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Abstract: The Integrated Nitrogen in CAtchments (INCA) model simulates nitrogen transport and
processes within catchments. It was applied to the Simojoki river basin in northern Finland where major
human impacts are forest management and atmospheric nitrogen deposition. In this work the main emphasis
is to evaluate the sensitivity of the INCA model to hydrological input. Parameters defining vegetation
nitrogen uptake and denitrification rate were also studied. A simple univariate parametric (one-at-a-time)
sensitivity analysis was conducted for NOs-N leaching, NH4-N leaching and denitrification in forest cut areas.
Mineral nitrogen leaching was mainly influenced by hydrologically effective rainfall (HER). The parameter
that controls denitrification rate had more influence than hydrological input parameters on the total amount of
N that has been denitrified. There were only minor differences in parameter ranking between land use classes

studied.
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1. INTRODUCTION

The Integrated Nitrogen in CAtchments (INCA)
model [Wade et al. 2002] was applied to the
Simojoki river basin (3160 km®) in northern
Finland where major human impacts are forest
management and atmospheric nitrogen (N)
deposition. The INCA model is a semi-distributed,
dynamic nitrogen model which simulates nitrogen
transport and processes in six land use classes
within catchments. Sources of nitrogen can be from
atmospheric  deposition, from the terrestrial
environment or from direct discharges.
Hydrologically effective rainfall (HER) is used to
drive the nitrogen fluxes through the catchment
system. In this application HER was derived from
the results of the Watershed Simulation and
Forecast System (WSFS), which simulates
hydrology either on a sub-basin or on a river basin
scale [Vehvildinen 1994].

Forest management can affect many aspects of
river basin hydrology and nitrogen dynamics. Total
runoff generally increases with forest disturbance
as a result of reduced interception and
transpiration. Nitrogen is considered to be the
growth-limiting  factor in most terrestrial
ecosystems and natural ecosystems  are
characterized by a tight internal cycling of N.
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Leaching losses and gaseous losses are generally
less than a few kg N ha™' [Gundersen and Bashkin,
1994]. High leaching losses may occur after clear
cutting due to enhanced mineralization and
nitrification, and reduced N uptake of vegetation
[Seuna, 1988]. Lowering of the water table by
forestry ditching may also increase gaseous losses
from nutrient rich peatland although it has a minor
effect on poor peatlands [Martikainen et al. 1993].

Sensitivity analysis is primarily concerned with the
question of how model outputs are affected by the
variability of the model parameters and input
values. It gives useful information when these
components are incompletely known or if they are
subject to changes or misspecifications. Sensitivity
analysis provides the modeller with a list of
parameters classified according to their influence
on the model results. The analysis helps to identify
which parameters have the most significant impact
on the results. There are several different ways to
conduct sensitivity analysis [Hamby, 1994].

In this work the main emphasis is to evaluate the
sensitivity of the mineral N leaching and
denitrification to the hydrological input. One
reason for the study is to find out if hydrological
input was described in enough detail this kind of
modelling procedure. Also vegetation N uptake is
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Figure 1. Location of river Simojoki basin (sub-basins 64.01-64.09) in the
northern Finland

of interest, because the number of the land-use
classes is restricted and thus the age-distribution of
the vegetation cannot be taken into account. A
simple univariate parametric (one-at-a-time)
sensitivity analysis is conducted for the INCA
model. The model outputs studied are NO3-N and
NH4-N leaching and the total amount of N
denitrified.

2. MATERIAL AND METHODS

2.1 INCA model

On the basis of earlier work by [Whitehead et al.
1998], a new version of the INCA model has now
been developed. The structure of the new version
differs from the original, in which soil-water
retention volumes have been added and the process
equations are now written in terms of loads rather
than concentrations [Wade et al. 2002]. The INCA
model is a semi-distributed, deterministic, dynamic
nitrogen model which simulates and predicts

nitrogen  transport and  processes  within
catchments. Sources of nitrogen can be from
atmospheric  deposition, from the terrestrial

environment or from direct discharges. The model
can simulate N processes in six land use classes
simultaneously. There are three components
included; the hydrological model, the catchment N
process model and the river N process model.

Hydrologically effective rainfall (HER) is used to

drive the nitrogen fluxes through the catchment
system. In this application HER is derived from the
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results of the Watershed Simulation and Forecast
System (WSFS) [Vehvildinen, 1994]. The basic
component of WSFS is a conceptual hydrological
model which simulates runoff either on sub-basin
or on river basin scale using precipitation, potential
evaporation and temperature as inputs. WSFS takes
into account soil frost and snow melt processes,
which dominate river discharge in winter and early
spring. Spatially uniform, lumped input data are
calculated for the whole river basin and spatially
semi-distributed input data are calculated for each
of the nine sub-basins. Rankinen et al. [2000]
showed that when comparing discharges simulated
by the INCA model with observed values, a better
fit was obtained with the semi-distributed
hydrological input data (sub-basin scale) than the
spatially uniform one (river basin scale). The
timing of flow peaks was simulated quite well with
both approaches, although the semi-distributed
input data gave a more reasonable simulation of
low flow periods and the magnitude of spring flow
peaks.

INCA models plant uptake of NH4-N and NO3-N,
nitrification, denitrification, mineralisation and
immobilisation within each sub-catchment. It uses
a generalised set of equations with parameter sets
specifically derived for the six different land use
classes. By modifying these parameters N fluxes
from each of the transformations for a given land
use can be calibrated against experimental and field
data available in the literature. Microbial N
transformations are temperature and moisture
dependent. Soil Moisture Deficit (SMD) and HER
are given as inputs.



2.2 Area description

The river Simojoki discharges into the Gulf of
Bothnia in the Baltic Sea. The river basin (3160
km?) is composed of nine sub-basins (Figure 1)
[Ekholm, 1993]. Over the period 1961-1975,
annual precipitation was 650-750 mm, mean
annual evapotranspiration about 330 mm and
annual runoff 350-450. There are about 170-180
winter days and the mean annual temperature is
+0.5 - +1.5 °C. The duration of the snow cover is
from the middle of November to May. The river
Simojoki freezes at the end of October or at the
beginning of November and the ice cover usually
breaks up in the middle of May.

The river Simojoki is a salmon river in near-natural
state, and the dominant human impact is forestry,
mainly forest drainage and cutting. Peatlands and
peatland forests are common in the region and an
average of 0.5% of the total catchment area is
felled annually. Forestry drainage was most
intensive during the 1960s and 1970s, and by 1991
over 30% i.e. 1000 km® of the total catchment area
had been drained. Urban areas cover only 0.06%
and agricultural fields 2.7% of the catchment
[Perkkit et al. 1995]. In this application the six
land-use classes are: forest on mineral soil, cut
forest on mineral soil, forest on organic soil, cut
forest on organic soil, agriculture and open surface
water. Land use classes are derived from the
satellite image based land use and forest
classification of Finland [Vuorela, 1997], in which
the different soil types are based on soil maps. In
parameterization of the forest cut areas final
cuttings were assumed, as well as forestry ditching
on organic soils.

2.3 Sensitivity analysis

One-at-a-time sensitivity analysis is one of the
simplest ways of investigating the sensitivity of a
model [Hamby, 1994]. It consists in varying one
parameter at a time while holding the others fixed.
In the current study the method of relative
sensitivity is used. The sensitivity of the model is
assessed via an index representing the influence of
the change of a particular parameter as compared
to the base-scenario, in which all the parameters
has nominal values. Dubus et al. [1999] and Dubus
[2002] presented the procedure of the Maximum
Absolute Ratio of Variation (MAROV). Relative
sensitivity for each model input parameter was
calculated as follows:

MAROVzMAX|(O_OBC)>< Isc| (1)
| (I_IBC) OBC|
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where O is the output value, O is the output value
for the base-case scenario, / is the input value, and
Ipc is the original input value for the base-case
scenario. The larger the index, the more influence a
parameter has. A MAROV of unity means that a
variation in the model input by x% will result at
most in the same variation (x%) in the model
output.

Sensitivity analysis was conducted for HER, SMD
and parameters defining vegetation N uptake (NO;
uptake rate, NH, uptake rate and maximum uptake)
and denitrification (denitrification rate).
Atmospheric deposition was left out of this study,
because it is typically very low in northern Finland.
Studied outputs were NO;-N leaching, NH4-N
leaching and denitrification. Studied land-use
classes were forest cut areas on mineral soil and on
organic soil. Total amount of vegetation N uptake
and total amount of N denitrified were calibrated to
values found in the literature [Mélkonen, 1974,
Martikainen et al. 1993, Martikainen et al. 1994,
Regina et al. 1996, Nieminen, 1998, Paavilainen
and Smolander 1998, Smolander et al. 1998].
Ranges of parameters were based on expert
judgement, and spatial field variability and possible
measurement errors reported in the literature. The
range of HER and SMD were based on the
variation between different sub-catchments
[Rankinen et al. 2002] and on the effects of
forestry measures reported in the literature [Seuna,
1988, Alatalo, 2000]. The base-case scenario was
run by using the lumped hydrological input of the
year 1996. This year corresponded well with the
long-term average flow and, in particular, the
volume and timing of the spring flood was in good
agreement with observations.

3. RESULTS AND DISCUSSION

Relative sensitivity was <1 for all parameters
considered (Figure 2), which means that a variation
of a parameter by 10% would affect the results by
less than 10%. Results related to NO;-N leaching
were far less sensitive to changes in vegetation
uptake parameters or denitrification rate constant
than to changes in HER. NH4-N leaching was
mainly affected by HER. Total amount of N
denitrified was mostly affected by denitrification
rate constant, but partially by SMD and NO;-N
uptake rate constant. There were only minor
differences in parameter ranking between land use
classes studied.

The information of the ranking of parameters can
be used to identify those parameters whose values
require the most resources for their determination.
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Figure 2. Ranking of the parameters on the mineral N leaching and denitrification of the
INCA model according to MAROV values. In the figure symbol Max. upt. stands for
maximum vegetation N uptake, NO;-upt. for vegetation NO3-N uptake rate, NHy-upt.

for vegetation NH4-N uptake rate, denit. for denitrification rate, HER for hydrologically
effective rainfall and SMD for soil moisture deficit.

This information also helps decide in which
applications it is sufficient to wuse lumped
hydrological input and in which applications the
more laborious semi-distributed hydrological input
is needed. The results were realistic, and the
structure of the INCA model and the modelling
procedure seems to be correct.

The MAROV indicator is relevant for classification
purposes, even though it does not take into account
the mutual correlations of different parameters. The
advantages of this method are that it is easy to
conduct and the results are easy to interpret. The
method is suitable for detecting 'insensitive'
parameters to be excluded from the subsequent
calibration. In post-calibration studies where it is
preferable to know whether the obtained parameter
estimates are sufficiently accurate for the model to
yield reliable predictions, correlations between
variables should be considered [Elston, 1992,
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Janssen, 1994]. This work should be seen as a first
approach to studying the sensitivity of the INCA
model and it will be followed by a deeper study, in
which more parameters will be included and the
mutual correlations of different parameters will be
taken into account.

4. ACKNOWLEDGEMENTS

This study was supported by the Comission of the
European Union, the INCA project
(EVK1-CT-1999-00011). The authors would like
to thank Dr. Bertel Vehvildinen for providing
WSFS model simulations, Hannu Sirvid for
commenting on the sensitivity analysis and Maria
Holmberg for commenting on the manuscript.



S. REFERENCES

Alatalo, M. Metsitaloustoimenpiteistd aiheutunut
ravinne- ja kiintoainekuormitus. (The effects
of forest management on the loading of
nutrient and suspended solids, in Finnish).
Finnish ~ Environment 381,  Finnish
Environment Institute, Helsinki, 2000.

Dubus, I. G, C. D. Brown and S. Beulke,
Sensitivity analysis for the FOCUS leaching
models. Proceedings of the 1999 Brighton
Conference, Weeds, 15-18 November 1999,
Brighton, UK, 2, 543-548, 1999.

Dubus, I. G. and C. D. Bowen, Sensitivity and
First-Step Uncertainty Analyses for the
Preferential Flow Model MACRO, Journal
of Environmental Quality, 31, 227-240,
2002.

Ekholm, M., Suomen vesistdalueet. Vesi- ja
ympdristdhallinnon julkaisuja - sarja A 126,
1993.

Elston, D. A., Sensitivity analysis in the presence
of  correlated  parameter  estimates.
Ecological Modelling 64, 11-22, 1992

Gundersen, P. and V. N. Bashkin, Nitrogen
Cycling. In: Moldan, B. and J. Cerny, (Eds.)
Biogeochemistry of small catchments,
Chirchester, John Wiley & Sons Ltd, 255-
283,1994.

Hamby, D. M., A review of techniques for

parameter sensitivity analysis of
environmental  models, Environmental
Monitoring and Assessment 32, 135-154,
1994.

Janssen, P. H. M., Assessing sensitivities and
uncertainties in models: a critical evaluation.
In: J. Grasman and G. van Straten (Eds.)
Predictability and Nonlinear Modelling in
Natural Sciences and Economics, Kluwer
Academic, Dordrecht., 344-361, 1994.

Martikainen, P. J., H. Nykénen, P. Crill and J.
Silvola, Effect of a lowered water table on
nitrous oxide fluxes from northern
peatlands, Nature, 366, 51-53, 1993.

Martikainen, P. J., H. Nykénen, J. Silvola, J. Alm,
K. Léng, A. Smolander and A. Ferm,
Nitrous oxide (N,O) emissions from some
natural environments in Finland. 6th
International Workshop on Nitrous Oxide
Emissions, Turku, Finland, 1994.

Milkonen, E., Annual primary production and
nutrient cycle in some Scots pine stands,
Ph.D.Thesis, Department of Soil Science,
Helsinki, Finnish Forest Research Institute,
87, 1974.

Nieminen, M., Changes in nitrogen cycling
following the clearcutting of drained
peatland forests in southern Finland, Boreal
Environment Research, 3, 9-21, 1998.

321

Paavilainen, L. and A. Smolander, Nitrification and
denitrification in soil from a clear-cut
Norway spruce (Picea abies) stand, Soil
Biology and Biochemistry, 30(6), 775-781,
1998.

Perkkio, S., E. Huttula and M. Nenonen, Simojoen
vesiston vesiensuojelusuunnitelma. Vesi- ja
ympdéristdhallinnon julkaisuja-sarja A 200,
1995.

Rankinen, K., A. Lepistd6 and K. Granlund.
Hydrological application of the INCA
(Integrated Nitrogen in CAtchments) model
with varying spatial resolution and nitrogen
dynamics in a northern river basin,
Hydrology and Earth System Sciences,
2002, accepted.

Regina, K., H. Nykénen, J. Silvola and P.J.
Martikainen, Fluxes of nitrous oxide from
peatland as affected by peatland type, water
table level and nitrification capacity,
Biogeochemistry, 35, 401-418, 1996.

Seuna, P., Effects of clear-cutting and forestry
drainage on runoff in Nurmes-study,
Proceedings of the international symposium
on the hydrology of wetlands in temperate
and cold regions. Joensuu, Finland 6-8 June
1988. Helsinki. Suomen Akatemia, Suomen
Akatemian julkaisuja 1 (4), 122-134, 1988.

Smolander, A., M. Kukkola and E. Milkonen,
Metsdekosysteemin toiminta
typpikuormituksen alaisena. E. Maélkonen
(Ed.), Ympéristonmuutos ja metsien kunto.
Metsien terveydentilan tutkimusohjelman
loppuraportti, Metsantutkimuslaitos, 691,
175-181, 1998.

Vehvildinen, B., The watershed simulation and
forecasting system in the National Board of
Water and the Environment. Publ. of the
Water and Environment Research Institute
No 17, 3-16, 1994.

Wade, A.J., P. Durand, V. Beaujouan, W. Wessels,
K. Raat, P.G. Whitehead, D. Butterfield, K.
Rankinen and A. Lepist6, Towards a generic
nitrogen model of European ecosystems:
New model structure and equations,
Hydrology and Earth System Sciences,
2002, accepted.

Whitehead, P. G., E. J. Wilson and D. Butterfield,
A semi-distributed Integrated Nitrogen
model for multiple source assessment in
Catchments (INCA): Part I-model structure
and process equations, The Science of the
Total Environment, 210/211, 547-558, 1998.

Vuorela, A., Satellite image based land cover and
forest classification of Finland, Reports of
the Finnish Geodetic Institute 97, 42-52,
1997.



