hydrological and biogeochemical processes in the forest
canopy, litter layer, and mineral soil. The change in soil solution and solid phase
chemistry is calculated from a set of mass balance equations, describing the input, output
and interactions in each compartment. Vertical heterogeneity is taken into account by
differentiating between soil layers. The soil layers are considered as homogeneous
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compartments of constant density and the constituent input mixes completely within
each soil layer.

3.2.2 Hydrological processes

An adapted version of SWATRE (Belmans et al., 1983) was used as hydrological sub-
model. This model provides a finite difference solution to the Richard equation.

In this version the distribution with depth for water uptake is calculated to a given fixed
root distribution. Potential evapotranspiration is calculated with the Makkink equation
(Makkink, 1957). Rainfall interception is calculated according to Gash (1979), using
daily evaporation rates instead of an annual average value:

E * fEwt

I =P xsc+ X (P-P) (1)

For an explanation of used symbols see Annex 1. The calculation of water storage in
the canopy at the end of the day was added according to:

E+fEdr
= =ty) 2
C, = C, *exp S ‘ @
with
w-1-2 @)
R

Factors (fE, , and fE ;) were introduced to account for the difference in evaporation rates
during wet and dry periods.

A snow module based on the Birkenes model (Christophersen ez al.,1983) was added.
Partitioning precipitation into snow and rain was calculated as a function of the average
day temperature. Snow melt was calculated according to Bergstrom (1975) and
sublimation of snow was calculated as a fraction of daily evapotranspiration.

3.2.3 Biogeochemical processes

Foliar uptake was simulated for NH, and H by a linear relation with the dry deposition.
Foliar exudation of base cations is forced by foliar uptake of NH, and H. When
precipitation exceeds the interception capacity, accumulated dry deposition and exudated
base cations are leached from the canopy (throughfall), this is modelled with by a first
order equation.

The nutrient cycle is modelled as a steady state, which implies that the maintenance
uptake (uptake to resupply nutrients in foliage and roots) equals the sum of litter fall,
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root decay and foliar exudation. Net uptake for stem, branch, leaf and root growth is
forced by a logistic growth function. The nutrient contents in the iree compartments
are constant, except for N, which is a function of total N deposition. Root uptake per
soil layer is proportional to a given root distribution. Litter fall, root decay and root
uptake are distributed over the year by given monthly varied coefficients. Reallocation
of nutrients prior to litter fall and root decay is only included for N, and is a function
of the N content in leaves and roots. Mineralization from various humus compartments
is described by a set of first order equations. N is released as NH, only. Organic anions,
produced during mineralization, are calculated from the charge balance of mineralized
constituents (NH,, Ca, Mg, K, SO,). Both nitrification and denitrification are described
vsing first order kinetics. Rate constants (and fractions) describing biochemical processes
(mineralization, nitrification and denitrification) are described in NuCSAM as maximum
values, which are reduced for environmental factors such as soil moisture, temperature
and pH. Mineralization rate constants for N are also reduced at low N contents (high
C/N ratios) to take account of immobilization by microbes, according to Janssen (1983).

Dissolution of Al and base cations from primary minerals and Al hydroxides is described
by rate expressions according to:

FX =p-T-kX

we,pm

- eiX,, [H 4

we,pmt

FAL, .. =90 - T-kEl - exp (kEl, - ctAl ) - ([Al], - [AID (5)
Use of the Elovich equation for the dissolution of Al hydroxide (Eqn. 5) is based on
laboratory experiments on acid neutralization by Al mobilization (Van Grinsven et al.,
1992). Cation exchange for H, Al and base cations is treated with equilibrinm (Gaines-
Thomas) equations. SO, sorption is modelled with a Langmuir isotherm. Aluminium
speciation was not considered. Speciation of inorganic carbon is computed from known
equilibrium equations. All the chemical equilibrium and rate equations, except for the
weathering of silicates, are solved with the chemical equilibrium module EPIDIM
(Groenendijk, in prep.)

3.3 Derivation of input data
3.3.1 Hydrological data

Parameters used to calculate interception were derived by calibration on the 1988
throughfall data by selecting the run with the lowest sum of squared residuals out of
50 runs, except for the storage capacity which was taken from Bouten (1992) for
Douglas fir in the Netherlands with a comparable leaf area index as the stand in Solling
(Table 3.1).
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Table 3.1 Parameters used to calculate interception

Parameter Value Unit

S 20x10° m

R 55x 107 m day’!
JEwr 0.8 -

JEdr 3.0 -

s 0.85 -

The main parameters used by SWATRE, i.e. water retention characteristics and
hydrological conductivity, were taken from the data set (Tiktak et al., 1995). For the
litter layer, characteristics of the upper mineral soil layer were used. Conductivity
parameters for the subsoil (deeper than 60 cm) (Table 3.2) were calibrated visually by
selecting the run with the closest fit for the (1988) winter period when transpiration
was negligible.

Values for the crop factor and water uptake distribution (Table 3.3) were subsequently
derived in the same way using the summer period. Parameters for transpiration reduction
were taken from Tiktak and Bouten (1990).

Table 3.2 Water retention and hydrological conductivity characteristics used in the simulation

Pressure Depth

head
(m) 60 - 100 cm 100 - 150 ¢cm > 150 cm
water K water K water K
content (m day’!) content (m day™!) content (m day™)
0 037 1.6x10°! 0.38 1.0x10! 0.38 1.8x107%
0.10 0.35 5.0x1072 0.36 2.5x10°2 0.35 1.3x107
0.30 0.34 1.5x1072 0.34 5.0x107° 0.34 1.2x107
1.00 0.33 4.0x1073 0.32 5.0x10™ 0.30 5.0x10*
10.0 0.30 2.0x10™ 0.30 7.001073 0.27 7.5x107%

Table 3.3 Values for the crop factor and root
uptake distribution used in the simulation

Parameter Value

crop factor 0.85

root uptake distribution:

litter 0.03
0 -10cm 0.10
10 - 20 cm 0.18
20-30cm 0.25
30-40cm 0.24
40 - 60 cm 0.14
60 - 80 cm 0.06

74



3.3.2 Biogeochemical data

For deposition, the annual values for wet and dry components as described in the data
set (Tiktak er al., 1995) were used. Data related to the vegetation, such as element
contents in stems, branches, needles and litter, are based on measurements described
in the data set. Initial values for amounts in primary minerals (Ca, Mg, K, Na),
amorphous Al hydroxides (oxalate extractable) and CEC were directly derived from
the data set. CEC values from 1983 were used for the upper 80 cm and for the deeper
layers we took the 1986 values. An overview of the various layer-independent
parameters is given in Table 3.4. Parameters for root decay, reallocation, mineralization
and root uptake were taken from De Vries et al. (1994). An overview of soil parameters
used for the various soil layers is given in Table 3.5. Most data were derived indirectly
from the Solling data set. The values for exponent o (Eqn. 4) were taken from
Wesselink et al. (1994): 0.6% for Mg, 0.5 for Ca and 0.0 for K and Na. Langmuir
parameters for SO, sorption were derived from Meiwes (1979).

An initialization period (1961-1970) was used to estimate solute concentrations for 1970
and to equilibrate solute concentrations with exchangeable cations and sorbed SO,.
During that period amounts of exchangeable cations and sorbed amount of SO, were
continuousty updated while cation amounts in primary minerals and Al hydroxides were
kept constant. For the initialization period we assumed a linear increase in deposition
for N and S of 1864 and 4622 in 1961 to 2148 and 5811 mol, ha’! yr'] in 1970
respectively. With the assumed deposition during the initialization period, a significant
amount of the exchangeable cations was desorbed in the topsoil, transported to the
subsoil and exchanged for sorbed Al. This resulted in too high concentrations of base
cations in the subsoil during the simulation run. Therefore, initial amounts of
exchangeable base cations were lowered to 70% of the values given in the data report.
The scenario analyses were carried out using meteorological data over the period 1976-
1989. These were repeated until 2090. All other parameters and initial values of
variables were the same as those used for the time series.
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Table 3.4 Values for soil-layer independent model parameters used in the simulation based on the
Solling data set (Bredemeier et al., 1995)

Process Parameter Unit Value
Foliar uptake’ frNH, g, - 0.11
frHg, - 0.33
Foliar exudation’ frCa, - 0.49
frMg;, - 0.09
s 9 - 0.42
Tree growth? kr g yrl 0.10
Amg, kg ha'! 3.8x10°
tos yr 66.0
Litter fall® ke yr 0.19
Nitrification] ko yr! 100.0
Al dissolution® KAl 12 mal? 1.0x10°

T
%
§

Based on average throughfall and deposition data over the period 1974 - 1990

Derived by curve fitting of the biomass measurements, which were corrected for thinning (62.9%).
Average needle fall rate over the period 1967-1973, taking into account that 92.5% of the litter fall is
needle fall.

Derived from average throughfall and mineralization fluxes over the period 1970-1985, assuming that
all mineralized N is released as NH,.

Average IAP for Al(OH}, at 90 cm over the period 1973-1991. The value given, is the value at 25°C,
which is derived from the value at field temperature (10°C).

Table 3.5 Elovich constants for Al dissolution, base cation weathering rate constants, Gaines
Thomas exchange constants and SO, sorption parameters used in the simulation

Soil kEl,_;r Weathering rate Exchange constants! SsC KeSOw
layer (107 m® constants (107 yr'l) (mol 11yx? (mmol, (I mol™)

(em) kg'yrh)

Ca Mg K Na H Al Mg K Na NH,

0-10 0.58 6.5 9360011 0021 5180 0.97 160 647 840 1.05 152  7.6x10°
10-20 2.00 6.0 7320.008 0.013 575 262 256 3660 29.1 653 280 1.5x10
20-30 5.10 3.6 6690007 0013 575 875 065 7470 21.2 30.7 280 1.5x10*
30-40 5.10 54 6370006 0010 57.5 7.37 042 18700 32.0 30.7 28.0 1.5x10*
40-50 5.10 53 61.80.005 0.011 575 262 1.25 16900 36.2 30.7 283 2.4x10*
50-60 5.10 6.2 51.7 0.005 0.011 575 262 125 16900 36.2 307 283 2.4x10%
60-90 5.10 109 25.8 0.003 0.011 57.5 262 125 16900 36.2 30.7 283 2.4x10*

' Derived from average soil solution concentrations of H and Al in 1983, assuming KAl ox=1.0x109
and KEL=7.5x10" for all scil layers
} The average of values given in De Vries er al. (1994).

¥ Based on total analysis and weathering fluxes of base cations from Wesselink ef al. (1994) and
average H concentration in 1983.

1 Based on average soil solution concentration measurements in 1983 and solid phase analyses in
the same year except for NH, which is taken from De Vries et al. (1994).

3.4 Results and discussion
3.4.1 Hydrology

The model predicted throughfall well in summer (Fig. 3.1).
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Fig. 3. IMeasured and simulated throughfall (cm) for the whole year (fop) and the summer period (bottom),
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Deviations occurred in winter, especially in years with heavy snowfall. These deviations
are probably due to the inaccuracy of measured throughfall in winter, as in many cases
measured throughfall was higher than measured precipitation.

The measured and simulated pressure heads corresponded rather well (Fig. 3.2). Simula-
ted pressure heads at 10 cm were somewhat lower than those measured ,while at 40
cm (not shown) simulated values were somewhat too high. Pressure heads at 100 cm
were sometimes too low. There is considerable deviation between the calibrated water
uptake distribution and the observed rooting pattern in Solling, this is probably caused
by an increasing water uptake from deeper layers in dry periods, which is not taken
into account it the model. Because there were no water content measurements, simulated
and measured Cl concentrations were compared (Fig. 3.2). Simulated Cl concentrations
were comparable with measured concentrations in both topsoil and subsoil.

Strong reduction in transpiration due to drought stress only occurred in the (extremely)
dry summer of 1976 and to a lesser extent in 1982 and 1989. In many years, snow melt
and heavy rainfall resulted in transpiration reduction in early spring due to anaercbiosis.
However, as potential transpiration rates are relatively low in early spring, it had little
effect on the total annual actual transpiration. Annual average transpiration reduction
ranged from almost 0 to 14%, with 2% as the median value.
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3.4.2 Biogeochemistry

Validation

Discussion of the biogeochemistry is confined to interpretation and comparison of the
simulated and measured solute concentrations in the mineral soil. Litter dynamics are
not discussed because measured data of C and N pools, as given in the data report, are
not reliable. This is concluded from the fact that the increase in C and N in the litter
layer during the period 1968-1983 equals the litter fall in that period.

Simulated SO, concentrations (Fig. 3.3) in the topsoil and subsoil were in good
agreement with measured concentrations. The rise in SO, from 1973 to 1978 was
simulated by the model (Fig. 3.3). To simulate this behaviour the initial amount of
sorbed SO, in the subsoil had to be set to one quarter of the sulphate sorption capacity.
Simulated concentrations between 1981 and 1985 were too low. Simulated NO;
concentrations (Fig. 3.3) in the topsoil were in the range of, and followed the same
seasonal pattern as, the measured concentrations. However, calculated concentrations
in 1986 and 1987 were too low. Simulated peak concentrations in the subsoil were too
high. The low concentrations in the period 1982-1986 were not calculated by the model.
However simulated leaching at 90 cm depth for the period 1973-1985 is in good
agreement (within 5%) with the calculated leaching fluxes as given in the data report.
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Fig. 3.3 Simulated (—) and average measured (+)} concentrations of SO, and NO; at 10 cm (left)
and 90 cm (right) depth

Agreement between measured and calculated Mg concentrations (Fig. 3.4) in both topsoil
and subsoil was good. Concentrations of Mg in the subsoil rose from the early seventies
until 1978 as a result of exchange of Al against adsorbed Mg. Weathering of Al
hydroxide during this period raised the concentration of Al (Fig. 3.4). There was good
agreement between measured and calculated concentrations for the topsoil. Simulated
Al concentrations for the subsoil are too low but show the same trend as the measured
concentrations, except for the sharp decline in simulated Al concentrations at 90 cm
in 1981. This decline, which followed the SO, concentration, was due to precipitation
of Al hydroxide which occurs instantaneously in the model if the scolution is
supersaturated. Decline in the Al concentration caused too strong a decline in the Mg
concentration in the same period by the exchange of Mg against sorbed Al. The
simulated pH values (Fig. 3.4) are on the high side of the range of measured pH values
for different samples at one time. The dip in pH at 90 cm in 1974-1978 was not
simulated by the model.

Scenario analysis

With the "irnproved environment’ (IE) scenario the Al concentration (Fig. 3.5) decreased
sharply in both topsoil and subsoil. With the *business as usual’ (BU) scenario, the Al
concentration gradually increased in the subsoil but decreased in the topsoil as a result
of Al hydroxide depletion.

The Ca concentration remained constant with the BU scenario in both topsoil and
subsoil. With the IE scenario, the Ca concentration in the entire soil profile showed
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Fig. 3.4 Simulated (——) and average measured (+) concentrations of Mg, Al and pH at 10 cm (left)
and 90 cm (right) depth

an initial reduction (between 2000-2030) due to exchange of adsorbed Al by Ca. Even
in 2090 the Ca concentration was lower with the IE scenario than with the BU scenario.
This means that the base saturation was still not in equilibrium with the deposition level
at that time, due to the large CEC of the Solling site. For example, 50 kmol ha! Ca
is needed to obtain an exchangeable Ca content of 15% for the whole profile (S0 cm).
This will take at least 100 years with the current net Ca input (i.e. deposition plus
weathering minus net root uptake) of 0.5 kmol ha! yr'l.

The molar Al/Ca ratio is an important indicator of the adverse effects of soil
acidification on roots (De Vries, 1993). In the topsoil, this ratio showed a similar trend
to the Al concentration for both scenarios and decreased below 1, which is considered
to be a critical value. However, with the BU scenario this decrease was accompanied
by a decrease in pH due to Al depletion. In the subsoil, the Al/Ca ratio gradually
increased with the BU scenario. With the IE scenario, the Al/Ca ratio initially showed
a severe increase between 2010 and 2030, although the Al concentration decreased. This
was caused by the decrease in Ca concentration, as already discussed.

With the IE scenario, the pH in the entire soil profile increased. With the BU scenario,

the pH in the topsoil almost decreased to a value of three in 2090, caused by Al
depletion. In the subsoil the pH remained almost constant.
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3.5 Conclusions

Regarding the validation of NuCSAM on the Solling site, it can be concluded that:

(i) Agreement between measured and simulated pressure heads and Cl concentrations
gives confidence in the water fluxes calculated by the model.

(ii) Trends and dynamics of the concentrations of SO,, base cations and Al are
reproduced well.

(iii) Simulated peak concentrations of NO; in the subsoil are too high, however
simulated leaching fluxes are more reliable .

Predictions with the NuCSAM model show that:

(i) The pH in the topsoil decreases at present acid inputs because of Al depletion.

(ii) There is a rapid response in soil solution chemistry (e.g. SO,, NO;, Al and Ca
concentration) to reduced acid inputs.

(iii) The Ca concentration decreases sharply after reduced acid inputs due to exchange
of Ca against Al. Consequently, there is a long time delay before a favourable
Al/Ca ratio is reached, especially in the subsoil.
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4 Uncertainties in long-term predictions of forest soil acidification
due to neglecting seasonal variability

Abstract

Soil and soil solution response simulated with a site-scale soil acidification model
(NuCSAM) was compared with results obtained by a regional soil acidification model
(ReSAM). ReSAM is a multi-layer model with a temporal resolution of one year. In
addition to ReSAM, NuCSAM takes seasonal variability into account since it simulates
solute transport and biogeochemical processes on a daily basis. Consequently, NuCSAM
accounts for seasonal variation in deposition, precipitation, transpiration, litterfall,
mineralization and root uptake.

Uncertainty caused by the neglect of seasonal variability in long-term predictions was
investigated by a comparison of long-term simulations with ReSAM and NuCSAM.
Two deposition scenarios for the period 1990-2090 were evaluated. The models were
parameterized and validated by using data from an intensively monitored spruce site
at Solling, Germany. Although the measured seasonal and the interannual variations
in soil solution parameters were large, the trend in soil solution parameters of ReSAM
and NuCSAM corresponded quite well with the data. The leaching fluxes were almost
similar. Generally it appeared that the uncertainty due to time resolution in long-term
predictions was relatively small.

4.1 Introduction

Various models have been developed to analyze the long-term response of surface waters
and soils to acid deposition, ¢.g. MAGIC (Cosby e al., 1985), ILWAS (Chen e al.,
1983), SMART (De Vries et al. 1989) and ReSAM (De Vries, 1991). Except ILWAS,
these models have generally been developed for a regional to continental application.
Consequently, these models are relatively simple and have a high degree of process
aggregation to minimize data requirements for applications at large scales. The opposite
is true for models having relatively complex/detailed process formulations, which are
often developed for application on a site-scale. Until now, very few site-scale models
are available. In particular the ILWAS model, which was originally developed as a
catchment model, can be considered as a site-scale model because of its daily, or even
smaller, time scale and detailed level of process formulation.

One common simplification that has been made in the large scale models is the neglect
of seasonal variability of both model input and processes. Therefore these models use
an annual time scale and require highly aggregated input (water routing and deposition).
These simplifications may cause errors in long-term predictions. Seasonal variability
is generally driven by climatic (e.g. precipitation, deposition, evaporation, snowmelit)
and biotic factors (e.g. litterfall, mineralization, nutrient uptake). Georgakakos et al.
(1989) indicated that the neglect of natural day-to-day variability, present in precipitation
and other weather variables, significantly affects long-term predictions of lake alkalinity.

85



This was supported by Warfvinge and Sandén (1992) who showed that the long-term
trend in soil solution ANC is affected by time resolution. Another problem with long-
term large scale (soil) acidification models is the lack of sufficient long-term (> 50
years)} serics of observations, which makes these models difficult to calibrate and
validate. A thorough calibration and validation on short-term (< 10 years) series is
hardly possible because these models do not account for seasonal variability which plays
an important role in short-time data records. However, results of the long-term large
scale models can be compared with results of more detailed models which are validated
on relatively short-term data sets.

Here, we report the application of a complex site-scale model including seasonal
variability (NuCSAM; Chapter 2; Groenenberg et al., 1995; Chapter 3) and a relatively
simple regional scale model (ReSAM; De Vries et al., 1995), which neglects seasonal
variability, on an intensively monitored spruce site at Solling, Germany. Both NuCSAM
and ReSAM were compared with observed soil solution concentrations over the period
1973-1990. The long-term simulations with both models were performed for two
atmospheric deposition scenarios over a 100-year period.

The main objectives of this study are:

(i) to characterize the effect of neglecting seasonal variability on long-term predictions
of soil and soil solution response. This was done by comparing results from
NuCSAM with results obtained by ReSAM.

(ii) to validate both models, on a relatively short-term monthly observed data set from
an intensively studied site in Solling, Germany.

4.2 Models used

Both NuCSAM and ReSAM simulate the major biogeochemical processes in the canopy,
litter layer and mineral soil horizons. ReSAM has been developed to analyze the long
term soil response to acid deposition on a regional scale. Unlike ReSAM, NuCSAM
is applicable on a site-scale, since it simulates solute transport and biogeochemical
processes on a daily basis, while ReSAM uses a yearly basis. Consequently, NuCSAM
accounts for seasonal variation in deposition, precipitation, transpiration, litterfall,
mineralization and root uptake and all the biochemical and geochemical processes are
modelled as a function of temperature, whereas ReSAM neglects these effects.

4.2.1 ReSAM

ReSAM simulates all processes occurring the forest canopy, litter layer and mineral
soil horizons which significantly influence the concentration of major ions in the soil
solution. The model consists of a set of mass balance equations, kinetic equations and
equilibrium equations. Mass balance equations describe the input-output relationship
in each soil layer for all ions, except for H and HCO;". The concentration is determined
by the CO, equilibrium equation (cf Annex 2), whereas the H" concentration is
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determined from the charge-balance. Model input includes atmospheric deposition and
hydrological data. The biogeochemical processes accounted for in the model are given
in Annex 2, with a brief overview of the model formulations used. A complete overview
of the model structure of ReSAM is given in De Vries et al. (1995).

Vertical heterogeneity is considered by differentiating between soil layers. The soil
layers are considered as homogeneous compartments of constant density and the
constituent input mixes completely within each soil layer. Horizontal heterogeneity is
not considered. The time resolution is one year. However, the time-step of the model
is one to five days to avoid numerical instability and to minimize numerical dispersion.

4.2.2 NuCSAM

NuCSAM (Chapter 2, Groenenberg er al., 1995, Chapter 3), which has been derived
from ReSAM, also simulates the major biogeochemical processes in the forest canopy,
litter layer, and mineral soil but the temporal resolution is one day. Consequently,
hydrological processes are also included, i.e. (i) partitioning of precipitation into rainfall
and snowfall, (ii) snowpack accumulation and snowmelt, (iii) interception evaporation
from the forest canopy and soil evaporation, (iv) transpiration and snowmelt, and (v)
one-dimensional vertical transient water flow.

Water fluxes and soil water contents are calculated with an adapted version of the
SWATRE (Belmans e? al., 1983) model. This model provides a finite difference solution
to the Richard’s equation. The adapted version (Groenenberg et al. 1995; Chapter 3)
differs from the original model with respect to the formulation of interception
evaporation and transpiration. Furthermore a snow module was added and root uptake
was divided over the different soil layers according to a fixed root distribution.

The biogeochemical processes accounted for in the model are basically the same as used
in ReSAM except for mineralization (cf Annex 2). In addition to ReSAM: (i) litterfall,
root decay, mineralization and root uptake are distributed over the year by given
monthly coefficients, (ii) both upwards and downwards solute transport is simulated
and (iii) speciation of inorganic carbon is computed from known equilibrium equations.
All chemical equilibrium and rate limited equations are solved with a separate chemical
equilibrium module EPIDIM (Groenendijk, in prep.), which allows for the calculation
of aluminium speciation by considering hydrolysis reactions and complexation with
organic and inorganic anions.
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4.3 Methods and data
4.3.1 Approach

To compare NuCSAM and ReSAM it is necessary to ensure that the models start under
similar conditions, receive consistent inputs and use corresponding process parameters.
In those cases where the two models use the same state variables and process
parameters, we used the same values for both models. Parameter values and initial
values of variables were either based on literature or on the NuCSAM calibration (see
below). In order to exclude bias caused by a difference in process formulations we
adapted NuCSAM in this comparison, so that the differences with respect to process
formulations were restricted to a minimum. Mineralization formulations in NuCSAM
were changed into those used in ReSAM, whereas chemical equilibria, in NuCSAM
were restricted to those included in ReSAM. In doing so we ensured that the difference
between the responses of the two models is caused by a difference in time resolution.
To ensure that ReSAM receives the same input as NuCSAM, we accumulated the daily
NuCSAM inputs to yearly values,

To obtain an insight into the effect of neglecting seasonal variability on long-term results
of ReSAM, annual solute concentrations predicted by this model were compared with
annual flux-weighted concentrations predicted with NuCSAM. In addition, simulated
cumulative leaching fluxes were also compared. A comparison between concentrations
gives an indication about differences in trends and retardation effects. A comparison
of cumulative leaching fluxes gives information about differences in the net release or
net retention of elements over the simulation period. This is especially important for
Al, because one of the principal goals of the ReSAM model is to evaluate the effect
of acidic deposition on the depletion of Al hydroxides (De Vries er al. 1994). To give
more objective information about the performance (degree of agreement) of both models,
we calculated the Normalized Mean Absolute Error (NMAE) for the model results
related to the observations:
N

1|P;- -0;-| (1)
N-0O

NMAE = =

where: P; and O; denote the predicted and observed value i
O denotes the mean of the observations
N denotes the number of observations

The NMAE quantifies the average deviation between model predictions and
observations. In caiculating the NMAE, the yearly ReSAM concentrations and the flux-
weighted annual average NuCSAM concentrations were compared with the observed
flux-weighted annual average concentrations. The latter values were generated by
dividing the yearly sum of the product of observed concentrations with the cumulative
simulated moisture flux over the observation period (approximation of the observed
yearly leaching flux), by the yearly simulated scil moisture flux.
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4.3.2 The Solling site

The Solling site (F1 plot) is a typical Norway spruce (Picea abies; 105 years old)
plantation forest with sparse ground vegetation on a Dystric Cambisol with a
well-developed humus layer (ca. 8 cm) and a 60 to 80 cm loess mineral layer lying
on soliflucted material from triassic sandstone. Inputs, outputs and intemal transfers
of elements have been measured for more than twenty years, and were complemented
by plant physiological, hydrological, micrometeorological and soil biological monitoring
programmes during that time. Rainfall, throughtall and soil solution at 0 cm, i.e. below
the humus layer, were collected since 1969, the soil solution at 90 cm depth since 1973
and at 10, 20, 40 and 80 cm depth since 1981 (Bredemeier ez al., 1995).

4.3.3 Deposition data and scenarios

For the deposition during the observation period 1973-1990 yearly values were used
for wet and dry components as described in Bredemeier et al., (1995).

For the characterization of the neglect of seasonal variability on long-term results of
both models, we used two atmospheric deposition scenarios for the period 1990-2090,
i.e. (i) business as usual (BU): deposition values from the Solling data set in 1990 were
kept unchanged for the period 1990-2090; (ii) improved environment (IE): a 75%
reduction was performed on the deposition values in 1990 of SO,, NO, and NH_ linearly
between 1990 and 2000 and after that the deposition values remained constant. For all
other constituents the values of 1990 were kept constant, except for H*, which is
calculated from the charge balance. The values for the total deposition fluxes used for
1990 were: 1473 mol, ha! yr”! for NH,*, 1410 mol_ ha™' yr'! for NO,™ and 3641 mol_
ha™! yr'1 for SO42'.

4.3.4 Hydrological data

Daily drainage fluxes, root uptake fluxes and water contents as calculated by SWATRE
were directly used by NuCSAM. For the application of the SWATRE model to the
Solling site and the data used we refer to Groenenberg et al., (1995) (Chapter 3).
ReSAM used annual average values for drainage fluxes, root uptake fluxes and water
contents in each layer, which were kept constant during the simulation period. The
annual average values were derived from the daily SWATRE calculations over the
period 1973-1990.

The scenarios were evaluated by using meteorological data over the period 1973-1990.
These were repeated until 2090.
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4.3.5 Biogeochemical data

Biogeochemical data for NuCSAM and ReSAM (Groenenberg er al., 1995; Chapter
3, Van der Salm et al., 1995; Chapter 5) were mainly derived from the Solling data
set of Bredemeier et al., (1995).

An overview of relevant biogeochemical parameters for canopy exchange, litterfall, root
decay, reallocation, mineralization, nitrification, denitrification and root uptake and their
derivation are given in Table 4.1. The parameters for N cycling/transformation in
NuCSAM and ReSAM were directly derived from the Solling data set of Bredemeier
et al. (1995). Growth uptake in NuCSAM and ReSAM was calculated by multiplying
a given (logistic) growth rate (Annex 2) by the element content in 1968 in stems and
branches, respectively. Element contents were assumed constant with the exception of
N content. N content is calculated with a linear relationship between N content and N
deposition. N content is minimal at a N deposition of 1500 kmol ha'! yr'! and maximal
at a N deposition of 7000 kmol, ha! yr'!. During the simulation period parameters
related to forest growth persisted, which means that the stand remains a mature forest
with a very low net growth and a relatively high nutrient cycling. The monthly
distribution fractions for litterfall, root decay, mineralization and root uptake as used
in NuCSAM are given in Table 4.2. In ReSAM the fractions were evenly distributed
over the year.

Table 4.1 Values for biogeochemical model parameters used in the NuCSAM and ReSAM
simulations

Process Parameter Unit Value
Foliar uptake! SNH, , - 0.11
JrH, - 0.33
Foliar exudation" frCag, - 0.49
JfMgy, - 0.09
K, - 0.42
Tree growth® kY yrt 0.10
Amy, . kg ha'! 3.8x10°
tos yr 69.2
Litterfall® keryy yrl 0.19
Root decay kr yrl 1.4
. . 4 -1
Nitrification® KT yr 100.0
Denitrification L - yr! 10.0

) Based on average throughfall and deposition data over the period 1974 - 1990

D Derived by curve fitting of the biomass measurements, which were corrected for thinning
(62.9%).

Based on the average needlefall rate over the period 1967-1973, taking into account that 92.5%
of the litterfall is needle fall.

Derived from average throughfall and mineralization fluxes over the period 1970-1985, assuming
that all mineralized N is released as NH,".

3)

4)
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Table 4.2 Monthly distribution fractions (unitless) for litterfall {If), root decay (rd), mireralization
(mi) and root uptake (ru) as used in NuCSAM

Month If rd mi ru

January 0.00 0.00 0.00 0.01
February 0.00 0.00 0.00 0.01
March 0.00 0.00 0.10 0.05
April 0.00 0.00 0.15 0.08
May 0.10 0.10 0.15 0.15
June 0.10 0.10 0.20 0.15
July 0.10 0.10 0.20 0.15
August 0.10 0.10 0.15 0.15
September 0.20 0.20 0.05 0.10
October 0.20 0.20 0.00 0.09
November 0.10 0.10 0.00 0.05
December 0.10 0.10 0.00 0.01

Dissolution parameters of Al-hydroxides in ReSAM and NuCSAM, described by an
Elovich equation, are given in Table 4.3 with their derivation. Weathering rate constants
for primary minerals were derived from a budget study (Wesselink et al., 1994). The
values for exponent @ (Annex 2, Eqn. 9) were taken from Wesselink e al. (1994): 0.69
for Mg, 0.5 for Ca and 0.0 for K and Na.

Gaines Thomas exchange constants were based on average soil solution concentrations
measurements in 1983 and solid phase analyses in the same year. 8042' Langmuir
sorption constants for both models were derived from Meiwes (1979).

Bulk density, CEC, initial values for the amounts of Ca, Mg, K and Na in primary
minerals and in amorphous Al-hydroxides (oxalate extractable) were derived from
Bredemeier et al. (1995). CEC values from 1983 were used for the first 80 c¢m, while
values from 1986 were used for the deeper layers (Table 4.4).

An initialization period (1961-1973) was used to estimate solute concentrations in 1973
and to equilibrate solute concentrations with exchangeable cations and adsorbed SO 42'.
During that period amounts of exchangeable cations and the adsorbed amount of SO42'
were continuously updated while cation amounts in primary minerals and Al hydroxides
were kept constant. For the initialization period we assumed a linear increase in
deposition from 67% of the value in 1973 for N (NO, and NH;} and 50% of the value
in 1973 for S. These percentages were derived from the average deposition trend in
Western Europe.

91



(SE61) TP 12 SOLIA (] UI USATT sanjea JO 98BIaAR JY],

"(6L6T) SIMIIA WO} PIAKIT (g
(S661) 17 32 s9LA (] WL UINe) ST JULISUOD YN ayJ, Jeadk swes o) Ut sasAjeue dseyd pijos
PUE £§6] Ul SJUDUISIMSESW UOHENUIDUO Uonnjos [fos 3Fesaae Uo paseq 212 BN pue 3 ‘S| ‘Iv ‘H 10§ sueisuo) * 2D 0 103dsa1 Q)M paulep SIe SIUBISUOD
"€861 Ul UOTBIIURUCD | 2TLIaAL PUE (Y66T) 0 12 JUI[ISSIAN WOIJ SUONED 988q JO SOXN[] SULIDYIEIM Pue SiSA[EUR [B10) UO paseq
(0,01) armyesadwa) prayy S5RISAR UR 1 ON[RA ) WOIJ PRALID
S yomm ‘0,57 Jo umeradwal & 9yl 01 sale[al ‘uaald onfea ayl '1661-£L61 Pouad o 1940 wo g 38 S(HONV 10} Jonpord A)anoe uol a8ersae aiy) Uo pased

mbﬁx%nnn_mg pue wo~Xm.muS~¢M Sununsse ‘€867 U , [V PUE H JO SUONBIUIIUOD UCHINIOS [I0S a8e1aA® WOY PAUX]

OTXTVT L0t 79¢€ 00691 STl 29C 0'est 110°0 €000 8'cc 601 §01%0'1 &L ores 001-08
JOIXTVT L'OE 29 00691 'l 297 ('est [10°0  S00°0 Lis 2’9 §01%0°1 L or's 08 09
L01x6 71 L0g 29¢ 00691 sl Lo O0esl 110°0  S00°0 819 £'s s01%0'1 &L ore 09 -OF
01%6'v1L L0E 0Z¢ 00LBI (A4t Lo 0tSt 010°0 900°0 L'e9 ¥'s g0Tx0°'1 L ors ot -0t
01%6v1 L0t 21T OL¥L €90 38 §'L¢ €100 L00°0 699 9'< 0Tx0'1 L ors 0t 0T
01x9°L <9 1'6T  099¢ 9¢'c 79T §LS S10°0 8000 (A 09 §0Tx0'T &L 0T 0z 01
0IXC0 1'1 PR LVD 09°1 0T 008I¢ 200 1100 9te <9 01X0'1 L 850 01 -0
JHN BN » | ) L G |\ JH eN b S 2 €D
ﬁ.u_oE (3% 3 ()
(;-four 1) X1 Tow) (16 ..01) suwsTOD (plow ) 3¥_ 01) o, 0D 1ahe|
3_3 Yosay (cSTUEISUOD dFUEYINT (,SVer SunamEs M Amé?svm ﬁndmi or._mb_ [os
WVSINN pun

WVS2y Ut pasn siapauvivd uondios -m«.O.w SHIDISUOD aSUDYIXD SDUOY] SIUIDL) PUD SIUDISUOD NP4 FULIIYIDIM HOUDI 350G ‘UOUNJOSSIP [V J0f SFUDISUOD) £ jqu



Table 4.4 Soil properties used for NuCSAM and ReSAM
Soil Iayer p CEC ctAl SsC

(cm) (kg.m) (mmol, kg!)  (mmol, kg")  (mmol, kg'")
0- 10 930 132.1 217 7.5
10- 20 1140 79.0 347 14.0
20- 30 1190 58.0 570 14.0
30- 40 1390 45.3 570 14.0
40- 60 1390 56.1 570 14.0
60- 80 1690 56.1 424 14.0
80-100 1690 75.9 424 14.0

4.4 Results and discussion
4.4.1 Validation of NuCSAM

To obtain an insight into the reliability of the model predictions, the NuCSAM results
for the period 1973-1990 were compared with Solling field observations (see also
Groenenberg et al., 1995; Chapter 3). The validation is restricted to the CI', to validate
the hydrology, A13+, 3042' and NO;™ concentrations, because of their important role
in soil acidification, and the AP*/Ca?t ratio, which is an important indicator for the
adverse effects of soil acidification on roots. Results are presented for the topsoil (0-10
cm) and the subsoil (80-100 cm).

Hydrology

At the Solling site no water contents were available. Therefore, simulated and observed
CI" concentrations were compared (Figure 4.1). Differences between simulated and
observed Cl concentrations were rather small, both in the top soil (0-10 cm) and the
subsoil (80-100 cm). Strong reduction in transpiration due to drought stress only
occurred in the (extremely) dry summer of 1976 and to a lesser extent in 1982 and
1989.

Biogeochemistry

There was generally a good agreement between observed and simulated AI’*
concentrations for both depths (Figure 4.1). However, the sharp decline in the simulated
APP* concentrations at 90 cm in 1981 was not observed. This decline, which followed
the SO42' concentration, was due to precipitation of Al hydroxide that occurs
instantaneously in the model if the solution is supersaturated. Furthermore, from 1981
onwards the AI** concentrations were underestimated by the model in both the topsoil
and the subsoil.

Simulated 3042' concentrations (Figure 4.1) in the top and subsoil were in good
agreement with observed concentrations. The rise of SO42' from 1973 until 1978 was
simulated by the model. To simulate this behaviour, the initial amount of sorbed 8042'
in the subsoil had to be set to one fourth of the sulphate sorption capacity. Simulated
concentrations between 1981 and 1985 were too low, which corresponded with the
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Fig. 4.1 Simulated and observed concentrations of CI, AP*, APY/Ca?* ratio, S042“, NO; and
NH," at 10 cm (left-hand side) and 90 cm (right-hand side) depth

underestimation of the AI** concentration. This might be an indication that either SO,
deposition or SO42' desorption was underestimated during that period.

Simulated NO, concentrations in the topsoil were in the range of and followed the same
seasonal pattern as the observed concentrations. However, calculated concentrations in
the years 1986 and 1987 were too low, while simulated peak concentrations in the
subsoil were too high. The low concentrations in the period 1982-1986 were not
calculated by the model.

The AI**/Ca" ratio of both the observed and the measured values followed the AP*
concentration. However, the scatter in observations is much larger than with the AP
concentration. This was caused by the division of two independent, and relatively
uncertain entities, resulting in an entity with a much larger uncertainty. The AP*/Ca®*
ratio was generally underestimated by the model, especially in the period after 1981.
This was caused by the amplifying effect of an underestimated AP and an
averestimated Ca?* concentration.
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4.4.2 Long-term predictions with ReSAM and NuCSAM

General features

Figure 4.2 presents the flux-weighted annual average NuCSAM results and the ReSAM
results for the Business as Usual (BU) scenario. Results for the Improved Environment
(IE) scenario are given in Figure 4.3. Figure 4.2 and 4.3 also include the observed flux-
weighted annual average values (cf Section 4.3.1).

Regarding the performance of the two models to simulate the observed concentrations
and ratio in terms of the NMAE (Table 4.5), we can conclude that the results for both
models are quit comparable. Inspecting the individual values of the NMAE (the closer
to zcro the better the predictions), results appeared to be good (NMAE < 0.30) for the
A** and SO,% concentrations in the topsoil and in the subsoil for both models and for
the NO;™ concentration in the topsoil for NuCSAM, moderate (0.30 < NMAE < 0.60)
for the 1-'«13+,’Ca2+ ratio in the topsoil for both models and for the NO;" concentration
in the topsoil and subsoil for ReSAM, and bad (NMAE > 0.60) for the A13+/Ca2+ ratio
in the subsoii for both models and the NO,™ concentration in the subsoil for NuCSAM.

Table 4.5 Performance of the two models during the observation period expressed as the
Normalized Mean Absolute Error

Normalized Mean Absolute Error

APt APCa? 80, NO;

10cm 90 cm 10cm 90 cm 10cm 90 cm 10cm 90 em
ReSAM 0.21 0.25 0.31 0.65 0.14 0.10 0.32 0.57
NuCSAM 0.30 0.21 0.33 0.64 0.16 0.15 0.26 0.70

With the IE scenario AI** concentration (Figure 4.3) strongly decreased in both the
topsoil and subsoil, due to deposition reductions. With the BU scenario AI**
concentration gradually increased in the subsoil. In the topsoil, however, Al
concentration decreased. In contrast to the IE scenario, this is due to a depletion of the
Al hydroxide pool in topsoil. As a result of the depletion of the Al hydroxide pool,
which highly determines the buffer capacity, the pH decreased (cf De Vries et al., 1995).

Under the IE scenario SO4 and NO3 strongly decreased in response to the decrease
in atmospheric deposition. Due to SO4 desorption and N mobilizing from the humus,
there was a retardation in the concentration response, especially in the subsoil. After
the period of deposition changes, the SO,% and NO;” concentrations were maintained
at a constant level for both scenarios.
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The molar AP*/Ca®" ratio in the topsoil showed a similar trend as the AI**
concentration. For both scenarios the molar A>*/Ca®" ratio decreased below 1, which
is considered a critical value. However, with the BU scenario this decrease was
accompanied by a decrease in pH due to Al depletion. In the subsoil the AI**/Ca?* ratio
gradually increased with the BU scenario. With the IE scenario the AP*/Ca®* ratio
initially showed a severe increase between 2010 and 2030 although Al** concentration
decreased. This was caused by the decrease in Ca®* concentration. In the year 2090,
the molar AI**/Ca®* ratio appeared to be slightly higher than 1, but decreased further
after 2090 since the Ca®* concentration was still increasing.

Differences between ReSAM and NuCSAM predictions

The agreement between flux weighted annual averaged concentration simulated by
ReSAM and NuCSAM, was generally good for all presented constituents. The most
remarkable difference between the two model results was that the NuCSAM outputs
were fickle while the ReSAM outputs were strongly smoothed. This is, of course,
inherent to the characters of the models; daily based versus annual average based.
During the period 1970-1990, however, the ReSAM results also showed a slightly fickle
behaviour, which was caused by using the measured yearly values for deposition during
this period.

Comparing the NuCSAM results for the two scenarios in general, it was striking that
seasonal variability under the IE scenario was much smaller than under the BU scenario.
This especially holds for the SO42' concentration in the subsoil, where eventually all
seasonal variability was exterminated. To a lesser extent this phenomenon occurred for
the 8042' concentration in the topsoil and the AI** concentration and the AP*/Ca? ratio
in both considered soil layers. This was caused by the relative increase in importance
of SO42' sorption and cation exchange at lower concentration levels, resulting in a
stronger buffering of concentration changes. This also explained that the scasonal
variability of NO,™ was the same for both scenarios, which is difficult to see in Figure
4.2 and 4.3. However, this was checked by normalizing the NuCSAM concentrations
by dividing them by the concentrations calculated with ReSAM, which showed clearly
that the seasonal variability under both scenarios was comparable.

Comparison of the long-term results of the models shows that trends for both scenarios
were very similar. For most model outputs the NuCSAM result was oscillating around
the ReSAM result. The AI**/Ca’" ratio in the subsoil, however, as predicted by ReSAM
was lower from 2000 onwards for both scenarios. The maximum deviation occurred
during the period of deposition reductions, between 2000 and 2010 for the IE scenario.
This deviation was mainly caused by a quicker response of the adsorption complex in
the ReSAM model to a change in deposition, resulting in & shorter time-delay. However,
during the periods with constant deposition, when a new steady-state between deposition
and the adsorption complex was achieved, the correspondence in A1**/Ca®* ratios
improved.

Cumulative leaching fluxes of AI**, SO42', NO; and NH,* over a period of 120 years

from both considered soil layers as predicted by ReSAM and NuCSAM are given in
Figure 4.4 and 4.5. Results show that the leaching fluxes were similar for SO,>". The
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Al** and NO;" leaching fluxes predicted by ReSAM, however, were clearly lower than
the NuCSAM fluxes, for both scenarios and both depths. The lower AI’* and NO;
fluxes predicted by ReSAM were mainly due to a lower nitrification flux resulting in
a lower AP* mobilization, lower NOj;’ leaching and higher NH, leaching (cf Figure
4.4 and 4.5). Although the neglect of seasonal variability causes an additional uncertainty
in model results, it is acceptable for long-term predictions.

It must be noticed that part of the differences between the two models originates from
the way the models were parameterized. All parameters used in ReSAM were exactly
the same as those used in NuCS AM. However, if the models would have been compared
as described by Rose et al. (1991), who performed a so-called input mapping procedure
in order to specify consistent input values for each of the models, the parameterization
of ReSAM would be different. Especially, the nitrification rate parameter (kr,; ) of
ReSAM would be adjusted to a higher value, resulting in lower NH,” and higher NO5”
concentrations, and (through a higher acid production) to higher AI** concentrations.
This would lead to more corresponding leaching fluxes of AL, NO; and NH,* than
those expressed in Figures 4.4 and 4.5.

Regarding the effect of time variability, this study showed that time resolution has only
a rather small effect on the uncertainty in long-term (> 100 year) soil acidification. On
a smaller time scale (10-50 years), during strong changes in deposition, the effect is
more significant, especially when the AIP*/Ca®" ratio is considered. However, when
focusing on a relatively small time scale (< 1 year) to judge daily or seasonal values
of concentrations or ratios it is clear that it is absolutely necessary to consider seasonal
variability.

4.5 Conclusions

Regarding the validation of NuCSAM on the Solling site, it can be concluded that the

model reproduces the main features of the concentration variations over time for most

concentrations. In particular:

(i) the agreement between measured and simulated pressure heads and Cl
concentrations gives confidence in the water fluxes calculated by the model;

(i) trends and dynamics of the concentrations of 8042' and Al** are reproduced well;

(iii) simulated NO;™ concentrations in the subsoil are too high which is of concemn since
NOj;’ leaching is important for the determination of critical N loads;

(iv) simulated APP*/Ca?" ratios in the subsoil are too low which is of concern since the
AI**/Ca’* ratio is important for the determination of critical acid loads.

Regarding the capability of ReSAM to simulate the observed flux-weighted annual
averaged concentrations (and ratios) we can conclude that this is comparable or even
better than NuCSAM.

Because the uncertainties in long-term predictions of soil and soil solution response
induced by neglecting seasonal variability are rather small, it can be concluded that
ReSAM, which neglects seasonal variability, is acceptable for making long-term annual
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average predictions. A model such as NuCSAM proved to be a valuable link between
relatively short data records and long term predictions generated with ReSAM.
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5 Application of soil acidification models with different degrees of
process description on an intensively monitored spruce site

Abstract

A one-layer (SMART) and a multi-layer (ReSAM) soil acidification model with a
resolution of one year and a multi-layer soil acidification model with a temporal
resolution of one day (NuCSAM) were applied to an intensively monitored spruce site
at Solling, Germany. Simulated concentrations and leaching fluxes were compared with
measured values at this site during the period 1973-1989. The major aim was to study
the influence of model simplifications, especially with respect to process formulation
and the reduction of temporal and vertical resolution, on the simulation of soil solution
concentrations.

Input parameters were derived from measured data at the Solling site. Values for the
one-layer model SMART were derived by depth averaging the measured amounts and
concentrations.

Results showed that all models were able to simulate most of the concentrations during
the examined period reasonably. However, the one-layer model, SMART, had some
difficulties to simulate strong changes in soil solution concentrations due to a lower
retardation in the soil system. When applying the one-layer model SMART care should
be taken at shallow depth as mineralization was not included in this model. This caused,
for example, an underestimation of NO, and base cation concentrations at 10 cm depth.
ReSAM simulated a somewhat stronger rise and fall in base cation and SO,
concentrations in the subsoil, which is caused by slight differences in hydrology.

5.1 Introduction

At present various dynamic simulation models exist to predict acidification of soil and
surface waters. These models have been designed for use on a continental to national
scale, such as MAGIC (Cosby et al., 1985) and SMART (De Vries er al., 1989), or
on a national to regional scale, such as ReSAM (De Vries et al., 1995a) or for use on
a catchment or site scale, such as ILWAS (Chen et al., 1983) and NuCSAM (Chapter
2, Groenenberg et al., 1995; Chapter 3).

Models designed for regional predictions tend to be more simplified than site scale
models to minimize input requirements. These simplifications can consist of i) the use
of less complex/detailed process formulations, ii) the reduction of temporal resolution,
for example using an annual time resolution and thereby neglecting variability within
a year of both model input and processes and iii) the reduction in vertical resolution,
by using a smaller number of soil compartments. All these simplifications may cause
errors in the predictions. Georgakos et al. (1989), for example, found that natural day-to-
day variability in meteorological variables significantly affects long-term predictions
of lake and stream acidification.
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The objective of this study is to characterize the effect of model simplifications on soil
solution response, with emphasis on the influence of temporal and vertical resolution.
Therefore we compared the results derived with a one layer model SMART (Simulation
Model for Acidification’s Regional Trends), the multi layer models ReSAM (Regional
Soil Acidification Model), with a temporal resolution of one year and NuCSAM
(Nutrient Cycling and Soil Acidification Model), with a temporal resolution of one day,
with measured concentrations of an intensively monitored spruce site at Solling,
Germany. At this site inputs, concentrations and amounts of elements in the soil system
have been measured continuously for more than twenty years and were completed by
plant physiological, hydrological, micrometeorological and seil biological monitoring
programmes during that time.

5.2 Models used

The three considered soil acidification models are dynamic simulation models. SMART
is a one-layer model, whereas ReSAM and NuCSAM distinguish a litter layer and
several mineral soil layers. The temporal resolution of SMART and ReSAM is one year,
whereas NuCSAM has a temporal resolution of one day. Although, ReSAM has a
temporal resolution of one year, the model uses an numerical time step of 5 days to
avoid oscillations. ReSAM and NuCSAM simulate the major biogeochemical processes
occurring in the canopy, litter layer and mineral horizons. SMART distinguishes only
one soil layer and litterfall, root decay and mineralization are not explicitly taken into
account. Only a net uptake rate of N and base cations and a net N-immobilization rate
are included. In ReSAM and NuCSAM a description for litterfall, root decay and
mineralization is incorporated in the models. An overview of the considered processes
in the three models is given in Table 5.1. Annex 2 gives a brief overview of the model
formulations.

Table 5.1 Overview of the considered processes

Process SMART ReSAM NuCSAM
Canopy interaction - + ¥
Growth uptake + + +
Maintenance uptake - + +
Litterfall - + +
Root decay 2 + +
Mineralization iy + +
(De)Nitrification + + +
Carbonate weathering + + +
Silicate weathering + + +
Al hydroxide weathering + + +
Cation exchange + + +
Sulphate adsorption + + +

* not explicitly included in SMART, instead overall N immobilization
was included.
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5.2.1 SMART

SMART simulates the concentrations of Al, divalent base cations (Ca + Mg),
monovalent base cations (Na + K), NH,, SO, and NO; in the soil solution. In SMART
most of the geochemical processes are incorporated (weathering, cation exchange,
sulphate adsorption). However, only a (very) limited number of biological processes
are taken into account (Table 5.1).

Nutrient cycling processes are not included because the model is based on the
assumption that the amount of organic matter is in equilibrium. However, net N
immobilization is taken into account to include the effect of an increase in N content
in organic matter due to high N deposition.

Cation exchange, sulphate adsorption, dissolution of carbonates and Al-hydroxides are
trcated as equilibrium reactions (Annex 2). Weathering of base cations and
(de)nitrification are described as first-order reactions. An overview of a former version
of the model is given in De Vries et al.; 1989. Since then the description of N dynamics
has been changed (De Vries et al., 1995b).

5.2.2 ReSAM

In contrast to SMART, ReSAM not only simulates the major geochemical processes
but biochemical processes occurring in the forest canopy, litter layer and mineral soil
horizons as well (Table 5.1).

Foliar exudation, litterfall, root decay, nitrification, denitrification, protonation of organic
anions and weathering are described by first-order reactions. Foliar uptake is considered
to be a fraction of the dry atmospheric deposition. Root uptake is assumed to be equal
to the sum of litterfall, foliar exudation and root decay minus foliar uptake plus a given
net growth. Net growth is described by a logistic function. Root uptake per soil layer
is assumed to be proportional to the fraction of roots in each soil layer. The dissolution
of Ca and Al from carbonates and hydroxides, are described with a first-order rate
equation and an Elovich equation respectively, which are both rate-limited by the degree
of undersaturation. If supersaturation occurs, the Ca or Al concentration is set to
equilibrium. Cation exchange and sulphate sorption are treated as equilibrium reactions,
using Gaines Thomas exchange equations and a Langmuir isotherm, respectively.
Speciation/dissolution of inorganic C is computed from equilibrium equations using a
constant value for pCO,. A complete overview of the model structure of ReSAM is
given in De Vries et al. (1995a)
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5.2.3 NuCSAM

NuCSAM has been derived from the ReSAM model. The main difference between the
two models is the temporal resolution used, NuCSAM has a temporal resolution of one
day instead of one year. The version of NuCSAM used for this comparison uses
practically the same biogeochemical process formulations as ReSAM. However, in
contrast to ReSAM, (i) litterfall, root decay and root uptake are distributed over the
year by given monthly coefficients and (ii) both up- and downward transport of solutes
is taken into account.

5.3 Methods and data
5.3.1 Methods

General Approach

To compare differences in model predictions, due to differences in process aggregation,
temporal or vertical resolution objectively, it is necessary to minimize differences in
parameterization. Data for the models were derived from the Solling dataset (Bredemeier
et al., 1995). In those cases where the models use the same state variables and process
parameters with the same vertical or temporal resolution, we simply used the same
values for both models. Parameters for SMART were derived by depth averaging the
values which were used for ReSAM and NuCSAM (input mapping: Rose et al., 1991).
Annual deposition and water fluxes, which are input to the model ReSAM and SMART,
were derived by accumulating the daily NuCSAM values to annual values.

Vertical configuration and simulation period

At the Solling site NuCSAM and ReSAM considered a litter layer of 7 cm (at the start
of the simulations) and seven mineral soil layers up to a depth of 90 cm (Table 5.4).
For SMART, in which one mineral soil compartment is distinguished, two simulations
were run: (i) with a mineral soil layer of 10 cm thickness and (ii) with a layer of 90
cm thickness.

All models were run for the period 1971-1990. ReSAM and NuCSAM used the period
1961-1970 as an initialization period to estimate solute concentrations in 1970 and to
equilibrate solute concentrations with exchangeable cations and adsorbed SO,. During
that period, amounts of exchangeable cations and adsorbed amounts of SO, were
continuously updated while cation amounts in primary minerals and Al hydroxides were
kept constant.

SMART did not use an initialization period. Initial amounts of base cations were input

to the model. Initial absorbed amounts of SO, were calibrated on the amounts simulated
by NuCSAM/ReSAM in 1970.
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Model adaptions

In regional applications, SMART and ReSAM use annual average hydrological fluxes
which are constant throughout the simulation period. This study focuses on the influence
of differences in biogeochemical process descriptions and their vertical and temporal
resolution (one day versus one year). Accordingly, for this application SMART and
ReSAM were slightly adapted to account for variations in hydrological fluxes between
the years.

The SMART model is normally applied to calculate concentrations at the bottom of
the root zone. To apply the SMART model at shallow depth (10 cm), the calculation
of N-immobilization was slightly adapted. In the standard version of SMART, N-
immobilization is supposed to occur in the upper 20 cm of the soil. For the simulation
of concentrations at 10 cm depth, the total N immobilization flux was multiplied by
the ratio of the amount of organic C in the considered layer and the amount up to 20
cm depth.

Model comparison

NuCSAM simulates daily concentrations and leaching fluxes, whereas SMART and
ReSAM simulated flux-weighted annual average concentrations and annual leaching
fluxes. A comparison of simulated data of SMART and ReSAM with measured data
is complicated as flux- weighted annual average concentrations can not be measured.
A comparison of results of the three models with measured data, on the same basis,
can be made by comparing: (i) measured concentrations (once a month) with simulated
values. In this case monthly concentrations for ReSAM and SMART were derived by
linear interpolation between annual values; (ii) estimated flux-weighted annual average
measured concentrations (or leaching fluxes) with simulated values. “‘Measured’ leaching
fluxes were calculated by multiplying measured concentrations with (monthly) simulated
water fluxes (cf Section 5.3.2). Flux-weighted annual average concentrations were
derived by dividing the ‘measured’ leaching flux by the annual water fluxes.

In this study a combined approach was used: simulated concentrations were compared
with measured concentrations (according to i) and simulated cumnulative annual leaching
fluxes were compared with (calculated) measured annual leaching fluxes. A comparison
of measured concentrations with simulated concentrations gives a good impression of
the performance of the models and the ability of the models to simulate trends and
extreme values. A comparison of cumulative fluxes shows whether the models tend to
underestimate or overestimate total leaching fluxes for the simulation period.

To give more objective information concemning the performance of the models two
statistical measures were calculated: the Normalized Mecan Absolute Error (NMAE) and
the Coefficient of Residual Mass (CRM) (Table 5.2). NMAE quantifies the average
deviation between model prediction and measurements. CRM gives an indication of
the tendency of the model to under- or overestimate (negative value) the measured data.
NMAE and CRM for the three models were calculated using monthly concentrations
for model results and measurements.
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Table 5.2 Statistical measures for evaluation of model results

Measure Symbol Formulation Optimum
N
P -0,
Normalized Mean Absolute Error NMAE § J ! ' 0
N.O

N
0:“2 P:‘
i=1 0

0.

™=

n
A

Coefficient of Residual Mass CRM

M=

I
—

P, is de modelled value, €J; is the observed value, O the average of the observations and N the
number of observations,

5.3.2 Hydrological data

For all models used, hydrological fluxes and water contents were calculated by the
model SWATRE (Belmans et al., 1983). This model provides a finite difference solution
to Richard’s equation. The version which is used here (Groenenberg et al., 1995;
Chapter 3), differs from the original model with respect to the formulation of
interception evaporation and root uptake. Furthermore a snow module was added. Root
uptake was divided over the different soil layers according to a given fixed root
distribution.

Drainage fluxes, root uptake fluxes and water contents calculated by SWATRE were
directly used by NuCSAM. ReSAM and SMART use annual values and discard year
to year changes in storage of soil water. Annual root uptake fluxes were derived by
accumulating the daily root uptake fluxes to annual values. To keep water contents
constant throughout the simulation period, annual drainage fluxes were calculated by
subtracting the root uptake fluxes from the input flux for each layer. For use in ReSAM,
water contents for each layer were averaged over the simulation period. The data for
SMART were derived by depth averaging the water contents which were used for

ReSAM. An overview of the main hydrological fluxes and water contents is given in
Table 5.3.
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Table 5.3 Average drainage fluxes and water contents used in NuCSAM, ReSAM and SMART

Soil Average drainage fluxes (cm a‘l} Average moisture content (m3 m':'}
layer NuCSAM ReSAM SMART NuCSAM/  SMART

(cm) ReSAM

0-10 735 73.6 73.6 0.398 0.398

10-20 70.0 70.1 - 0.394 -

20-30 64.0 64.0 - 0.362 -

30-40 55.6 55.7 - 0.363 -

40-60 47.6 47.7 - 0.367 -

60-80 42.9 43.0 - 0.336 -

80-90" 40.9 41.0 41.0 0.338 0.362

D SMART soil layer 0-90 cm.

5.3.3 Geochemical data

Data used in NuCSAM and ReSAM

Geochemical data for NuCSAM and ReSAM (Groenenberg et al., 1995; Chapter 3, Kros
et al., 1995; Chapter 4) were directly derived from the Solling dataset (Bredemeier et
al., 1995). An overview of the main parameters is given in Table 5.5 to 5.7. Gaines
Thomas exchange constants (for all three models) were based on average soil solution
concentrations measurements in 1983 and solid phase analyses in the same year.
Sulphate adsorption constants for NuCSAM and ReSAM were directly derived from
Meiwes (1979).

Weathering fluxes of primary minerals in NuCSAM and ReSAM were described by
a first- order equation (Annex 2). Rate constants for this equation (Table 5.5) were
derived from a budget study (Wesselink ez al., 1994), Dissolution parameters of Al-
hydroxides (Elovich equation, Annex 2) in ReSAM and NuCSAM, are given in Table
5.5 together with their derivation.

SMART

Table 5.4 Soil properties used for NuCSAM, ReSAM and SMART

Soil p CEC ctAl ssc¥
layer (kg m™>) (mmol_kg'!) (mmol_ kg!)

(em)

NuCSAM and ReSAM

0-10 930 132.14 96.5 0.99
10-20 1140 78.95 96.5 4.46
20-30 1190 57.98 185.3 4.46
30-40 1390 45.32 185.3 4.46
40-60 1390 56.12 185.3 4.46
60-80 1690 56.12 175.5 6.70
80-90¢ 1690 75.90 93.7 6.70
SMART

0-1¢ 930 132.14 96.5 0.99
0-90 1389 78.95 140.0 5.05
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Most data for SMART were derived by depth averaging the data which were used for
NuCSAM and ReSAM (Table 5.4 and 5.5). Some parameters which were only used
in SMART were directly obtained from the Solling dataset. Soil properties which were
used in SMART, i.e. bulk density, CEC, sulphate sorption capacity (SSC), Al
(hydr)oxide content (Table 5.4) were derived by depth averaging the data used in
NuCSAM and ReSAM (Table 5.4). To calculate Gaines- Thomas exchange constants
for SMART (Table 5.7) concentrations and solid phase analyses were depth averaged
for the 10 cm and 90 cm soil compartment. A Depth weighted sulphate adsorption
constant for SMART was derived as follows: first adsorbed amounts of sulphur were
calculated for all layers, considered in NuCSAM/ReSAM, using a Langmuir equation
(Annex 2) and the sulphate adsorption constants from Meiwes (1979). In calculating
these amounts we assumed the same range in SO, concentrations in the soil solution
with depth. Next the calculated adsorbed amounts were depth weighted. Finally the
depth weighted sulphate adsorption constant was derived by fitting the depth weighted
adsorbed SO, amounts against the SO, concentration range considered.

In SMART weathering fluxes are input to the model and were directly derived from
the above mentioned budget study. In SMART dissolution of Al-hydroxide is described
by equilibrium with an Al-hydroxide. Solubility products for the Al-hydroxide at 10
and 90 cm depth were derived from average soil solution concentrations of H and Al
in 1983 at these depths. The solubility product for Al-hydroxide at 90 cm depth was
also used in ReSAM and NuCSAM to calculate the Al concentration at equilibrium.

5.3.4 Biological data

An overview of the biological data and their derivation is given in Table 5.6. The
parameters for N cycling in NuCSAM/ReSAM and SMART were derived independently
from the Solling data set as the process description in the models is different. An
important difference does exist in the parameterization of the nitrification process
between ReSAM/NuCSAM and SMART, although parameters for both models were
based on an input-output budget (Table 5.6). ReSAM/NuCSAM use an overall
nitrification rate which is reduced by moisture content, pH and organic matter content.
For the simulations with SMART separate nitrification fractions, based on input-output
budgets, were used for the topsoil and the subsoil. The relationship between moisture
content, pH, organic matter content and nitrification rate, which was used in
NuCSAM/ReSAM was not calibrated on the site data.

Growth uptake in NuCSAM and ReSAM was calculated by multiplying a given
(logistic) growth rate (Annex 2) by the element content in 1968 in stems and branches
respectively. Element contents were assumed constant with exception of the N content.
N content is calculated with a linear relationship between N content and N deposition.
N content is minimal at a N deposition of 1500 kmol,_ hal a! and maximal at a N
deposition of 7000 kmol, ha! a’. The growth uptake fluxes for SMART are input to
the model. Growth uptake fluxes at 90 cm depth were derived by multiplying the growth
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rates of stems and branches with the element content in stems and branches, using the
same values and the formulations as used by NuCSAM/ReSAM. Growth uptake fluxes
at 10 cm depth were derived by multiplying the total growth uptake fluxes by the
fraction of roots in the upper 10 cm.

Table 5.6 Values for soil-layer independent model parameters used in the simulation based on the
Solling dataset {Bredemeier et al., 1995)

Process Parameter Unit Value Model
Foliar uptake® SANH, - 0.11 NuCSAM, ReSAM
frH, - 0.33 NuCSAM, ReSAM
Foliar exudation”  frCa,, - 0.49 NuCSAM, ReSAM
fiMg,, - 0.09 NuCSAM, ReSAM
K, - 0.42 NuCSAM, ReSAM
Tree growth? krgrl al 0.09 NuCSAM, ReSAM, SMART input
A kg ha'! 2.5%x10° NuCSAM, ReSAM, SMART input
s a 66.0 NuCSAM, ReSAM, SMART input
Litterfall® ki a’! 0.19 NuCSAM, ReSAM
Nitrification® Ko s a’l 100.0  NuCSAM, ReSAM
frni - 0.88 SMART 10 ¢m
- 0.98 SMART 90 ¢cm
Denitrification™ frde - 0.10 SMART
N immobilization® C/N - 19.5 SMART
Al dissolution” KAl 12 mol? 3.5x10° NuCSAM, ReSAM

oxX

) Based on average throughfall and deposition data over the period 1974 - 1990

2) Derived by curve fitting of the biomass measurements.

3 Average needlefall rate over the period 1967-1973, taking into account that 92.5% of the litterfall
is needlefall.

4 ki may 18 derived from average throughfall and mineralization fluxes over the period 1970-1985,
assuming that all mineralized N is released as NH,™. frni is derived form average throughfall and
average drainage fluxes and calculated average root uptake fluxes for the period 1973 - 1990

) Derived from De Vries et al. (1995b).

® Based on 1973 data for C,, and N,,,,

7 Average IAP for Al(OH); at 90 ¢m over the period 1973-1991. The value given, is the value at
25°C, which is derived from the value at field temperature (10°C).

Table 5.7 Geochemical parameters for SMART

Parameter Unit Values

10 cm 90 cm
KAl D I mol 4.0x10’ 2.0x10°
FBC, 2 mol, m? al 0039 0.043
FBC1,% mol, m? al 0.011 0.012
KAl 1 mol! 0.7 3.5
KH,, mol 1’1 4786 1862
KSO, 4 1 mol-1 4.2x10° 3.9x10°

I Average TIAP for AI(OH)® at 10 and 90 cm based on measured Al and H concentrations in the
period 1973-1990

for 10 cm based on NuCSAM weathering rates and average H conc at 10 cm depth for the
period 1973-1990, for 90 cm depth directly based on weathering fluxes from Wesselink ef al.
(1994)
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5.4 Results and discussion

To characterize the effects of differences in vertical and temporal resolution and process
aggregation in the models, the simulated concentrations and leaching fluxes were
compared with measured concentrations and leaching fluxes in the topsoil (10 cm) and
subsoil (50 cm). Results were limited to major anions and cations, i.e. SO,, Cl, NO,,
NH,, Al and BC (divalent base cations). Simulated and measured concentrations are
shown in Figure 5.1 (SO, and Cl), Figure 5.2 (NO, and NH,) and Figure 5.3 (Al and
BC). An overview of the statistical measures, NMAE and CRM, for the various
substances in topsoil and subsoil is given in Table 5.8. The figures and the statistical
measures show that all models were able to reasonably simulate the measured
concentrations during the examined period. Differences between ReSAM and NuCSAM,
the multi-layer models, were rather small. Somewhat larger differences did occur
between the concentrations simulated by SMART and those simulated by the multi-layer
models. A more detailed discussion on the performance of the models to simulate the
individual ions is held in the following Sections where the influence of the model
differences is presented.
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5.4.1 Influence of vertical resolution

The influence of vertical resolution is most clearly shown by the SO, concentrations
and leaching fluxes, as SO, concentrations are mainly governed by deposition and
adsorption, which is described in all models in practically the same way. Measured and
simulated concentrations and leaching fluxes of SO, are shown in Figure 5.1. The trends
in SO, concentrations, as simulated by NuCSAM and ReSAM, were generally in good
agreement with measured data. SMART, however, overestimated SO, concentrations
at 90 cm depth during the period 1972-1978 in which a strong rise in SO,
concentrations took place at this depth. This overestimation, is caused by a larger
dispersion of the SO, front in a one-layer system compared to a multi-layer system.
In a multi-layer system the rise in SO, input initially leads to a rise in the absorbed
amounts in the upper soil layers, whereas in the subsoil absorbed amounts remain
unchanged. In a one-layer system, a rise in the input immediately leads to a (small)
rise in the absorbed amounts and concentrations at greater depth. For all models, the
performance for SO, in the topsoil was comparable. NMAE values were somewhat
higher for NuCSAM compared to the other models (Table 5.8), as the simulated
variation within the year was larger than the measured variation. Cumulative leaching
fluxes at 10 cm depth were somewhat underestimated by all models in the period 1985
to 1989, due to an underestimation of SO, concentrations in this period with high water
fluxes. Although concentrations were overestimated by SMART in the subsoil, during
the period 1973-1975, the overall performance was comparable with the multi-layer
models. Total leaching fluxes in 1989, simulated by SMART, were comparable with
the measurements.

As a result of the smoothed SO, front, the rise in Al due to weathering in the period
1972 -1978 is less pronounced in SMART. This causes a lower exchange of adsorbed
base cations against Al compared to the other models. This lower BC desorption in turn
leads to a lower rise of the BC concentrations in the subsoil, as simulated by SMART.

Table 5.8 Normalized mean Absolute Error (NMAE) and Coefficient of Residual MASS (CRM) for
simulated concentrations

Component  Depth NMAE CRM
SMART ReSAM NuCSAM  SMART ReSAM  NuCSAM
50, 10 0.23 0.25 0.37 0.10 0.05 -0.01
90 0.26 0.24 0.25 0.06 0.12 0.18
NO, 10 0.56 0.50 0.62 0.48 0.10 -0.04
90 0.84 0.63 0.76 -0.79 0.36 -0.25
NH, 10 1.00 6.17 517 -0.34 -5.96 -4.92
90 0.39 0.89 0.89 0.73 0.93 0.80
BC 10 0.47 0.25 0.41 0.46 0.21 -0.21
90 0.29 0.16 0.45 -0.27 0.02 -0.43
Al 10 0.32 033 0.52 0.20 0.13 0.02
90 0.24 0.37 0.33 0.01 0.34 0.30
H 10 0.45 047 0.53 0.41 0.45 0.51
90 0.38 0.49 0.48 0.30 0.48 047
Cl 10 0.27 0.28 0.40 0.05 0.03 -0.04
90 0.11 0.16 0.23 0.04 0.06 0.16
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5.4.2 Influence of process description

The main differences in process description between the models occur in the description
of processes involving nutrient cycling. In SMART a net N immobilization flux is
calculated, whereas ReSAM and NuCSAM account for storage of N in the litter layer
and for mineralization. Furthermore nitrification is described in a different way in
SMART.

Figure 5.2 shows that SMART overestimated NO; concentrations in the subsoil (negative
CRM) during the entire period, whereas concentrations in the topsoil were
underestimated (positive CRM). The deviation between measured and simulated
concentrations in the topsoil is due to the neglect of mineralization in the topsoil. To
obtain a closer fit between simulated and measured NO, concentrations, a slight change
in the parameters describing N immeobilization in the topsoil would have been useful.

NH, concentrations (Figure 5.2) were generally overestimated in the topsoil. However,
the overestimation of the concentrations in the topsoil by SMART was small compared
to NuCSAM and ReSAM (see CRM values, Table 5.8). In the subsoil all models
simulated comparable NH, concentrations, which were underestimated with respect to
the measurements (see CRM values, Table 5.8). The relatively good agreement between
measured concentrations and concentrations simulated with SMART, in the topsoil, is
partly due to the fact that in SMART different nitrification constants at 10 and 90 cm
depth were used which were directly derived from the Solling dataset.
ReSAM/NuCSAM, however, use one overall nitrification parameter which is adapted
for each horizon depending on pH, moisture content and organic matter content.
Furthermore, in SMART, NH, concentrations in the topsoil tend to be lower due to
the neglect of mineralization. The influence of mineralization is also shown by the
simulation of divalent base cations (BC) by the models (Figure 5.3). In the topsoil
SMART simulated lower BC concentrations compared to the other models.

An other difference in process description between SMART and ReSAM/NuCSAM is
the way in which Al concentrations are calculated. In SMART Al concentrations are
calculated from equilibrium with Al-hydroxide, whereas ReSAM and NuCSAM use
a kinetic description (Annex 2). Figure 5.3 shows that results for the simulation of Al
(main cation) were comparable with those for the main anion SO,. The way in which
Al concentrations were calculated appears to have hardly any influence on the results
for the chosen period. When applying the models for long-term predictions deviations
between the concentrations predicted by NuCSAM/ReSAM and SMART may occur,
particularly in the topsoil where the dissolution of Al-compounds is far from equilibrium
with gibbsite. A decrease in Al-dissolution rate, due to exhaustion of certain Al-
compounds, will lead to a lower simulated concentration by NuCSAM/ReSAM whereas
concentrations simulated by SMART will remain constant.
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5.4.3 Influence of temporal resolution

The influence of neglecting seasonal fluctuations in the considered process fluxes can
best be derived by comparing ReSAM and NuCSAM, models with a comparable process
description and a difference in temporal resolution. The most direct influence of the
chosen temporal resolution is found in the simulation of Cl concentrations and fluxes.
For Example, NuCSAM used daily up- and downward water fluxes to calculate solute
transport. Accordingly stronger fluctuations in concentrations (Figure 5.1) were simulated
by NuCSAM compared to other models. NMAE values for the Cl concentrations,
however, showed that the simulation of the Cl concentrations by NuCSAM was not
better than for the other models. In the topsoil the simulated fluctuation of the Cl
concentration was sometimes out of phase with the measured fluctuation. In the subsoil
NuCSAM underestimated Cl concentrations in wet periods (Table 5.8).

The influence of the chosen temporal resolution on model performance can particularly
be expected for the simulated concentrations of NO;, NH, and base cations which are
strongly influenced by seasonal processes as nutrient cycling and mineratization. NO,
concentrations (Figure 5.2, Table 5.8) simulated with NuCSAM and ReSAM were in
close agreement with the measurements in the topsoil. Although, NuCSAM simulated
the seasonal peaks in NO, concentrations NMAE values in the topsoil were somewhat
higher for NuCSAM compared to ReSAM. NO,; concentrations in the subsoil were
poorly simulated by ReSAM up to 1980. From 1980 onwards concentrations simulated
by NuCSAM and ReSAM were in the same range as measured values (relatively low
NMAE and CRM). However, fluctuations in simulated concentrations by NuCSAM
occurred more frequent than the measured multi-year fluctuations in concentrations.
The differences in simulated NO, concentrations in the subsoil, between NuCSAM and
ReSAM is caused by the fact that in NuCSAM total N uptake is lower. N uptake in
NuCSAM is lower due to a restriction of the N uptake to the growing-season, which
leads in certain years to a higher N demand than available in the soil solution, causing
a lower total N uptake in that year.

Cumulative leaching fluxes for NO, in the topsoil (Figure 5.2) were in close agreement
with measured leaching fluxes both for NuCSAM and ReSAM. In the subsoil,
cumulative leaching fluxes were underestimated (-0.3 mol,_ m?) by ReSAM, due to the
underestimation of the concentrations (positive CRM) in the period up to 1980 and
overestimated (+0.4 mol,, m™%) by NuCSAM due to the overestimation of seasonal peak
concenirations (negative CRM).

The correspondence between simulated and measured NH, concentrations (Figure 5.2)
was meagre for ReSAM and NuCSAM. The periodical fluctuations in concentrations
in the subsoil were not simulated by NuCSAM and generally concentrations were
overestimated in the topsoil. Although, both measured and simulated NH,, concentrations
were relatively low, the deviation between measured and simulated values leads to a
serious overestimation (circa 0.5 mol, m‘z) in the period 1983 to 1989.

Base cation concentrations (Figure 5.3) are both influenced by processes with a strong

seasonal magnitude, such as mineralization, solute transport and ion-exchange and by
more constant processes such as weathering. The general trend in divalent base cation
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concentrations in the topsoil was reasonably simulated both by NuCSAM and ReSAM.
NuCSAM and ReSAM overestimated the rise in BC concentrations in the subsoil up
to 1978. From 1982 onwards concentrations were overestimated by all models, which
is probably due to an underestimation of tree growth during this period. ReSAM
simulated a somewhat stronger rise and fall in BC concentrations in the subsoil than
NuCSAM. This is caused by a stronger desorption of BC in ReSAM. The same
phenomenon, however somewhat weaker, can be observed for SO, (Figure 5.1}). ReSAM
simulated slightly higher SO, concentrations than NuCSAM during the period 1975-
1980. The deviation between ReSAM and NuCSAM is induced by slight differences
in hydrology as reflected by the differences in simulated Cl concentrations in the subsoil.

5.5 Conclusions

Although, clear differences in process description do exist between SMART, ReSAM
and NuCSAM, all models were able to reasonably simulate most of the concentrations
during the study period. The description of the dissolution of Al-hydroxides either by
a rate-limited reaction or by an equilibrium equation did not lead to differences in
modelled Al concentrations during the study period. Large differences in complexity
of the description of N cycling do exist between the models. In SMART mineralization
is not included in the model, which led to lower concentrations of NH, and divalent
base cation in the subsoil compared to the other models. NH, concentrations simulated
by SMART were closer to the measurement then in the other models, ReSAM and
NuCSAM underestimated NH, concentrations in the topsoil and overestimated these
concentrations in the subsoil. The better results for SMART are a consequence of the
use of separate nitrification parameters in SMART for the topsoil and the subsoil, which
were directly derived form the measurements, whereas in ReSAM/NuCSAM nitrification
rate was dependant on pH, water content and organic matter content. The relationship
between these environmental parameters and nitrification parameters was not calibrated
on the side data.

The influence of vertical resolution of the models was clearly shown by the simulation
of SO, and base cations in the subsoil. All models were able to simulate a rise in SO,
concentration, between 1975 and 1980, due to a decrease in sulphate adsorption.
However, the one-layer model, SMART, tended to overestimate the initial rise in SO,
concentration, due to a larger dispersion of the sulphur front in a one-layer system
compared to a multi-layer system.

A strong influence of temporal resolution was expected in the simulation of NO, by
NuCSAM compared to ReSAM. In the topsoil NO4 concentrations simulated by the
models were in the same range as the measurements. In the subsoil NO, concentrations
were underestimated by ReSAM, as ReSAM simulated a higher N uptake compared
to NuCSAM. In the subsoil NO, concentrations simulated by NuCSAM were in the
range of the measurements, however fluctuations were poorly simulated. The NMAE
values for the NO,4 concentrations in the top- and the subsoil were higher for NuCSAM
than for ReSAM. In the topscil the higher NMAE values resulted from the fact that
simulated fluctuation were sometimes out of phase with the measured fluctuations. In
the subsoil simulated fluctuations occurred more frequent than measured fluctuations.
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6 Scenario studies on soil acidification at different spatial scales

Abstract

Three dynamic soil acidification models have been developed for application at a
continental (European) scale, a national scale and a local scale, i.e SMART, ReSAM
and NuCSAM. NuCSAM was specifically developed to gain insight in the effect of
acidic deposition and nutrient cycling on a local scale and to aid further research
(research aim), whereas the major objective of SMART was to assist decision makers
in evaluating environmental policies in Europe (management aim). ReSAM serves both
aims but on a different scale (smaller compared to SMART and larger compared to
NuCSAM).

This paper gives an overview of various model studies including: (i) model validation
on a local and a national scale and (ii) scenario studies, which evaluate effects of
different deposition scenarios for SO,, NO, and NH, on seils on a local, national and
continental scale. Result showed (i) a reasonable to good agreement between measured
an simulated soil solution chemistry both at a local and regional scale and (ii) an
improvement in the future acidification status of Dutch forest soils at given emission-
deposition reductions, whereas the reverse was predicted for European forest soils. The
uncertainties in model predictions and the use of the models in acidification abatement
policies is addressed and the various strong and weak points of the models are evaluated.
Furthermore, the limitations and possibilities to use the models in other scenario studies,
such as changes in land use, hydrology and heavy metal deposition are discussed.

6.1 Introduction

Acid atmospheric deposition first became recognized as a problem in the early seventies
when acidification of lakes and streams in Scandinavia and Northeastern America led
to a decline in fish species (Likens and Bormann, 1974). Ulrich et al. (1979) were
among the first to draw attention to acidification of forest soils caused by acid deposition
and its potentially harmful effects on forest ecosystems. Evidence exists that the vitality
of forest ecosystems in Europe is seriously endangered by changes in soil chemistry
in the root zone. Examples are a decrease in pH and base saturation, an increase in toxic
Al and the unbalanced availability of base cation nutrients (Ca, Mg, K) due to excessive
Al and NH, (Roelofs et al., 1985; Roberts et al., 1989). Although acidification of soils,
such as decalcification and podzolization, is a natural process in coarse textured (sandy)
soils in areas with a precipitation excess, it is the present rate of soil acidification which
is alarming. Current enhanced soil acidification due to elevated atmospheric deposition
of SQ,, NO, and NH, has been proven by input-output budgets. (e.g. Van Dobben et
al., 1992). Recently enhanced soil acidification in Central and Northern Europe has
also been proven by resampling forest soils at intervals of several decades (e.g.
Hallbiéicken and Tamm, 1986; Billet et al., 1988; Butzke,1988). These studies showed
that soil pH and base saturation have decreased strongly within the root zone of most
forest soils in the past 20 to 30 years.
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At present various dynamic simulation models exist to predict the acidification of surface
waters. Examples are the Integrated Lake Watershed Acidification Study (ILWAS)
model, developed for the application on single catchments (Chen ef ¢l., 1983) and the
Model for the Acidification of Groundwater in Catchments (MAGIC) developed for
regional catchment applications (Cosby et al., 1985). At the Winand Staring Centre,
different soil acidification models have been developed for use on different scales, i.e.
NuCSAM (Nutrient Cycling and Soil Acidification Model; Chapter 2, Groenenberg et
al., 1995; Chapter 3), ReSAM (Regional Soil Acidification Model; De Vries et al.,
1995) and SMART (Simulation Model for Acidification’s Regional Trends; De Vries
et al., 1989). The models ReSAM and SMART were specifically developed to evaluate
long-term soil responses to deposition scenarios on a regional (national to continental)
scale, respectively. Consequently, ReSAM and SMART do not include seasonal
dynamics. The temporal resolution of the models is one year, and the hydrologic
description in these models is very simple. Simulation of the interannual variability is,
however, included in NuCSAM, which is specifically developed for application (and
validation) on a local scale.

ReSAM and SMART are part of integrated acidification simulation models that give
a quantitative description of the linkages between emissions, deposition and
environmental impacts such as soil acidification and effects on terrestrial and aquatic
ecosystems. These integrated models are DAS (Dutch Acidification Simulation model)
for application in the Netherlands (Olsthoorn ef ai., 1990) and RAINS (Regional
Acidification Information and Simulation model) for application in Europe (Alcamo
et al., 1990)

The major objective of this paper is to give a review of modelling studies with
NuCSAM, ReSAM and SMART about the impact of deposition scenarios for SO,, NO,
and NH, on soils at various regional scales. Furthermore, various studies on model
validation and uncertainties in model predictions are reviewed. Finally the strong and
weak points of the models are evaluated and their possible use in predicting the
mobilization of heavy metals after environmental (e.g. land use) changes is discussed
(chemical time bombs).

6.2 The models NuSCAM, ReSAM and SMART

Two major groups of soil acidification models are those based on an empirical approach
and those based on mechanistic descriptions of processes. A disadvantage of relatively
simple empirical models is that they lack a theoretical basis for establishing confidence
in the predictions. Consequently, the models NuCSAM, ReSAM and SMART described
here are all characterized by a process-oriented deterministic approach. The stochastic
character of input data can, however, be included in all models by a Monte Carlo
approach, given a specified range of input data (e.g. Kros et al., 1993). A disadvantage
of relatively complex mechanistic models is, however, that input data for their
application on a regional scale is generally incomplete. So, even if the model structure
is correct (or at least adequately representing current knowledge), the uncertainty in
the output of complex models may still be large because of the uncertainty of input
data, (Hommberger er al., 1986). There is thus a trade off between detail and reliability
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of information obtained and regional applicability. Consequently the desired degree of
spatial resolution in model output is a factor of crucial importance when selecting the
level of detail in both the model formulation and its input data. A larger application
scale justifies the development of a simpler model, as illustrated in Table 6.1.

Table 6.1 Characteristics of the dynamic soil acidification models used at the DLO Winand Staring
Centre

Name Complexity Soil layering Temporal resolution Application scale
NuCSAM Complex multi-layer one day Site

ReSAM Intermediate multi-layer one year The Netherlands
SMART Simple one-layer one year Europe

The models SMART and ReSAM, designed for regional predictions, are more simplified
than the site scale model NuCSAM to minimize input requirements. The simplifications
consist of: (i) the reduction of temporal resolution, i.e. using an annual time resolution,
thus neglecting interannual variability of both model inputs and processes, (ii} the
reduction in spatial resolution, by using a smaller number of soil compartments and
(iii) the use of less detailed process formulations. To apply a model on a regional scale,
the various processes occurring in the soils have either been limited to a few key soil
processes, or represented by simple conceptualizations (process aggregation). The degree
of process aggregation in the models increases (complexity decreases) when the
availability of data decreases, which occurs with an increase in the geographic area of
application.

The major reason for developing NuCSAM was to be able to validate the model on
intensively (mostly biweekly) monitored sites during a relatively short-time period.
Validation of dynamic models which do not include interannual variability, i.e. ReSAM
and SMART, is problematic, since long-term time series of soil chemistry date are
generally lacking. However, long-term simulations with SMART and ReSAM can be
compared to those made with the validated NuCSAM model, that serves as a standard.
In this way an indirect model output validation can be accomplished for the regional
models ReSAM and SMART.

The major reason for differentiating between the multi-layer ReSAM model and the
one-layer SMART model was the trade-off between the level of detail in model outputs
and the availability of model inputs. ReSAM gives insight into the spatial (vertical)
variation in soil (solution) chemistry within the rootzone. Since the hydrologic
description in the one-layer model SMART is simplified to the use of an annual
precipitation excess draining from the rootzone, this model only predicts soil solution
chemistry at the bottom of the rootzone. Important acidification indicators such as the
Al concentration and Al/Ca ratio, however, increase with depth due to Al mobilization,
transpiration and Ca uptake. Since most fine roots, responsible for nutrient uptake, occur
in the upper soil layer (0-30 c¢m soil depth), it is important to obtain reliable estimates
for this layer by including water uptake with depth and nutrient cycling (foliar uptake,
foliar exudation, litterfall, mineralization and nutrient uptake) within the rootzone.
However, inclusion of these processes in the model requires additional data on nutrient
cycling. These data are readily available for the Netherlands but not for Europe.
Consequently, ReSAM, developed for application in the Netherlands, includes such
processes whereas SMART, developed for application on a European scale, does not.
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Table 6.2 Processes and process formulations included in NuCSAM, ReSAM and SMART

Processes

NuCSAM

ReSAM

SMART

Hydrological processes:

Water flow

Biological processes:

Foliar uptake

Foliar exudation

Litterfall
Root decay
Mineralization/

immobilization
Growth uptake

Maintenance uptake

Nitrification

Denitrification

Geochemical processes:

CO, dissociation
RCOO protonation

Carbonate
weathening
Silicate
weathering
Al hydroxide
weathering

Cation exchange

Sulphate adsorption

Phosphate
adsorption
Complexation
reactions

Hydrological
submodel

Proportional

total deposition
Proportional to

H and NH,
deposition
First-order
reaction
First-order
reaction
First-order
reaction’

- Constant growth
- Logistic growth
Forcing function®
First-order
reaction ¥
First-order
reaction!

Equilibrium
equation
First-order
reaction
First-order
reaction
First-order
reaction”
-First-order
reaction

-Elovich equation
Gaines Thomas
equations®
Langmuir
equation
Langmuir
equation
Equilibrium
equations

Variable flow
with depth

Proportional to
total deposition
Proportional to

H and NH,
deposition
First-order
reaction
First-order
reaction
First-order
reaction

- Constant growth
- Logistic growth
Forcing function?
First-order
reaction
First-order
reaction

Equilibrium
equation
First-order
reaction
First-order
reaction
First-order
reaction®
- First-order
reaction
- Elovich equation
Gaines Thomas
equations4)
Langmuir
equation

Precipitation
excess

Propaortional to
N deposition
Constant
growth
Proportional to
net NH, input
Proportional to
net NO, input

Equilibrium
equation
Equilibrium
equation
Zero-order
reaction
Equilibrium
equation

Gaines Thomas
equations‘”
Langmuir
equation

1)
2)

foliar exudation minus foliar uptake.

3

4)

In NuCSAM, these processes are also described as a function of temperature
In ReSAM and NuCSAM the maintenance uptake equals it the sum of litterfall, root decay and

ReSAM and NuCSAM it includes H, Al, NH,, Ca, Mg, K and Na

130

In ReSAM and NuCSAM there is also the option to include a dependence of pH on the
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Process descriptions

NuCSAM, ReSAM and SMART are all based on the principle of ionic charge balance
and on a simplified solute transport description. In all models, it is assumed that: (i)
a soil layer is a homogeneous compartment of constant density and (ii) the element input
mixes completely in a soil layer. Furthermore, N-fixation, SO, reduction and SO,
precipitation are not included and the various process descriptions for biological and
geochemical interactions are simplified to minimize input data. Going from NuCSAM
to SMART the degree of process aggregation increases by (i) a simpler hydrological
description, (in ReSAM and SMART the annual water flux percolating through a soil
layer is constant and equals the infiltration minus the transpiration, whereas NuCSAM
contains a separate hydrological model), (ii) ignoring several processes (e.g. nutrient
cycling), (iii) simpler descriptions of processes (e.g. equilibrium equations instead of
rate limited reactions) and (iv) ignoring elements (e.g. organic anions, RCOOQO) or
lumping elements (e.g. sum of base cations, BC, instead of Ca, Mg, K and Na
separately). This is summarized in Table 6.2.

Biological processes are all described by rate-limited reactions. In most cases first-order
rcactions are used. Notable exceptions are the canopy interactions in NuCSAM and
ReSAM that are described by linear relationships with atmospheric deposition (cf Table
6.2). In SMART, all geochemical reactions are described by equilibrium equations,
except for silicate weathering which is described by a zero-order reaction (Table 6.2).
In NuCSAM and ReSAM, the geochemical reactions are either described by equilibrium
equations (dissociation of CO,, cation exchange and SO, adsorption) or first-order
reactions (protonation of organic anions and weathering of carbonates, silicates and
secondary Al compounds). So, unlike SMART, NuCSAM and ReSAM account for the
effect of mineral depletion on the weathering rate.

6.3 Validation and application of the models at various scales
6.3.1 Studies on a local scale
6.3.1.1 Methodology

The model NuCSAM was specifically developed for application and validation on a
site scale. The major idea was to compare model predictions of the validated NuCSAM
model with those of ReSAM, to have confidence in the long-term predictions with the
latter model in various scenario studies. Uncertainty caused by neglecting the seasonal
variability in long-term predictions was therefore investigated by a comparison of long-
term simulations (1990-2090) with NuCSAM and ReSAM (Kros et al., 1995a; Chapter
4), using data from an intensively monitored spruce site at Solling, Germany
(Bredemecier et al. 1995). NuCSAM and ReSAM were also validated on that site by
comparing simulated concentrations and leaching fluxes with measured values during
the period 1973-1989 (Van der Salm et al., 1995; Chapter 5). The SMART model was
also validated on the Solling site, even though SMART (and ReSAM) was not
developed for application at such a scale. The major aim was to study the influence
of model simplifications, especially with respect to process formulation and the reduction
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of temporal and spatial resolution, on the simulation of soil solution concentrations.
A direct comparison of simulated data of SMART and ReSAM with measured data was
not possible, since both models simulate flux-weighted annual average concentrations,
that can not be measured. Consequently, we compared monthly measured concentrations
(which were assumed to equal the monthly average concentration) with simulated values,
that were derived by linear interpolation between annual values. In NuCS AM, monthly
values were calculated by averaging the simulated daily concentrations.

To give more objective information concerning the performance of the models two
statistical measures were calculated: the Normalized Mean Absclute Error (NMAE) and
the Coefficient of Residual Mass (CRM) (Table 6.3). NMAE quantifies the average
deviation between model prediction and measurements. CRM gives an indication of
the tendency of the model to under- or overestimate (negative value) the measured data.
NMAE and CRM for the three models were calculated using monthly concentrations
for model results and measurements.

Table 6.3 Statistical measures for evaluation of model results

Measure Symbol Formulation Optimum
N
Normalized Mean Absolute Error NMAE ,z:; # - 0) 0
N.7O
N N
Y 03P,
Coefficient of Residual Mass CRM ':lN—‘:] 0
20,

P, is de modelled value, O; is de observed value, 0 is de mean of the observed values and N the
number of observations

We used two atmospheric deposition scenarios for the period 1990-2090, i.e.: (1)
business as usual (BU): deposition at the Solling site in 1990 was kept unchanged for
the period 1990-2090 and (ii) improved environment (IE): a linear 75% reduction was
performed on the 1990 deposition values of SO,, NO,, and NH, between 1990 and
2000, and after that the deposition values remained constant. For all other constituents
the values of 1990 were kept constant, except for H, which is calculated from the charge
balance. The total deposition fluxes for 1990 were 1470 mol, ha™ yr' for NH,, 1410
mol ha? yr! for NO; and 3640 mol,_ ha! yr! for SO,

6.3.1.2 Model validation

Simulated and measured concentrations in the topsoil (10 cm) and subsoil (90 cm). for
S50,, NO, and Al are shown in Figure 6.1. All models were able to reasonably simulate
the measured concentrations during the historical period. Differences between the multi-
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layer models, NuCSAM and ReSAM, were rather small. Somewhat larger differences did
occur between the concentrations simulated by SMART and those simulated by the multi-
layer models.

concantration jmol,.m"’}

o4
1

Fig. 6.1 Observed and simulated concentrations with NuCSAM, ReSAM and SMART of 50, NO; and
Al at Solling at 10 cm depth (left) and 90 cm depth (right)

The influence of vertical resolution is most clearly shown by the SO, concentrations. SO,
concentrations are mainly governed by deposition and adsorption, which is described in
all models in practically the same way. The trends in SO, concentrations, as simulated
by NuCSAM and ReSAM, were generally in good agreement with measured data. SMART,
however, overestimated SO, concentrations at %0 cm depth during the period 1972-1978
in which a strong rise in SO, concentrations took place at this depth. This overestimation
is caused by a larger dispersion of the SO, front in a one-layer systerm compared to a multi-
layer system. For all models, the performance for SO, in the topsoil was comparable.
NMAE values were somewhat higher for NuCSAM compared to the other models (Table
6.4), since the simulated variation within the year was larger than the measured variation.

The influence of the chosen temporal resolution on model performance can be seen most
clearly for the simulated concentrations of NO, in the topsoil, which are strongly influenced
by seasonal processes, such as nutrient cycling and mineralization. NO, concentrations
in the topsoil (Fig. 6.1) simulated with NuCSAM were in close agreement with the
measurements, whereas ReSAM could not accurately simulate the seasonal peaks inNO,
concentrations. SMART overestimated NO; concentrations in the subsoil (negative CRM)
during the entire period, whereas concentrations in the topsoil were underestimated
(positive CRM), due to the neglect of mineralization in the topsoil (cf Table 6.4).
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Results for the simulation of Al (main cation) were comparable with those for the main
anion SO,. (cf Table 6.4). The way in which Al concentrations were calculated (cf Table
6.2) appeared to have hardly any influence on the results for the chosen period. When
applying the models for long-term predictions, however, deviations between the
concentrations predicted by NuCSAM/ReSAM and SMART may occur, particularly
in the topsoil. (cf Van der Salm ez al. 1995; Chapter 5).

Table 6.4 Normalized Mean Absolute Error (NMAE) and Coefficient of Residual MASS (CRM) for
simulated SO, NO, and Al concentrations with NuCSAM, ReSAM, and SMART at Speuld

Component Depth NMAE CRM
SMART ReSAM NuCSAM  SMART ReSAM NuCSAM

80, 10 0.23 0.25 0.37 0.10 0.05 0.01

90 0.26 0.24 0.25 0.06 0.12 0.18
NG, 10 0.56 0.50 0.62 0.48 0.10 0.04

90 0.84 0.63 0.67 0.79 0.36 0.25
Al 10 0.32 0.33 0.52 0.20 0.13 0.02

90 0.24 0.37 0.33 0.01 0.34 0.30

6.3.1.3 Model predictions

Flux-weighted annual average solute concentrations simulated by NuCSAM and ReSAM
for the Improved Environment (IE) scenario are given in Figure 6.2. The agreement
between observed flux-weighted annual average concentrations and those simulated by
ReSAM and NuCSAM was generally good for all presented constituents (Fig. 2; see
also Fig. 6.1). The most remarkable difference between the two model results was that
the NuCSAM outputs were fickle, while the ReSAM outputs were strongly smoothed.
This is, of course, inherent to the character of the models; daily time step versus annual
averages.

Comparison of the long-term results of the models shows that trends in solute
concentrations were very similar. This was also the case for the Business as Usual (BU)
scenario (not shown). For most model outputs the NuCSAM result was oscillating
around the ReSAM result. The Al/Ca ratio in the subsoil predicted by ReSAM, however,
was lower than that predicted by NuCSAM from 2000 onwards. The maximum deviation
occurred during the period of deposition reductions, between 2000 and 2010. This
deviation was mainly caused by a quicker response of the adsorption complex in the
ReSAM model to a change in deposition, resulting in a shorter time-delay. However,
during the periods with constant deposition, when a new steady-state between deposition
and the adsorption complex was reacted, the correspondence in Al/Ca ratios improved.
(cf Kros et al., 1995a; Chapter 4)

Regarding the effect of time variability, this study showed that time resolution has only
a rather small effect on the uncertainty in long-term (> 100 year) soil acidification. On
a smaller time scale (10-50 years), during strong changes in deposition, the effect is
more significant, especially when the Al/Ca ratio is considered. However, when seasonal
or episodic values of concentrations or ratios are of importance, it is inevitable to use
a short (daily) time step.
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Fig. 6.2 Flux-weighted annual average concentrations simulated with NuCSAM and with
ReSAM of S0, NO; Al and Al/Ca ratio at Speuld at 10 cm depth (left) and 90 cm depth
(right), for the period 1970-2090 under the Improved Environment scenario. The observed flux-
weighted annual average concentrations between 1970 and 1990 are also given
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6.3.2 Studies on a national scale
6.3.2.1 Methodology

The long-term impact of atmospheric deposition on Dutch forest soils was evaluated
with the ReSAM model. Three emission-deposition scenarios for SO,, NO, and NH,
for the period 1960-2050 were generated based on: (i) historical emission data (1960-
1990), (ii) expected emissions in the near future (1990-2000) and (iii) deposition targets
(2000-2050) since no emission policy has been developed for the period after 2000.
For this period three scenarios were used (the scenarios were identical up to 2000) based
on deposition targets that were formulated for the years 2010 and 2050 (Table 6.5).

Table 6.5 Average values used for the potential acid deposition in 2010 and 2050 for three
scenarios. Official deposition targets are underlined

Receptor Potential acid deposition (mol, ha' yr")"
scenario J scenario 2 scenario 3
2010 2050 2010 2050 2010 2050
The Netherlands 22407 2240 1400 1230 1230 700"
Forest in the 2550 2550 1600 1400 1400 800
Netherlands™

1) Ppotential acid deposition in the Netherlands is defined as the sum of 8O,, NO, and NH_
deposition minus seasalt corrected bulk deposition of base cations

The official target was 2400 mol, ha! yr'! (cf De Vries, 1993) but on the basis of the measures
described in NEPP* 2 somewhat lower value was calculated.

A critical acid load related to root damage caused by Al toxicity (cf De Vries, 1993).

A critical acid load that prevents nearly all possible negative effects including groundwater
pollution (cf De Vries, 1993).

Increased deposition on forests, due to filtering of gaseous air pollutants, was accounted for by
multiplying the average dry deposition by empirically derived correction factors, (Erisman,
1991).

2)

3
4)

3

Twenty deposition areas with relatively uniform deposition values were identified. In
order to limit both data acquisition and computation time, the calculations within each
area were restricted to seven tree species and 14 representative profiles of acid sandy
soils of major importance, that comprised nearly 65% of the total Dutch forest area.
The various data, such as water fluxes in soil layers (ii) weathering, growth and tumover
rates, (iii) element contents in tree compartments, litter, primary minerals, hydroxides
and on the adsorption complex and (iv) rate and equilibrium constants for modelled
soil processes, i.e. nitrification, denitrification, protonation, base cation weathering, Al
dissolution and cation exchange, were derived from literature surveys, field research,
laboratory experiments and model calibration (cf De Vries et al, 1994a).

To gain insight in the reliability of the predictions of the model ReSAM on a national
scale, a comparison was made between results of 550 model simulations on the soil
solid phase and soil solution chemistry in 1990 with measurements in 150 forest stands
during the period March to May in the same year. The tree species and soil types
included in the field survey were similar to those included in the simulations. However,
one should be aware of the following differences: (i) The distribution of tree species
differed between the field survey and the simulation runs, (ii) ReSAM predicted water
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flux-weighted annual average concentrations, whereas the field data were single
measurements in early spring and (iii) ReSAM predictions for the topsoil were an
average of two soil layers with a total depth varying between 20 and 30 cm, whereas
the topsoil in the field data set referred to a layer of 0 to 30 cm. For the subsoil,
ReSAM predictions related to the bottom of the rooting zone, varying between 50 and
80 cm, whereas the field data referred to a layer of 60-100 cm.

6.3.2.2 Model validation

A comparison of median values of important soil solution parameters is given in Table
6.6. The pH, Al concentration, molar Al/Ca ratio and molar NH,/K ratio in the topsoil
(top 20 to 30 cm) and pH, Al and NO, concentration are important indicators of forest
stress, whereas pH, Al and NO; concentration in the subsoil are important indicators
of potential groundwater pollution. The SO, concentration has been added to acquire
an insight into the relative contributions of S and N in soil acidification.

Table 6.6 Median values of soil solution parameters measured in the field and simulated by ReSAM

Parameter Unit Topsoil Subsoil
measured simulated measured simulated

pH ) 3.6 3.7 3.9 3.8

Al (mol, m3) 0.7 0.5 0.6 1.2
AliCa - 1.3 1.7 - -
NH/K ') 1.7 28 - -

NO, (mol, m ) - - 0.5 0.7

50, (mol, m™) - - 1.1 1.2

The agreement between model results and field data was good (difference < 10%) for
the pH and the SO, concentration, reasonable (difference between 10-30%) for the Al/Ca
ratio, the NO, concentration and the Al concentration in the topsoil and poor (difference
> 30%) for the NH/K ratio and the Al concentration in the subsoil. Comparison
between model results and field data for the tracers Na and Cl in both topsoil and
subsoil showed that the model results are always (slightly) lower, especially in the
topsoil (De Vries et al, 1994a). This partly explains the underestimation of Al
concentrations in the topsoil. The overestimation of Al in the subsoil can partly be
explained by an overestimation of the NO; and SO, concentration, which influences
Al mobilization. The remaining difference is most probably due to the long-term effect
of liming (Ca) and fertilization (mainly K) and/or a higher base cation input from the
atmosphere, which will cause an increase in base cation concentration and a decrease
in Al concentration. This also explains the overestimation of the molar Al/Ca ratio and
molar NH/K ratio by ReSAM. More detailed information on the regional validation
of ReSAM is given in De Vries ef gl. (1994a).
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6.3.2.3 Model predictions

As an example of model predictions, trends in the forested area exceeding critical values
for the Al concentration and Al/Ca ratio in the topsoil are given in Figure 6.3. Between
1990 and 2000 there is no difference in trends for the three scenarios because the
deposition values are similar. In this period the estimated average deposition in The
Netherlands drops from approximate 4700 to 2500 mol ha! yr'l. In response to this
deposition reduction there is a considerable decrease in the Al concentration and Al/Ca
ratio in the topsoil. The area exceeding a critical Al concentration and Al/Ca ratio of
0.2 mol_ m™ and 1.0 mol mol™, respectively, is approximately 75% and 60% in 1990,
whereas the percentage of forest soils exceeding both values is approximately 40% in
the year 2000. A deposition reduction according to scenario 2 was enough to avoid
exceedances in Al concentration or Al/Ca ratio in forest topsoils in the year 2050. The
average deposition level at this time is close to 1400 mol ha™! yr! which is the average
critical load derived for the effects of aluminium on forests (De Vries 1993). For
scenario 1 the area exceeding a critical Al concentration and Al/Ca ratio remained
approximately 30% and 10% respectively, in the year 2050 (Fig. 6.3).

8

B
........ Scenario 1
——  Scenario 2
- — - Scenario 3

175014

Area with [Al] above 0.2 mol.m? (%)

Area with AUCa above 1.0 mol mol' (%)

Py

3

1990 2010 2030 2050 1990 2010 2030 2050

Fig. 6.3 The percentage of Dutch forest soils exceeding a critical Al concentration of 0.2

mol, m? (A) and a critical molar Al/Ca ratio of 1.0 in the topsoil (B) in response to three
scenarios

The predicted response of ‘N related parameters’, such as the molar NH,/K ratio and
NO; concentration, to a deposition reduction was small compared to the ‘Al related
parameters’. This was mainly due to N mobilization from litter, which in turn was
caused by a decrease in the N content of leaves in response to decreased N deposition.
This caused a time lag between the reduction in N deposition and the predicted
concentrations of NH, and NO; (cf De Vries et al., 1994a).
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6.3.3 Studies on a european scale
6.3.3.1 Methodology

The SMART model was used to evaluated the long-term impact of three emission -
deposition scenarios on European forest soils, i.e: (i) the ‘Official Energy Pathways’
scenario (OEP), based on governments projections for future energy use, (ii) the ‘Current
Reduction Plans’ scenario (CRP) which takes into account likely reductions of emission
due to proposed abatement measures, and (iii) the ‘Maximum Feasible Reductions’ scenario
(MFR), which assesses the impacts of a radical, but technologically feasibie, decrease in
emissions (mostly SO,). The resulting total emissions for Europe in the period 1960-2050
for SO,, NO, and NH, are shown in Figure 6.4.
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Fig. 6.4 Trends in total emissions of SO, NO, and NH, in Europe for three scenarios, i.e. Official
Energy Pathways (OEP), Current Reduction Plans (CRP) and Maximum Feasible Reductions
{MFR)

Deposition areas were defined by a grid net of 1.0° longitude versus 0.5° latitude. Within
each gridcell calculations were made for all major combinations of tree species and soil
types. A distinction was made between coniferous and deciduous trees to account for
differences in dry deposition, transpiration and growth uptake. The spatial variability of
the soil was taken into account by distinguishing 80 different soil types according to the
FAO-UNESCO Scil Map of the World (FAQ, 1981) on the basis of the dorninant soil unit,
texture class and slope class (De Vries et al., 1994c¢). Input data for SMART include system
inputs and socil data. System inputs (and outputs), i.e. deposition, precipitation,
evapotranspiration and growth uptake, were derived as a function of location (gridcell)
and of forest type. Soil data were derived as a function of soil type irrespective of the
location. Most soil data were related to readily available soil (and land) characteristics,
using so-called transfer functions. Examples are the derivation of physical and chemical
soil properties, such as the bulk density (p), volumetric moisture content (6) and cation
exchange capacity (CEC) from the (clay) and organic carbon content, (cf Table 6.7).
Detailed information on the transfer functions used is given in De Vries et al. (1994c¢).
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Table 6.7 Transfer functions between soil properties and soil characteristics {after De Vries et al,
1994¢)t

Soil property Transfer function Condition

p? (kg m?) 1000 / {0.625 + 0.05 * carbon + 0.0015 * clay) carhon < 5%
725 - 337 - log carbon carbon 2 15%

6 (m* m3) 0.04 + 0.0077 - clay clay < 30%
027 clay 2 30%

CEC? (mmol, kg'!) 5 - clay + 27.25 - carbon

D Clay stands for clay content in % and carbon for organic carbon content in %
D For 5% < carbon < 15%, p is interpolated lLinearly

» Refers to the situation at field capacity

4 Refers to a value measured at pH 6.5

6.3.3.2 Model predictions

As an example of model predictions, impacts of the different scenarios on the Al
concentration and Al/BC ratio are illustrated in Figure 6.5. Predictions of the forested
area exceeding a critical Al concentration (0.2 mol, m™?) after 1985 showed a steady
increase for the OEP scenario, a small reduction between 1985 and 2000 followed by
a slight increase for the CRP scenario and a marked decrease, especially between 1985
and 2000, for the MFR scenario (Fig. 6.5A). The response of the Al/BC ratio was
similar except for the CRP scenario. Unlike Al, the area exceeding a critical AV/BC ratio
(1.0 mol mol!) increased after 1985 for this scenario (Fig. 6.5B). Apparently, the
decrease in BC concentration, induced by a decrcase in base saturation change in
response to ongoing acid deposition, compensated the decrease in Al concentration. The
concentrations in 2050 were not yet at steady-state with respect to the deposition level
at that time. Even when using the OEP scenario, with higher total S and N emissions
in 2050 compared to 1985 (cf Fig. 6.4), the predicted areas with an Al concentration
and Al/BC ratio exceeding critical values in 2050 were ’only’ about 28% and 14%,
respectively. Calculations with a steady-state version of the model SMART showed that
these areas would increase up to 43% and 30% respectively at constant 1985 atmosphe-
ric deposition (De Vries ef al., 1994b).

As with ReSAM, the predicted response of ‘N related parameters’, i.e. the C/N ratio
and the NO, concentration, was different from the ‘Al related parameters’. The predicted
forested area with a C/N ratio or a NO; concentration above presumed critical values
increased continuously after 1985, even for the maximum feasible reductions (MFR)
scenario. The problem of N accumulation thus appeared to be more persistent on a
European scale, than that of soil acidification (cf De Vries et al, 1994c¢)
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6.4 Discussion and conclusions
6.4.1 Evaluation of model predictions

Important aspects of model evaluation are validation of model results on measured data
and assessment of the uncertainty in model results due to uncertainties in model structure
and model inputs. According to Janssen et al. (1990), model validation can be divided
in: (i) a conceptual validation (are the various model assumptions and concepts justified),
(ii) an operational validation (is the model suitable for the purpose aimed at, and does
it produce plausible results) and (iii) a model output validation (is there a good
agreement between model predictions and measured data). Even though SMART and
ReSAM were validated by comparing simulations with historical observations of changes
in soil solution chemistry between 1974 and 1989 in a continuously monitored spruce
site in Solling, Germany (cf Section 3.1.2) the time period of the data set was too short
for a rigorous validation of the model outputs. Consequently, the question about the
accuracy of the long-term soil responses estimated by the SMART and ReSAM model
cannot be answered satisfactorily. However, the reasonable to good agreement between
measured and simulated (i) changes in soil solution chemistry on a site scale (cf Section
3.1.2) and (ii} frequency distributions of ion concentrations on a regional scale (cf
Section 3.2.2) imply that SMART and ReSAM produce plausible results.

Even though model predictions are plausible, the uncertainty can be large due to the
uncertainty and spatial variability in input data, especially for large scale predictions.
This can be derived from a study in which the uncertainty in the response of the model
ReSAM to a given deposition scenario has been evaluated in relation to uncertainty
(including spatial variability) of data (Kros ef al., 1993). The main aim was to find out
which additional data would most improve the reliability of predictions, to guide data
derivation for a regional application of ReSAM. The uncertainty analysis was performed
by using Monte Carlo simulation techniques in combination with regression analysis.
The uncertainty in model outputs was quantified by giving frequency distributions of
input data instead of deterministic values. The resulting frequency distributions of the
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model output were analyzed by regression analyses to evaluate the contribution of the
uncertainty of various parameters to the model uncertainty. This uncertainty analysis
has been restricted to a Leptic podzol with Douglas fir, subject to a reducing deposition
scenario between 1987 and 2010.

Overall results showed that the uncertainty contribution of the various parameters
depended on the considered output variable, soil compartment and time. However, in
most cases the uncertainty in the deposition of SO,, NO, and NH; and parameters
determining the nitrogen and aluminium dynamics played the most important role (Kros
et al., 1993). A simple sensitivity analysis performed earlier (De Vries and Kros, 1989)
also showed that changes in the Al chemistry in the topsoil are strongly influenced by
the parameters regulating nitrification and Al dissolution, because these processes mainly
regulate H production and consumption, respectively. The relative unimportance of CEC
and base saturation, is due to the low values (and the small range) for the base saturation
of Dutch forest soils. On a European scale, these variables are likely to be more
important. An important outcome of the study was, however, that average input data,
used in a regional application in order to limit the number of simulations, produce
adequate average model outputs for a specific soil vegetation combination.

6.4.2 Limitations of the models

The major possibilities and limitations of the three models are summarized in Table
6.8. The model limitations are related to their aim. NuCSAM was developed to
reproduce soil (solution) chemistry on a site scale during a limited time period, whereas
ReSAM and SMART were developed to predict long-term impacts of acid deposition
on the soil on a regional scale. Consequently, unlike NuCSAM, peaks in soil solution
chemistry cannot be reproduced by ReSAM and SMART. The annual time step of these
models also hampers their validation, since long-term soil chemistry data are generally
lacking. Unlike ReSAM and SMART, however, NuCSAM can not (hardly) be used
to evaluate acidification policies on a regional scale because of the immense data needs.
Large-scale application of ReSAM is already a hugh task in this respect. (cf Table 6.8).
Another drawback of NuCSAM is the complexity of the model, which makes it difficult
for other modellers to use NuCSAM. In this respect, SMART is by far the most easy
model to apply. (cf Table 6.8). A final aspect regarding model limitations, is the
possibility to use the models in other scenario studies. Examples are studies on the
effects of changes in hydrology (e.g lowering of groundwater tables) and in land use
{e.g reforestation of former agricultural lands) on the soil (solution) chemistry. Since
NuCSAM contains a separate hydrological submodel, changes in hydrology can easily
be included. Changes in land use, affecting the nutrient cycle, can also relatively easy
be included in NuCSAM and in ReSAM but not in the original SMART model, that
excludes nutrient cycling. In principle, all models can, however, be revised such that
other scenario studies are possible. For example, nutrient cycling has recently been
included in SMART, together with the possibility of including seepage flow, to enable
the calculation of nitrogen availability and pH in all major vegetation/ soil combinations
in the Netherlands (Kros et al., 1995b). Another possibility is the coupling of these soil
acidification models with models on heavy metal behaviour, including pH dependent
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adsorption processes. The effort that is required to adapt the models for use in other
scenano studies will, however, differ as indicated in Table 6.8.

Table 6.8 Possibilities and limitations of the models NuCSAM, ReSAM and SMART
Model Possibilities for

Site scale large scale use by other use in other

validation application modellers scenario studies
NuCSAM Good Limited Limited Reasonable
ReSAM Limited Reasonable Reasonable  Limited
SMART Limited Good Good Limited

6.4.3 Use of the models to predict chemical time bombs

Chemical time bombs have been defined as a ’chain of events resulting in the delayed
and sudden occurrence of harmful effects caused by the mobilization of chemicals stored
in soils in response to alterations in certain environmental conditions’ (after Stigliani
et al., 1991). Such a situation may for example occur with respect to heavy metals after
afforestation of former agricultural land. Due to the EC agricultural policy, arable land
is currently being transformed to forest. Apart from atmospheric input, most arable soils
received considerable additional metal loads originating from long-term agricultural
management practices e.g the application of animal manure and/or fertiliser.
Consequently, total Cd, Zn and Cu contents of arable soils at the time of forestation
are significantly higher compared to mature ‘natural’ forest soils. Solution concentrations
in arable soils are usually low due to liming, causing a near neutral soil pH, and low
organic ligand contents. The conversion of arable land to forest, however, will lead to
major changes in the chemical, physical and biological properties of the soil, which
increase the mobility of the stored metals. Termination of liming results in a drop of
the soil pH from the actual near neutral value (5.5-6.5) to an acid value (3.5-4.5).
Furthermore, the maturation of the forest enhances the development of an organic layer
which leads to higher concentrations of Dissolved Organic Carbon (DOC) and organic
ligands in the soil solution.

A recent study by Romkens and de Vries (1995) showed that a relatively simple
combined soil acidification-Cd mobility model gives comparable predictions of changes
in pH and Cd concentrations as those measured in afforested stands of different ages.
However, in order to predict metal mobilisation more accurately, it will be necessary
to further develop the integration of knowledge concerning soil acidification, organic
matter dynamics and metal behaviour in the soil. Especially the processes of acidification
combined with the organic matter dynamics (development of an O, layer, increase in
DOC content, Al-organic matter interactions) need further attention in order to assess
future consequences of afforestation. With respect to land use changes in general, it
can be concluded that there is still a lack of information concerning the dynamics of
soil chemical processes on a time-frame of 10 to 100 years.
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7 General discussion and conclusions

It is obvious that dynamic soil acidification models are the only tool available for the
evaluation of acidification abatement strategies. However, the question about the accuracy
of the long-term soil responses estimated by the models ReSAM and SMART is difficult
to be answered. It is nearly impossible to validate the long-term behaviour unless long-term
data sets are available. However, in this study we attempted to validate these models
indirectly. First, the results of a daily based stand-level model NuCSAM were directly
compared to observations at two sites in order to validate the short-term behaviour,
including intra-annual variation. Subsequently, the long-term flux-weighted annual average
results of the validated stand-level model NuCS AM were compared to those of the regional
model ReSAM. Nevertheless, the observation record of the Solling Spruce site, which
is an exceptional long record, appeared to be long enough for a direct validation of the
models ReSAM and, to a lesser extend, SMART.

Applications of NuCSAM to the two intensively monitored sites Speuld and Solling gave
problems due to the large spatial variability of throughfall, soil solution chemistry and
stand structure. Consequently, it was almost impossible to get a meaningful and
representative data-set for validation. This was especially the problem at the Speuld, where
the monitoring followed a disciplinary approach, with separate subplots for hydrology,
soil chemistry and forest growth. Either the number of sampling replicates was too small
to calculate stand averages (soil chemistry), or it was impossible to select more or less
homogeneous subplots (hydrology and biomass inventory). Nevertheless, there was a
reasonable to good agreement between observed and simulated changes in soil solution
chemistry. NuCSAM could reproduce the general magnitude and trends of measured
quantities, such as soil water contents and soil solution chemistry. Contrary to the Speuld
application, the seasonal trends could not always be reproduced at Selling, especially the
dynamics of nitrogen cycling.

It can be concluded that leaching fluxes simulated with the yearly based model ReSAM
compared well with results from the daily based model NuCSAM. This implies that
ignoring seasonal variations of weather conditions and process simplification does not
have a large impact for the long-term response of flux-weighted annual average soil
solution chemistry to acid deposition. Consequently, the level of aggregation/simplification
as used in the model ReSAM is in balance with the model purpose, i.e. making long-term
predictions at a regional scale. Eventhough the Speuld and, to a lesser extend, the Solling
data-set were too short for a true validation of long-term predictions with ReSAM. The
acceptable results of an application of the model NuCSAM to the two sites has increased
the confidence in the regional model ReSAM as an instrument for assessing long-term
response of forest-soils to acidification abatement stratcgics. However, when major
emphasis is on stress assessment, short-term temporal dynamics cannot be ignored, as
both the extreme Al concentrations and the extreme Al/Ca ratios, which occur during the
growing season, can not be simulated by a yearly averaged model.

Results of scenario analyses, that were carried out for Douglas fir on 2 Cambic podzol
and Scots pine on an Haplic arenosol in areas with low, intermediate and high atmospheric
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deposition, correspond with results from the 2nd phase of the DPPA, i.e. (i) a fast
improvement of the SOf‘ and Al concentrations after a decrease in SO, deposition, (ii)
time-delay for the NO; concentration following a decrease in nitrogen deposition, (iii)
higher soil solution concentrations in the soil below Douglas fir, and (iv) a decrease
depletion of the pool of secondary aluminium compounds in areas with high deposition.
The differences between the ReSAM results for the newly derived scenarios and the
scenarios from the 2nd phase of the DPPA appeared to be rather small.

After the development, application and validation of the stand-level model NuCSAM,
some uncertainties still remain, and new uncertainties arose. For further hypothesis testing
and validation of the models, there is a need to continue the application and validation
using data from other intensive monitoring programs. Special attention should be given
to sites where the inputs have changed drastically during the observation period, e.g roof
experiments in NITREX sites such as Speuid, Ysselstein, Gardsjon and Klosterheide and
experimental manipulation (EXMAN]} sites, such as Harderwijk and Speuld. Furthermore,
attention should be paid to bridging the gap between models and experimental data. Models
should be used to select the most important parameters for monitoring. Models can also
be used to set-up sampling strategies. Besides intensive monitoring programs there is a
need for extensive monitoring on alarger number of locations. Such extensive monitoring
programs are mandatory for calibration of regional models. However, as with the intensive
monitoring programs, much more attention should be paid to bridging the gap between
models and measurements. In the near future, the present models should be used to further
explore available data-sets, especially from manipulation experiments. Uncertainty analysis
and calibration at both site scale and regional scale should be used to quantify and reduce
the uncertainty of model results, respectively.

Major conclusions of this research are:

(i) The daily based model NuCSAM reproduces the main features of the concentration

variations over time in both Speuld and Solling for most elements.

(ii) The capability of the yearly based model ReSAM to simulate observed flux-weighted
annual averaged concentrations (and ratios) is comparable or even better than
NuCSAM.

(iii) Long-term predictions of annual average concentrations with ReSAM and NuCSAM
show general agreement. This implies that ignoring seasonal variation of weather
conditions does not have a large impact on the long-term response of soil solution
chemistry to deposition, ReSAM, is thus acceptable for making long-term annual
average predictions.

(iv) Asitescale model suchas NuCSAM proved to be a valuable link between relatively
short data records and long-term predictions generated with ReSAM.

(v) Eventhe one-layer model SMART was able to reproduce the main dynamics in soil
solution chemistry. Except for periods in which a strong change in soil solution
concentrations occurred, due to a strong (numerical) dispersion effect.

(vi) Scenario analyses showed a fast response of the sulphate and aluminium
concentrations in the soil solution after a decrease of the SO, deposition, time-delay
for the NO; concentration following a decrease in nitrogen deposition, and an
ongoing depletion of the pool of secondary aluminium compounds in regions with
high deposition.

(vii) For further hypothesis testing and validation of the models, there is a need to continue
intensive monitoring programs, but the balance between data acquisition in the

148



various compartments should be emphasized. For further validation, the models
should be applied to experimental manipulations.
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Annex 1 Annotation of used symbols in Chapter 3

Symbol  Description Unit
Amg,.. Maximum amount of stem mass kg ha’!
C, Amount of water on the canopy at the start of
the dry period m
C, Amount of water on the canopy at the end of
the day m
ctAl,, Oxalate extractable Al content mol, kg
ctX o, Element contents in primary minerals mol_ kg™
(X = Na, K, Ca, Mg)
T Layer thickness m
E Daily evapotranspiration rate m day !
FAl,,, Weathering flux of Al from Al hydroxide mol,, m? a’l
JE Correction factor for evaporation from the canopy -
in dry periods
JE Correction factor for evaporation from the canopy -
during rainfall
erfe Foliar exudation fraction of X (X = Ca, Mg, K) -
JrXs, Foliar uptake fraction of X (X = NH,, H) -
FXW’M Weathering flux of cation X from primary mol, m?a’!
minerals (X = Ca, Mg, K, Na)
I Interception m
K Hydraulic conductivity m day’!
kEL, Elovich constant m’ kg a
kEL, Elovich constant kg mol_ "
ki Leaf fall rate kg ha' a’!
K mx Maximum nitrification rate a’l
k.4 root decay rate a’l
Lo gy, Logistic growth rate a'l
kX\epm ~ Weathering rate base cations from primary
minerals a’l
P Precipitation m
P, Amount of precipitation at which the canopy is
_ saturated m
R Average rainfall intensity m day’
P Bulk density kg m™
S Canopy storage m
sC Soil cover -
Isg time at which tree is half its maximum mass a
t Dry fraction of day -
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Annex 2 Description of the most important processes included in
SMART, ReSAM and NuCSAM

1. Foliar uptake and foliar exudation
ReSAM and NuCSAM:

FNHJﬁ‘=fTNH3ﬁ‘ " FNH, .

with:

FNH; g, foliar uptake flux of NH,

JrNH; ;, foliar uptake fraction of NH,
FNH,; 4, dry deposition of NH,

FXfe = erﬂ, “Amy, cctX,, ;X =Ca Mg K

with:

X, foliar exudation flux of X

krX,, foliar exudation rate constant for X
Amy, Amount of leaves

ctX,, Content of nutrient X in leaves

SMART: not included
2. Litterfall and root decay
ReSAM and NuCSAM:
FXpe= k"th Amy, - ctX,, - dis{t) 1 X =N, S, Ca, Mg, K

FX  =kry Am, X, dis (); X=N, 8, Ca, Mg, K

with:

FX; and FX,, litterfall and root decay flux

krXye and krX ; litterfall and root decay rate constants

Amy, and Am,, amounts of leaves and fine roots

ctX;, and c1X, contents of nutrient X in leaves and fine roots

dis;{t) and dis, (7) distribution functions of litterfall and root decay over the year,

which is uniform for ReSAM and variable for NuCSAM, with:
N ldisge) - d =1
[
where dt is the time-step and ¢ stands for the appropriate process,
SMART: not included
3. Mineralization of litter and dead roots

ReSAM and NuCSAM:

FXpitr = kg g - Ay ctXy - dis, (1) ; X = N, §, Ca, Mg, K
FX =kt A, matX - dis, () ; X=N, 8§, Ca, Mg, K
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with:
FX, . pand FX ;o
krmi it and krmi m
Any, and Am_,
crX;, and X,

disy0)

mineralization flux of litter and dead roots

mineralization rate constants

amounts of litter and dead roots

contents of nutrient X in litter and dead roots

distribution function of mineralization over the year, which is
uniform for ReSAM and variable for NuCS5AM, with:

Y ldis, (1) " dn =1
!

where dt is the time-step.

In NuCSAM litter is divided into three pools (litter pool, humus pool and fermentation pool)

SMART: not explicitly included instead net N immobilization is calculated from the increase in
N-content in organic matter. Between a critical (C/N_) and a minimal C/N ratio (C/N; ) the
immobilization rate N, is linearly related to the prevailing C:N ratio (C/N):

dAmbr = frbm - dAm

st

0 if C/N < C/N_,
N (FN . - FN_-FN,__.) N~ Mo if ON . < C/IN < CN
- = td ~ 1 ) P =
im e e, min C/Nm. — C!Nmin min cr
FNy - FN,, -FN, ., if C/N 2 C/N_,
4. Net Tree Growth
ReSAM and NuCSAM:
Am,,
dAmg, = kr, - Am, - (1.0 - )
5t mx

FXgu = (dA,;, coX, + dA,, - ciX})

with:

FX,,
cX, and ciX,,

SMART: model input
5. Root uptake

ReSAM and NuCSAM:

FX,, = (FX,, + FX; + FX, - FX, + FX,)) - dis (1)

maximum amounts of stems

amount of stems

stem growth

logistic tree growth rate constant

branch stem ratio

amount of branches

branch growth

nutrient uptake for tree growth

contents of nutrient X in stems and branches

;X =N,8, Ca, Mg, K
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with;

FX,, nutrient root uptake flux

dis, (f) distribution function of nutrient uptake over the year, which is
uniform for ReSAM and variable for NuCSAM, with:

Y ldis, (3 - dn) = 1
t
where dt is the time-step.

The distribution of N over NO,™ and NH,;* is calculated as

cNH,
- FN

FNH - " m
eNH, + eNOy

4 ru =ﬁ'prNH4m )

FNO, _ = FN,, - FNH,

with:

JroNH, preference factor for NH,* uptake

cNH, and cNO, NH4+ and NO; concentration ir the soil solution
SMART:

FX, =FX, ;X=N,BC (Cat+Mg), K+Na

Distribution of N over NO, and NHj

FNH, ,

FNH, , =FN, %
& 8 FNm‘

FNO,

FNO, ., = FN,, - WIL
td

. Nitrification and denitrification
ReSAM and NuCSAM:
FNH, . =0 T -kr,  ¢NH,

4 ni

FNO, ., =8 - T - kr,, - ¢NO,

with:

FNH, ,; and FNQ, ,, nitrification flux and denitrification flux
soil moisture content

T thickness of the soil layer

kr,; and kry, nitrification and denitrification rate constant

SMART:

FNH, ,; = fr,; (FNHS a ~— FNH

4 gu FNH, im)

FNO, 4 = fry (FNOI w * FNHy - FNO, ., - FNO, :'m)
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7. Protonation of organic anions
ReSAM and NuCSAM:

FRCOO,, =0 - T - kr,, - cRCOO

with:

FRCOO ,, protonation flux

kr,, protonation rate constant
SMART:

K
¢RCOO = RCOO * .27

K, +cH
with:
cRCOO sum of dissociated and non-dissociated organic acids

8. Carbonate dissolution/precipitation

RESAM and NuCSAM:

FCa, ,=p T kCa,,, ctCa, (cCa, - cCa)
were:
cCa, = KeCa,, - ﬂ
cHCO,
with:
FCa,, ., Ca weathering flux from carbonate
P bulk density
krCa,, ., Ca carbonate weathering rate constant
ctCa Ca content in carbonates
cCa actual Ca* concentration
cCa, CaZ* concentration in equilibrium with calcite
pCO, partial CO, pressure in the soil
SMART:
FBC,, . =0%*D#* (cCa, - cCa)

pCO,

cCa, = KeCa , - —co
3

9. Weathering of primary minerals
ReSAM and NuCSAM:

FX,__=p T kiX - ctX,,,, + H*® ; X = Ca, Mg, K, Na

we pm we pm m

FAl,, =3 FCa, . + 0.6 FMg,, ,n +3  FK,, ,, + 3 FNa

we pm we pm we pm

(congruent weathering of equal amounts of Anorthite (Ca), Chlorite (Mg},
Microcline (X} and Albite (Na))
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with:

FX, o pm weathering flux of element X from primary minerals

kX, e pm weathering rate constant of element X from primary minerals
X, content of element X in primary minerals

cH actual H™ concentration

o(X) unitless exponent

SMART:

FBC,, = input value
FAl,, om =2 FBC,,

10. Alurminium hydroxide dissolution/precipitation

ReSAM and NuCSAM:

FAL,, ,.,=p T -kEll -exp (kEL2 - ctAl,) - (cAl, - cAl)

cAl, = KeAl _ - cH?

with:

FAl,, o Al weathering flux from Al hydroxides
krEl! and krEI2 Elovich weathering constants

ctAl Al content in hydroxides

cAl, AI** concentration in equilibrium with Al hydroxide
cAl actual AI** concentration

KeAl Al hydroxide equilibrium constant
SMART:

FAl,, ., = 0% D* (cAl, - cAl, )

cAl = kAl * cH®
11. Cation exchange

SMART, ReSAM and NuCSAM:

X 2
T Kex, - X
frBC BCH

ac

X = H, Al, Mg, K, Na, NH, and BC = Ca for ReSAM and NuCSAM
X =H, Al and BC = Ca + Mg for SMART

with:

X, fraction of cation X on the adsorption complex

KeX,, Gaines-Thomas selectivity constant for exchange of cation X against
Ca2+

cX concentration of cation X in the soil solution

Zy valeace of cation X
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12. Sulphate adsorption

SMART, ReSAM and NuCSAM:
SSC - KeSO, ;- ¢SO,

et = KeSO, - ¢SO,
with:
ctSO, 5042' content at the adsorption complex
S8C 8042' sorption capacity
KeSO, 4 $O,> sorption constant
¢SO, SO, concentration in the soil solution

13. Dissolution/speciation of inorganic C

SMART, ReSAM and NuCSAM:

rCO,
cHCQ,; = KeCO, - =
with:
KeCO, product of Henry’s law constant and the first dissociation constant
of H,CO,
cHCO, HCO;" concentration in the soil solution
cH H* concentration in the soil solution
pCO, parttal CO, pressure in the soil
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