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Abstract:

Process-oriented models of the retention of nitnoge catchments are by necessity rather

complex. We introduced several types of ensembles rihat can provide informative summaries of
meteorologically normalised model outputs and alsoify the extent to which such outputs are relaie
various model parameters. Thereafter we employisdt¢lchnique to examine policy-relevant outputshef
catchment model INCA-N. In particular, we examirrexlv long it will take for changes in the applicatiof
fertilisers on cultivated land to affect the predit riverine loads of nitrogen. The results showett the
magnitude of the total intervention effect wasueficed mainly by the parameters governing the ugmof
nitrogen in soil, whereas the temporal distributidrthe water quality response was determined piiyny

the hydromechanical model parameters. This raisesquestion of whether the soil nitrogen processes
included in the model are elaborate enough to ctiyrexplain the widespread observations of sloviewa

quality responses to changes in agricultural prasti
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1. INTRODUCTION

Numerous process-oriented deterministic models
have been developed to explain and predict the
flow of nitrogen through catchments (e.g.,
Arheimer & Brandt, 1998; Heng & Nikolaidis,
1998; Kroes & Roelsma, 1998; Whiteheadal,
1998a,b; Refsgaardt al, 1999). In general, such
models can satisfactorily describe prevailing
spatial distributions of riverine loads of nitrogen
Also, they can usually clarify most of the seasonal
variation and a considerable fraction of the short-
term temporal fluctuations in the nitrogen loads.
However, it is less certain how well the models can
predict several-year-long lags in the water quality
response to interventions in a drainage area. In
addition, the complexity of the cited models can
make it difficult to comprehend the relationships
between model parameters and the predicted
impact of interventions.

The present study was devoted to model reductions
that can help extract the essence of complex
process-oriented models driven by meteorological
data. Specifically, different types of ensemblesrun

were introduced in which natural fluctuations ie th
model output were suppressed by computing the
average output for a collection of artificially
generated time series of rainfall and temperature
data. Some of these ensemble runs were designed
to elucidate the fate of nitrogen applied on thié so
surface. Another group of simulation experiments
aimed to clarify water travel times in the
unsaturated and saturated zones.

The above-mentioned techniques were used to
determine how changes in fertiliser applications
affect the riverine loads of inorganic nitrogen
predicted by thentegrated Mrogen in_Cé&chments
(INCA-N) model (Whiteheadkt al, 1998b). Time
series of meteorologically normalised nitrogen
loads were computed, and the results were
summarised in impulse-response functions. We
also examined which model parameters had the
greatest influence on the total response and the
time lag between intervention and response.



2. THE INCA-N MODEL

The INCA-N is a semi-distributed, process-based
model of the flow of water and nitrogen through
catchments (Wadet al, 2002). INCA-N simulates
the key factors and processes that affect the aimoun
of NO; and NH, stored in the soil and groundwater

4, SSMULATION METHODS
4.1. Notation

From a mathematical point of view, the INCA-N
model and other deterministic substance transport

systems, and it feeds the output from these systems models can be regarded as functions

into a multi-reach river model. The final output of

the INCA-N model consists of daily estimates of

water discharge and NGnd NH, concentrations

in stream water at discrete points along the main
channel of the river.

INCA-N takes the following input fluxes into
account: atmospheric deposition of ammonium and
nitrate (wet and dry), application of N@nd NH,
fertlisers, mineralisation of organic matter
(vielding NH,), nitrification (yielding NQ), and
nitrogen fixation. From these data various output
fluxes (plant uptake, immobilisation, and
denitrification) are substracted before the amount
available for stream output is calculated.

Whenever relevant, inputs and outputs are
differentiated by landscape type and varied
according to environmental conditions (soil

moisture and temperature). The model also
simulates the flow of water from different kinds of

land use through the plant/soil system in order to
deliver the nitrogen load to the river system. The
load is then routed downstream, after accounting
for direct effluent discharges, and in-stream
nitrification and denitrification.

3. STUDY AREA

The empirical data we used were collected in the
Tweed River Basin which is located in Scotland
(4300 knf) and England (680 kip The land-
phase data included information about land use in
23 sub-basins, whereas the meteorological inputs
(air temperature and precipitation) were assumed
to be the same for the entire Tweed Basin (Jatvie
al., 2002).

The catchment of the River Tweed consists of a
horse-shoe-shaped rim of hills composed of older,
harder rocks which surround a relatively flat basin
of younger rocks covered with a thick layer of

glacial debris. The land cover ranges from heather
moorlands and rough grazing on the hills,

improved pastures on the lower slopes to arable
land in the lowlands, and the average applicatfon o
inorganic nitrogen on cultivated land is 106

kg/halyr. Average rainfall is about 650 mm in the

lower reaches of the catchment and considerably
higher in the highlands. The base-flow index is

estimated to approximately 0.5 for all sub-basins.

y=f(x)

The output is a scalar or a vector of moderately
high dimension, whereascan contain a very large
number of components. We introduce the notation
X(t, 2) to show that at least some of the components
of x can depend on timet)(and location %).
Moreover, we write

z, <z
to indicate thag is located upstream af and

yt,z) = f(x(sz;),s<t,z, < z)

to indicate that the output at tinhés a function of
both current and previous inputs to all sub-basins
upstream of the location under consideration.
Different types of model inputs are separated by
setting

X(s, 2) = (u(ty, 2), V(s, 2, W(s, 2), &2))
where
u(to, 2) defines the state of the system at tigpe

V(s, 2) is a vector representing the anthropogenic
forcing of the system;

W(s, 2) is a vector representing the meteorological
forcing of the system; and

@2 is a vector of model parameters.

The vectoru(ty, 2 contains information about
water content and concentrations of different
nitrogen species in different parts of the systém a
the onset of the observation period. Information
about fertiliser use can exemplify the content of
v(s, 2, and w(s, 72 can contain data on air
temperature and precipitation. The vecté{z)
includes hydrogeological parameters and rate
coefficients for nitrogen transformation processes.
Unless otherwise stated, we regard riverine loads
of inorganic nitrogen (NN + NH;-N) as the
primary response variable.

4.2. M eteorological normalisation

Meteorological normalisation aims to remove or
suppress the impact that random variation in
weather conditions has on the model output. We
performed so-called conditional normalisation,,i.e.
the predicted riverine load of inorganic nitrogen
was averaged over different meteorological



forcings, while the anthropogenic inputs were fixed
(Grimvall et al, 2001; Forsman & Grimvall,
2003).

A set {w;, i =1, ... ,n} of artificial meteorological
inputs with approximately the same statistical
properties as the original data series was crdated
resampling blocks of observed weather records
(Lahiri, 1999). Specifically, 30-day-long blocks
were sampled, each of which was randomly
selected from the different observation years aith
shift of up to 15 days in the Julian day. Thereafte
the model was run for each element of,{i = 1,

..., n}, and the mean output

y(t, z,) :%; f((uv,w;,0),s<t, z, < z,)

was computed for each time potntA total of 400
replicates of the meteorological forcing was found
to be sufficient to remove the weather-dependent
variation in the model output.

4.3. Ensemble runs mimicking the transport of
labelled nitrogen species

Laboratory and field experiments involving
labelled nitrogen species have contributed
substantially to current knowledge regarding the
turnover of nitrogen in soil (e.g., Shest al,
1989). Any process-oriented model that can
accommodate user-defined time series of fertiliser
inputs can be employed to mimic important
features of such experiments.

Let v(s, )l designate a given fertilisation scheme
and let Av(s, )/ denote a minor change in that
scheme. We can then compute the difference

Af = f(u,v+Av,w,0) - f(u,v,w,0) (1)

for each time point. If Av(s, J7= 0 for the second
year and onwards, such calculations can provide
information about the fate of the nitrogen applied
during the first year. Moreover, we can compute
impulse response functions for the impact of
fertiliser application on riverine loads of nitroge

4.4. Ensemble runs mimicking the transport of
inert substances and water

If all processes involving transformation or
immobilisation of nitrogen are switched off, the
ensemble runs mentioned in the previous section
can provide information about the travel time of an
inert substance. In that case the flow of watéhés
only transport mechanism, thus such ensemble runs

5. RESULTS

Ensemble runs were made for a variety of systems
ranging from a soil column to entire catchments.
The simplest systems were defined as catchments
with a single sub-basin and a single land-use
category. Furthermore, in some of the ensemble
runs, all in-stream processes, including abstractio
of river water and direct emissions to the river,
were switched off. The base-flow index was varied
from zero to one in order to highlight the role of
groundwater in the riverine loads of nitrogen.

5.1. Nitrogen retention in smple systems

Figure 1 shows the meteorologically normalised
riverine loads of inorganic nitrogen obtained from
the INCA-N model to simulate a system consisting
of a single sub-basin comprising only arable land.
The weather-dependent interannual variation in
riverine loads was removed, but, despite that, the
values obtained for the different years are not
identical due to memory effects of the initial stat
of the simulated system.

Figure 1. Meteorologically normalised riverine

120

5S> 100 11+ 1T+ 1H

%E 80

S | B RIR B RN

35 60

2o 40 N HHHHE

mC

Ea 20 - HAENENEAENE

s 2

Z_g 0 T T T T T T
1 2 3 4 5 6 7

Year

loads of inorganic nitrogen for an artificial
catchment consisting of a single sub-basin
comprising only arable land and receiving a
constant level of ammonium and nitrate fertliser
(combined total 106 kg N/halyr). The base-flow
index was set to zero, and all in-stream processes
in the INCA-N model were switched off.

When the application of fertilisers was increased
by 1% the first year, the values Af (Eq. 1) were

positive for a sequence of years. Figure 2 illiega
the delay in the water quality response in a system
with base-flow index zero. Also, it can be seern tha
(due to removal of nitrogen through harvesting and
denitrification) the cumulated increase in riverine
loads was considerably smaller than the increase in
fertiliser application.

also reveal the travel times of water through the AS expected, the time lag in the water quality
unsaturated and saturated zones. In particular, it response increased with the base-flow index due to
can be established whether the nitrogen delivered the increased influence of groundwater (Figure 3).

from land to surface water is younger or older than However, the total intervention effect was
the water reaching the stream. unchanged, because the INCA-N model does not



include any transformation or immobilisation of
nitrogen in the saturated zone.
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Figure 2. Predicted response of riverine loads of
inorganic nitrogen to an impulse (1% increase) in
fertiliser application during the first year of the
study period. The diagrams show the following:
(top) the ratio of the cumulated increase in riveri
loads to the increase in fertiliser application;
(bottom) the relative frequency of travel times for
the applied nitrogen fertiliser. The simulated
system was the same as in Figure 1.
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Figure 3. Predicted response of riverine loads of
inorganic nitrogen to an impulse in fertiliser
application during the first year. The base-flow
index was set to 1. All other conditions were the
same as in Figure 2.

5.2. Water residencetimesin simple systems

Ensemble runs of the type defined in section 4.4
were undertaken to elucidate the water residence
times in the unsaturated and saturated zones. The
results obtained for two simple systems are
illustrated in Figure 4. It is especially noticeabl
that, on average, the inorganic nitrogen reaching
the river has a shorter travel time than the wister
which it is dissolved. This is due to the fact that
denitrification and plant uptake result in
preferential removal (or uptake) of the nitrogen
that has unusually long residence times.
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Figure 4. Predicted relative frequencies of travel
times for inorganic nitrogen and water in the
systems defined in Figures 2 and 3. The base-flow
index was set to zero (top) or one (bottom).

5.3. Senditivity analysis of the predicted
response to changesin fertiliser application

The INCA-N model does not include any
transformation or immobilisation of nitrogen in the
saturated zone. Under such circumstances it is
obvious that long residence times in groundwater
will cause long time lags in the water quality
response to land-use interventions in the drainage
area. It is also clear that high rates of
denitrification in soil and uptake by plants will
reduce the total intervention effect. Howeversit i
not as apparent how the parameters governing
nitrogen turnover in soil influence the travel time
for the nitrogen that is leached from land to stefa
water.

Figure 5 illustrates that, in the INCA-N model, the
length of the delay in water quality response is



independent of the mineralisation rate. Further
information about the sensitivity of predicted
intervention effects to selected model parameters i
given in Table 1. The total effect values in the
table represent the percentage of the nitrogen
applied on arable land that (eventually) reaches th
river. The relative importance of (almost) direct
response is expressed@msp,, where ;1 =1, 2,

...} is the probability distribution of the time lags
for the nitrogen that reaches the river.
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Figure 5. Predicted travel times of nitrogen in a
system consisting of a single sub-basin comprising
only arable land and with a base-flow index of 0.5.
Mineralisation rates (kg N Hayr?) are indicated

in the graph.

Table 1. Total effect of the intervention and
relative importance of almost direct response to
changes in fertiliser application in relation teeth
rates of different natural processes (M,
mineralisation; U, plant uptake; D, denitrificatjon
The base-flow index was 0.5 in all model runs.

Process rate Total | Almost
REREREG
0.5 0.02 0.001 47 0.46
0.25 0.02 0.001 47 0.46
0.5 0.01 0.001 59 0.54
0.25 0.01 0.001 59 0.54
0.5 0.02 0.005 40 0.42
0.25 0.02 0.005 40 0.42
0.5 0.01 0.005 49 0.48
0.25 0.01 0.005 49 0.48

5.4. Simulations of catchment-scale retention

When the INCA-N model is used to simulate the
flow of water and nitrogen through a whole
catchment, the total delivery of nitrogen to the
river is computed by summing all inputs to the

different parts of the river. The load of inorganic
nitrogen at the mouth of the river can be
considerably smaller due to in-stream processes
(Behrendt & Opitz, 1999). In addition, point
emissions, atmospheric deposition on water
surfaces, and abstraction of water can have an
impact on the riverine loads of nitrogen and the
response to interventions in the drainage area.

There are no major lakes in the Tweed Basin,
hence in-stream processes will have only a small
effect on the total travel times of nitrogen and
water through the catchment. Figure 6 illustrates
that the in-stream processes also have only a very
small impact on the cumulated response of riverine
loads to an impulse in fertiliser application.
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Figure 6. Predicted response in riverine loads of
nitrogen to an impulse (1% increase) in fertiliser
application in the entire Tweed Basin during the
first year of the study period. The two diagrams
were derived from ensemble runs in which in-
stream processes and direct inputs to water were
switched off (top) or all processes in the INCA-N
model were active (bottom).

6. DISCUSSION

This study shows that ensemble runs involving
artificially generated meteorological inputs can be
employed to extract model features that might
otherwise be hidden by the total variation in the
model output. Introducing ensemble runs clarified
how water and nitrogen travel times in the
saturated and unsaturated zones contribute to time
lags in the river response to interventions in the
drainage area.

The simulation techniques described here facilitate
comparative studies of different catchment models.
Also, ensemble runs provide useful input to

sensitivity analyses of model outputs. The results
obtained with the INCA-N model indicate that the

total intervention effect was influenced mainly by

the parameters governing the turnover of nitrogen
in soil, whereas the temporal distribution of the

water quality response was determined primarily
by the hydromechanical model parameters.



Moreover, we found that, almost regardless of the
model parameters, there was a relatively rapid
response to interventions in the drainage area Thi

Heng, H.H. and Nikolaidis, N.P. 1998. Modeling
of nonpoint source pollution of nitrogen at the
watershed scalel. Amer. Water Resour. Assoc.

seems to contradict the absence of an unambiguous 34, 359-374.

water quality response in many Eastern European
river basins, where agricultural practices changed
dramatically in the early 1990s (Stalnackeal,
2003).

Two potential explanations for our observations
call for further discussion. The first of these is
hydrogeological in nature and concerns the fact
that the groundwater residence times are rather
long in many river basins in the Baltic Republics
and Poland, and the monitoring programmes may
have failed to detect the water quality changes tha
have actually taken place. The second explanation
is directly related to the INCA-N model. Analyses
of ™N-labelled fertiliser residues in the soil have
clearly demonstrated that the dominating pathway
of inorganic nitrogen in soil includes uptake by
plants and subsequent mineralisation of plant
residues (Sheet al, 1989), and these conditions
can apparently prolong the travel time of nitrogen
in the unsaturated zone. However, INCA-N is
unable to model such decoupling phenomena.
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