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s u m m a r y

Nutrient discharge to coastal waters from rivers draining populated areas can cause vast algal blooms.
Changing conditions in the drainage basin, like land use change, or climate induced changes in hydrology,
may alter riverine nitrogen (N) and phosphorus (P) fluxes and further increase the pressure on coastal
water quality. Several large scale models have been employed to quantify riverine nutrient fluxes on a
yearly to decadal timescale. Seasonal variation of these fluxes, governed by internal nutrient transforma-
tions and attenuation, is often larger than the inter-annual variation and may contain crucial information
on nutrient transfer through river basins and should therefore not be overlooked. In the last decade the
increasing availability of global datasets at fine resolutions has enabled the modelling of multiple basins
using a coherent dataset. Furthermore, the use of global datasets will aid to global change impact assess-
ment.

We developed a new model, RiNUX, to adequately simulate present and future river nutrient loads in
large river basins. The RiNUX model captures the intra-annual variation at the basin scale in order to pro-
vide more accurate estimates of future nutrient loads in response to global change. With an incorporated
dynamic sediment flux model, the particulate nutrient loads can be assessed.

It is concluded that the RiNUX model provides a powerful, spatial and temporal explicit tool to estimate
intra-annual variations in riverine nutrient loads in large river basins. The model was calibrated using the
detailed RHIN dataset and its overall efficiency was tested using a coarser dataset GLOB for the Rhine
basin. Using the RHIN dataset seasonal variable nutrient load at the river outlet can be satisfactorily mod-
elled for both total N (E = 0.50) and total P (E = 0.47). The largest prediction errors occur in estimating
high TN loads. When using the GLOB dataset, the model efficiency is lower for TN (E = 0.12), due to over-
estimated nutrient emissions. For TP, the model efficiency is only slightly lower (E = 0.36) in comparison
to the RHIN dataset.

Despite the lower model efficiencies for the GLOB dataset, we conclude that this dataset provided rea-
sonably good estimates of seasonal nutrient loads in the Rhine basin and is considered promising for
application to other, less documented, large river basins.

� 2009 Elsevier B.V. All rights reserved.
Introduction

Large rivers are major suppliers of N and P to estuaries and
coastal waters. Estimates of present riverine nutrient input to
estuaries amount to 35.45–63.8 Mt N y�1 and 22 Mt P y�1 (Global)
and 9.35–12.8 Mt N y�1 and 2.17–2.51 Mt P y�1 (North Atlantic)
(Tappin, 2002). By regulating primary productivity, nutrient input
from major rivers may affect the global carbon cycle on the long
term. Because biological production consumes CO2, and the carbon
is (partly) sequestrated in burial of marine sediments over time, a
close link between nutrient supply, primary productivity and cli-
mate change exists. On a shorter timescale, elevated nutrient con-
ll rights reserved.
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centrations may affect water quality by stimulating algal blooms to
such extents that eutrophic waters show oxygen depletion and re-
lated fish mortality. This phenomenon is not only a local scale
problem restricted to rivers and lakes in industrialised or intensive
agricultural areas, but is already seen to affect large areas of adja-
cent coastal waters (Rabalais et al., 2002) on which vast population
numbers depend their living. With growing population the pres-
sure on the coastal waters is likely to further increase in the future.
Improved wastewater treatment, on the other hand, may reduce
per capita nutrient loads. Global change can also alter nutrient
fluxes by causing a shift in the hydrological balance of the river ba-
sin. Higher runoff can potentially increase the mobility of nutrients
(temporarily) stored in the river basin. Even when mean runoff
may not change on the long term, seasonal changes (e.g. higher
winter runoff in combination with lower summer runoff) may alter
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Fig. 1. Tributaries and monitoring stations in the Rhine Basin.

404 S. Loos et al. / Journal of Hydrology 369 (2009) 403–415
the mobility of nutrients. Therefore, not only spatial variation, but
also short-term (seasonal) temporal variability is of importance
when considering future riverine nutrient transport to coastal
waters. The importance of the ratio in which nutrients are supplied
to coastal waters, requires the combined modelling of both N and P
loads. Thus global change impacts (emission and climate) assess-
ment require a seasonal, distributed model for both N and P that
is easily transferable between large river basins.

In recent years many modelling studies (Caraco and Cole, 1999;
Van Drecht et al., 2003; Seitzinger et al., 2005; Wollheim et al.,
2008) have made considerable progress in estimating nutrient
fluxes at the land–ocean transition. The key processes of the N
and P cycles are included in most nutrient export models. How-
ever, different process descriptions (empirical, conceptual, or pro-
cess-based) are used. Large scale models often use a lumped or
semi-distributed representation of the river basin (Caraco and Cole,
1999; Seitzinger et al., 2005). Spatial simplifications may be appro-
priate for static modelling of present conditions, but is likely to be
inadequate for future predictions where spatial variability in nutri-
ent stock related to landscape properties (relief, soil type, land use,
population density) may respond differently to external forces
(precipitation, temperature, runoff). Furthermore, most large scale
models do not account for the basic physics that drive the seasonal
variation (e.g. yearly temperature cycle, monthly precipitation
trend, fertilizer application during growing season). The contribu-
tion of particulate bound nutrients is often not explicitly modelled
in large scale nutrient export models. Some models (Caraco and
Cole, 1999; Beusen et al., 2005) estimate particulate nutrient load
based on an empirical relationship; distributed suspended sedi-
ment transport for nutrient transfer, however, has not yet been
incorporated. Basin to small scale models on the other hand, such
as Riverstrahler (Billen et al., 1994), which incorporate intra-an-
nual variation, are often too complex and unsuitable for large scale
modelling. Insufficient data availability and computational time
restriction hamper the use of these detailed nutrient models.

There is a lack of models designed for the intermediate, large
basin scale. A few models designed for the catchment scale (from
1 km2 to >1000,000 km2) exist, like the HBV-NP (Arheimer and
Brandt, 1998; Andersson et al., 2005) and PolFlow (De Wit,
2001). The HBV-NP model, however, use field-scale sub-models
that are highly data demanding. The PolFlow model was designed
to model average N and P loads for 5-year periods and is therefore
inappropriate for seasonal timescale modelling. It has been applied
to several larger catchments (e.g. Rhine, Elbe, Po).

The different approaches and the large variation in model re-
sults show that it remains difficult to simulate the key processes
properly. So far, most difficulties exist in simulating riverine phos-
phorus fluxes (Johnes, 2007) partly due to the complex interaction
with suspended sediments. Uncertainties in nutrient emission (e.g.
animal excretion rates, crop uptake), especially at the regional to
global scale, further frustrate nutrient modelling and contribute
to different model results.

With the increasing availability of global scale datasets at fine
resolutions (Table 3), allocation of nutrient input has improved
since the beginning of the 1990s. Good allocation is essential as
it affects the distance and time nutrients are subject to within-
stream attenuation. This enables us to fill the gap between detailed
but data-demanding models designed for individual river basins
and coarse scale models, both in space and time, designed for glo-
bal applications. Global scale datasets have already proven suc-
cessful in dynamic hydrological models (Alcamo et al., 2003) and
sediment flux models (Syvitski et al., 2005). Now progress can be
made in the dynamic modelling of nutrients.

The aim of this study was to assess nutrient fluxes at the larger
basin scale using global datasets. For this purpose, (1) a dataset
(GLOB) was assembled from globally available data sources, and
(2) a new model RiNUX was developed to calculate riverine nutri-
ent loads at the large river basin scale using these globally avail-
able data. This model is based on existing concepts and accounts
for the sources and the seasonal and long-term variability of both
dissolved (DN, DP) and particulate (PN, PP) transport of nitrogen
and phosphorus. We tested the applicability of the GLOB dataset
in the RiNUX model for the well-documented Rhine river basin
(Kwadijk and Middelkoop, 1994; De Wit, 1999; Behrendt et al.,
2000; Asselman et al., 2003). To this end, we calibrated the RiNUX
model against observed river nutrient data using a second more
detailed input dataset (RHIN) assembled by De Wit (1999). It
was assumed that this 1 km � 1 km resolution dataset, adequately
represents the spatial and temporal variability of nutrient inputs
within the Rhine basin. Subsequently, we applied the calibrated
model using the coarser-resolution GLOB dataset and evaluated
the model results using observed riverine nutrient fluxes in the
Rhine river.

In this paper the model structure and performance for present-
day conditions are presented. Eventually, RiNUX aims to
adequately simulate future N and P loads in large river basins for
global change impact assessment.

Rhine river basin

The river Rhine is the largest river draining into the North Sea
and has an upstream area of 185,000 km2 (160,000 km2 upstream
from Lobith (Fig. 1) at the Dutch–German border). The mean dis-
charge is 2300 m3 s�1 at Lobith (Middelkoop and Van Haselen,
1999). The Rhine is highly impacted by human activities: The
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Rhine river basin is occupied by 58 million inhabitants (46 million
upstream of Dutch–German border) and the mean population den-
sity of around 300 people km�2 is among the highest in the world.
Besides urbanisation, agriculture puts a major pressure on the
coastal environment through the application of large amounts of
industrial fertilizers (Crossland et al., 2005). Agricultural area cov-
ers the largest part of the Rhine basin (about 50%), followed by for-
est (over 35%), and built-up area (about 8%). Just over 1% of the
basin is covered by in-land waters. Although this is only a minor
fraction, these lakes trap large amounts of sediments and associ-
ated nutrients (Syvitski et al., 2003).

The nitrate concentration (minimum: 0.86 mg N l�1, maximum:
6.56 mg N l�1; IKSR, 2004) of the Rhine at Lobith (Dutch–German
border), observed between 1970 and 2003 contributes 86.9% to
the mean total N (TN) concentration. The average nitrate concen-
tration is 18 times higher than the global maximum (0.2 mg/l;
Meybeck, 1993) in unpolluted major rivers. For the downstream
reaches Venterink et al. (2003) reported PN concentrations up to
0.14 mg N l�1. These fractions, however, do not contribute much
to the TN load in the Rhine. At Lobith, the average observed TN load
ranged between 2174 and 2938 kg N km�2 y�1 in the period from
1970 to 1995. The concentration of phosphate in the Rhine at Lob-
ith over the same period has an average of 0.19 mg P l�1 (IKSR,
2004). This lies well above median pristine (0.010 mg P l�1;
Meybeck, 1993) and world median concentrations (0.025 mg P l�1;
Global GEMS in Meybeck, 1993). Phosphate forms 33.8% of the
median total P (TP) concentration in the Rhine; the largest part is
transported downstream as particulate phosphorus (PP). During a
short measurement campaign in downstream parts of the river
PP and DOP were found to be the major P fractions (Venterink
et al., 2003). Observed TP loads at Lobith decreased from
363 kg P km�2 y�1 to 77 kg P km�2 y�1 in the period from 1970 to
1995. The suspended sediment load in the river Rhine at Rees sta-
tion (Dutch–German border) is about 3.14 � 106 t y�1 (Asselman,
2000) of which the tributaries Aare, Main, Neckar, and Mosel rivers
are the largest suppliers (Asselman et al., 2003). Nitrogen content
from 11 suspended sediment samples taken from the middle Rhine
(at Lauterbourg) between January 1996 and June 1997 averaged
0.5 wt% (Lartiges et al., 2001). Suspended sediment samples taken
between 1989 and 2007 at Lobith showed a total P content of 0.05–
1.3 wt% with an average of 0.21 wt% (Waterbase, 2008).

Both nitrogen and phosphorus loads in the Rhine show strong
seasonal fluctuations (Fig. 2). The nitrogen loads are highest during
winter, when the water discharge is large and the TN concentra-
tions are high. During warmer months, the discharge is relatively
low and enhanced nutrient uptake in the watershed (Ahad et al.,
2006) is a likely cause for the observed low TN concentrations in
summer. For phosphorus a similar trend is visible, although less
pronounced.

Different nutrient transport models have been applied to the
Rhine Basin varying from empirical (Caraco and Cole, 1999;
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Fig. 2. Monthly averaged N and P loads for the monitoring station at Lobith.
Seitzinger et al., 2002, 2005) to more process-based (Behrendt,
1996; De Wit, 2001; Van Drecht et al., 2003), with different spatial
resolution (0.5 arc deg to 1 km). The PolFlow model (De Wit, 2001)
is a distributed model and calculates the average nutrient loads at
a 5-year temporal resolution. PolFlow was initially developed for
the Rhine Basin using an extensive dataset for the period 1970–
1995. It performs quite well with an average relative error of 13%.

Behrendt et al. (2000) used the conceptual, static, semi-distrib-
uted MONERIS model to calculate the nitrogen load in the river
Rhine and estimated 2472 kg N km�2 y�1 for the period 1983–
1987, and 1736 kg N km�2 y�1 for the period 1993–1997, resulting
in a deviation between calculated and observed loads of less than
30%. Van Drecht et al. (2003) estimated a yearly mean of
2865 kg N km�2 y�1 (observed: 2448 kg N km�2 y�1) exported at
the mouth of the Rhine using a global static model. The empirical
lumped model by Caraco and Cole (1999) estimates the nitrate ex-
port to be just less than 1200 kg NO3–N km�2 y�1 (observed:
1520 kg NO3–N km�2 y�1). Both models have not been calibrated
for individual rivers, but were used for estimating globally distrib-
uted N export from large river basins.

Model concepts and methods

Model overview

The RiNUX model simulates N and P transport in large river ba-
sins at 1 km � 1 km grid and monthly resolution. It consists of
three sub-modules: a soil module, a groundwater module and a
surface water module (Fig. 3). The model has been implemented
in the PCRaster environmental modelling language (Wesseling
et al., 1996). The nutrient surplus at the land-surface calculated
for each grid cell is stored in the soil compartment or transported,
directly or via the groundwater compartment, to the surface water
(river/lake) in which it is routed towards the river outlet. Water
and sediment fluxes, the main agents for dissolved and particulate
nutrient transport, govern the transport of nutrients between the
compartments. The water fluxes (surface runoff, percolation,
groundwater discharge, and river discharge) are calculated with
an adapted version of the global hydrologic PCRglobWB model
(Van Beek and Bierkens, 2006), which is a water balance model
based on the HBV concept (Bergström, 1995; Fig. 4). Sediment
fluxes (sediment delivery to the channel) are calculated in a soil
erosion model based on the RMMF model (Morgan, 2001), which
was redesigned for application to large river basins.

Hydrology

The hydrological model accounts for water storage in an inter-
ception store, a snow cover, and two soil stores (Fig. 4). Before pre-
cipitation reaches the upper soil store (PRECeff; m day�1), part of
the intercepted water in the canopy store is lost through evapora-
GW
River
Lake(2) (3)

LS (1)

Fig. 3. RiNUX flow diagram. Nutrients are transferred between three landscape
compartments: (1) the soil (LS), (2) groundwater (GW) and (3) surface waters
(River/Lake). Two independently run models (hydrological and erosion model)
provide water and sediment fluxes that drive the transfer of nutrients. The nutrient
transfers between the different compartments are highlighted with the thick
(dissolved) and dashed (particulate) arrows. In each ‘store’ losses may occur (thin
arrows).
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tion. The upper groundwater store (St1) has a limited storage
capacity (Stc1; m), whereas the lower store (St2; m) has an ‘infinite’
volume. The quick runoff (QQR; m day�1) is dependent on the de-
gree of saturation of the upper store:

Q QR ¼
St1
Stc1

� �b1

� PRECeff þ SCmelt
� �

ð1Þ

where SCmelt is snow melt (m day�1) and b1 is the shape coefficient
of direct runoff (–), which is a function of slope and degree of satu-
ration at field capacity. The water stored in the upper store can
never exceed its storage capacity, but spills the excess water to
the quick runoff. Quick runoff is defined as rainfall surface runoff
(QSR) plus snowmelt surface runoff (QSM). Snowmelt is calculated
based on thickness of the snow cover (SC (m)) and a degree-day
melt factor (m �C�1 day�1). From the upper store water can perco-
late (P; m day�1) to the lower groundwater store based on the sat-
urated conductivity (ks1; m day�1) and the relative soil moisture
content of the upper soil store (Eq. (2)).

P ¼min St1þ PRECeff � QQR; ks1 � St1
Stc1

� �b2
 !

ð2Þ

where b2 is the shape coefficient relating the unsaturated hydro-
logic conductivity to the degree of saturation (–). Baseflow (QBF;
m day�1) is calculated using a first order recession constant. In
accordance with the scheme in Fig. 4, the daily water balance is cal-
culated for each grid cell. The model is fed by daily climate data
(precipitation (PREC), evaporation (Eact) and mean temperature
(T)) obtained from the ERA-40 Re-analysis dataset (Uppala et al.,
2005). The river discharge (QChannel; m3 day�1) is calculated from
the sum of surface runoff and baseflow which is routed downstream
along a local drainage direction (LDD) grid. Lakes are treated differ-
ently; it drains water when water height (WHlake; m) exceeds a
fixed spill-level (WHoutlet; m):

Q lake ¼ k � ðWHlake �WHoutletÞ1:5 ð3Þ

where k is a calibrated discharge coefficient (m2 day�1). For the
nutrient model, the daily water fluxes are aggregated to monthly
values.
Sediment yield and transport

The sediment yield submodel is based on the RMMF model. The
sediment yield submodel considers soil detachment by raindrop
impact (rain splash) (F), detachment by overland flow (H) and hill-
slope sediment transport by overland flow. As the RMMF model is
intended for plot scale use, an adjustment to the transport capacity
(TC) concept was made for large scale application. The basic pro-
cess formulations, however, remained largely unchanged.

The same precipitation data that forces the hydrological sub-
model was used for the sediment yield submodel. Overland flow
was calculated according to RMMF. Note that this overland flow
is smaller than the quick runoff as calculated by the hydrological
submodel (Eq. (1)) as the latter also includes snow melt and
near-surface runoff. To apply the original RMMF model to large
scale basins, initially the basin was divided into small sub-catch-
ments at a 90 m resolution, using the SRTM digital elevation data
(CGIAR-CSI, 2004). Each sub-catchment was further divided into
a riparian part (the grid cell bordering the river channel) and an
upstream part (the remaining grid cells). For the calculation of H
and TC, the overland flow was scaled using a scaling parameter
representing the number of concentrated rills per grid cell width.
For each sub-catchment, the amount of sediment entering the river
network equals F plus H in the sub-catchment, maximised by the
TC in the riparian grid cell. The RiNUX model used this sediment
delivery flux in combination with soil nutrient content to calculate
the particulate nutrient input from hillslopes. This sediment sup-
ply from the hillslope (SD; kg mth�1) was added to the river sedi-
ment store (Stchan; kg).

The sediment transport in the river channel was calculated
using:

Ychan ¼ e � Q 2 � Schan ð4Þ

where Ychan is the sediment transport (kg mth�1), e is an erosion
constant (kg s m�3 mth�1), Q is discharge (m3 s�1) and Schan is the
channel bed slope (–). For low discharges an erosion threshold
(Ythreshold; kg mth�1) was introduced. Below this threshold, the
resuspension of sediment from Stchan into transport was zero and
the river was assumed to transport a minimum suspended sedi-
ment load (washload that stays in suspension at low discharges;
Swl (kg mth�1)) in accordance with a study by Doomen et al.
(2008). Once the sediment is in suspension the material is trans-
ported all the way down to the river outlet even if in downstream
cells the erosion threshold is not met. The sediment delivery to
the downstream channel cell is thus the washload added to the sus-
pended sediment load from its upstream cell (excluding washload)
plus an optional supply from the river sediment store.

In lakes only a fraction of the sediment delivered from upstream
channels was transported downstream. This fraction linearly de-
pends on the lake residence time.

Nutrient fluxes

The soil module (Fig. 5; (1) in Fig. 3) is the ‘core’ of the RiNUX
model; here the net input of nutrients from diffuse sources is
added to the soil store, which consists of a labile and stable pool.
The nutrient balance per grid cell is calculated by adding up the in-
put amounts (inorganic fertilizers, manure excretion by livestock,
atmosphere deposition (N), biological N fixation and weathering
(P)) minus direct losses (via volatilization and nutrient loss in crop
yield). Subsequently, the surplus is transferred to either the GW
store (via leaching) or directly to the surface waters (via surface
runoff; in dissolved or particulate form), lost to the atmosphere
(via denitrification (N)), or (temporarily) stored in the soil. The
pathways of the nutrient surplus are primarily influenced by the
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hydrological fluxes, but also by soil properties, nutrient availabil-
ity, and climatic factors such as temperature.

Soil nutrient inputs
The calculated monthly nutrient surplus is added to the labile

pool, as its mobility is high at the time of emission. Inputs from fer-
tilizer, and manure and N fixation by legume crops follow a sea-
sonal trend in line with crop and plant requirements and were
added to the labile soil pool at the start of the growing season.
The N input from natural N fixation was distributed equally over
the 12 months. The input from atmospheric N deposition was
spread equally over the months each year and added as a diffuse
source to the soil store or added directly to surface water in lakes.
Phosphorus contribution from bedrock weathering was calculated
by multiplying a mean rock weathering rate, 27.5 t km�2 y�1

(Newman, 1995), with mean P concentration per rock type as in
Table 1 and was added to the labile pool.

Emission from population not connected to sewers is assumed
to be a diffuse source and was therefore added to the labile soil
pool. Nutrients from sewage systems were added directly to sur-
face waters.

Soil nutrient losses
Soil nutrient losses include losses through harvest, losses via

surface runoff and leaching to groundwater, denitrification, and
volatilization. The latter two processes only apply to N. Nutrient
loss by crop harvest was accounted for by incorporating a yield
term which was removed equally throughout the growing period
of the crops, simulating the uptake by plants.

Loss of particulate nutrients (PN; kg mth�1) to surface water via
surface runoff was calculated by multiplying the monthly sedi-
Table 1
P concentrations (mg g�1) in rock types (Newman (1995)).

Rock type Mean phosphorus concentrations (mg g�1)

Continental crust, surficial rock 0.6–1.2
Igneous rocks 0.6–1.3
Sedimentary rocks

Shales 0.7
Sandstones 0.4
Carbonates 0.2
ment yield (SD; kg mth�1), calculated in the soil erosion model,
by the dynamic fractional soil nutrient content (Ntot; kg kg�1) of
the topsoil layer (20 cm) and removed from the soil stable pool:

PN ¼ fstable � Ntot � SD: ð5Þ

where fstable is the stable fraction (–). The dissolved part transported
in surface runoff (DN; kg mth�1) is calculated under the assumption
that the labile nutrient pool is spread equally in the top meter of the
soil column for N and in the top 10 cm for P as P is more concen-
trated in the upper soil layer (Owens and Deeks, 2004). The concen-
tration in the soil is calculated by dividing the labile pool by the soil
water store. This concentration is multiplied by the amount of sur-
face runoff to obtain the quick component of the nutrient load that
enters the surface water.

Denitrification in the soil is modelled using the concept of Van
Drecht et al. (2003) in which various factors influence the denitri-
fication rate, namely soil texture, drainage conditions and soil or-
ganic carbon content, and temperature and residence time in the
rootzone. Residence time in the rootzone (RTrootzone; y) is estimated
by dividing the storage capacity of the topsoil up to 1 m below the
surface (Stc1; m) by the annual precipitation (Pyr; m y�1):

RTrootzone ¼ Stc1=Pyr ð6Þ

Denitrification is assumed to be inhibited if air temperature is
below 0 �C.

After all losses are removed from the labile pool, the remaining
nutrients in the labile pool can leach to the deeper groundwater.
The leaching rate is assumed to be proportional to the water per-
colation rate (Perc; m mth�1) and the ‘saturation’ state of the labile
pool (Nlab/NMlab). In case the actual N content (Nlab) exceeds a max-
imum labile pool capacity (NMlab), due to newly added nutrient
from the various inputs, the maximum of the nutrient excess and
the calculated leachate amount is taken, assuming a saturated la-
bile pool. To prevent unrealistic high N concentrations in the per-
colating water when the water flux is very small, the concentration
is maximised to 400 mg l�1.

Groundwater
The groundwater functions as a reservoir that is fed by monthly

leachate loads in which delay and retention takes place before the
resulting nutrient load is discharged to the surface water. From the
input, the leaching concentration (Cin; mg l�1) and groundwater
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recharge (Qin; mm y�1), to the aquifer, the groundwater concentra-
tion (Cgw; mg l�1) can be calculated as follows:

Cgw ¼
Cgw;prev � s � Q out;prev þ Cin � Q in

Q out � ð1þ sÞ ð7Þ

where s is the mean residence time (y) for a given area that water
stays in the groundwater store before exfiltration to the surface
water. As Eq. (7) applies to steady state conditions the long-term
average recharge (mm y�1) was used for Qin. The groundwater flux,
Qout, was calculated as follows:

Q out ¼ f � Q out;prev þ ð1� f Þ � Q in with f ¼ s� 0:5 � DT
sþ 0:5 � DT

ð8Þ

where DT is the model time step (y) and f determines the strength
of the ‘memory’ effect of the groundwater concentration based on
the residence time. s is calculated differently for lowland and up-
land aquifers. For lowland areas, s is estimated using:

s ¼ nD
N

ð9Þ

where n is aquifer porosity (–), D is saturated aquifer thickness (m),
and N is aquifer recharge rate (m y�1). As no adequate aquifer thick-
ness is available, a value of 50 m was chosen for the whole basin, inde-
pendent of the aquifer type, in accordance to the approach of De Wit
(1999). For consolidated rocks in upland areas, the groundwater
residence time was calculated according to McGuire et al. (2005):

s ¼ 0:0021 � L
G
þ 0:71 and L ¼ 0:5 � 1

DD
ð10Þ

where L is flow path length (m), G is flow path gradient (–), and DD
is drainage density (m m�2).

The groundwater module was run with a time step (DT) of one
year, as the groundwater nutrient concentration is assumed not to
show any seasonal variation, given that the majority of the ground-
water residence time >1 y. Part of the groundwater nutrient flux is
lost through denitrification (N) or adsorption (P) during transport.
The fraction retained in the groundwater reservoir is estimated by
assuming that the chance of groundwater flowing through a reten-
tion zone, in which all nutrients are denitrified, increases with age.
Accordingly, the actual nutrient load transport from groundwater
to surface water (Lgw; kg mth�1) was calculated using:

Lgw ¼ Cgw � 1000 � Q BF � 0:5ðs=szeroÞ ð11Þ

where szero (y) is the travel time at which half of the leached nutri-
ents are retained and QBF is the baseflow as calculated in the hydro-
logical model.

Within-channel processes
Within-channel nutrient attenuation was modelled using two

retention parameters a1 and a2:\

a1 ¼ Drate �maxð0; Tmth � TcritÞPt ð12aÞ

a2 ¼
1

1þ ðPsw1 � ð100 � Sþ 1ÞÞ � ðQ þ 1ÞPsw2
ð12bÞ

where Drate is the denitrification rate constant (�C�1), Tcrit is the crit-
ical temperature under which denitrification is inhibited (�C), Pt is a
parameter describing the temperature attenuation relationship (–),
and Psw1 and Psw2 are parameters describing overall loss and rela-
tive headwater loss, respectively (–). a1 (–) represents the attenua-
tion fraction as a result of biological uptake for which temperature
is taken as a proxy. a2 (–) originated from the PolFlow model (De
Wit, 2001) and represents the fraction retained caused by loss to
floodplains (slope (S) is used here as a proxy for their occurrence)
or long in-stream residence times (where discharge, Q, is a proxy
for the residence time in the channel). By combining the two
parameters into one transfer function (ariver), the fraction that is
transported to the downstream cell is calculated as:

ariver ¼ 1� a1 þ a2

2
ð12cÞ

The attenuation as a result of biological uptake (a1) was also ap-
plied to particulate associated nutrients. Retention of particulate
nutrients due to sedimentation and retention in lakes and reser-
voirs was simulated as the retention of sediment described in
‘‘Sediment yield and transport”. The attenuation of dissolved nutri-
ents in lake and reservoir systems was linearly related to water
residence time.

Model initialization and calibration

For the initial state of the stable pool the soil nutrient content
from the FAO soil database (Batjes, 1996) was taken for the top
100 cm, the maximum depth that is assumed to contribute to re-
moval of dissolved nutrients by quick runoff. The labile pool con-
tent was initially set to zero, assuming all labile fractions have
been washed out the topsoil prior to new nutrient loading. A fixed
long-term transfer of 25 kg ha�1 from the labile to non-labile pool
was assumed for agricultural soils. Mineralization of organic (non-
labile) nutrient fractions to inorganic nutrient fractions was not in-
cluded in the current RiNUX version.

The groundwater concentration was initialized by a 20 year run
from 1950 to 1970 using a linear increase in loading from zero in
1949 to the nutrient surplus in 1970.

Monthly averaged discharge at Lobith was used for calibrating
the hydrological model. The years 1970–1980 were used as spin-
up for the model. Ythreshold and e were calibrated by fitting the mean
annual suspended sediment flux at Lobith over the period 1984–
2000 against the observed mean for the same period. Swl was taken
by taking the minimum observed concentration at the outlet sta-
tion. The nutrient parameters were calibrated with trial and error,
taking in to account the ranges for p and szero (Table 2).

Data for model input and validation

The various GIS layer maps used in all modules of the RiNUX
model are listed in Table 3. First, the RiNUX model was run and cal-
ibrated with the best available emission dataset, RHIN, of De Wit
(1999) against TN and TP loads at Lobith. Subsequently, the cali-
brated model was run with the global GLOB emission dataset (Ta-
ble 3) to test the model performance using this coarser dataset at
the large river basin scale as input. The RHIN and GLOB datasets
contained the same hydrological and sediment input data. How-
ever, most nutrient input and loss maps differed between the
datasets.

The hydrological model was run using climate data from the
ECMWF 40 Year Re-analysis (ERA-40) Data Archive (precipitation,
temperature, evaporation). The ERA-40 global dataset consists of
daily maps covering the period from mid-1957 to mid-2002.
Hydrological data (daily discharge) was obtained from the GRDC
(2007) for 18 stations and daily suspended sediment load mea-
surements were obtained from BfG (2007). Water quality data TN
and TP loads (measured twice a month) was obtained from IKSR
(2004).

The RHIN dataset contains diffuse emission maps (fertilizer
and manure application, crop nutrient yield, atmospheric deposi-
tion, and household wastes from population not connected to
sewerage) and point source emission maps (separate maps for
emission from sewage and waste water treatment plants
(WWTPs), and from industries) for five succeeding periods of
5 years starting from 1970, that was assembled on a sub-na-
tional to district level (in total 415 areas) for the entire Rhine



Table 2
Parameter description.

Parameter Description Method of estimation Value

Hydrology
b1 Shape coefficient for direct runoff (–) Scaled to the area with deep groundwater and available soil moisture

storage at field capacity
Distributed

b2 Shape coefficient relating the unsaturated hydrologic
conductivity to the degree of saturation (–)

Log-linear relationship between unsaturated hydrologic conductivity and
degree of saturation of the upper store

Distributed

K Discharge coefficient (m2 s) Calibrated against discharge data 0.34

Sediment
e Channel bed erosion constant (kg s m�3 mth�1) Best guess estimate 1.5
Ythreshold Threshold above which erosion from river store takes place

(kg mth�1)
Best guess estimate 0.0375

Swl Minimum suspended sediment load (washload) (kg mth�1) Based on the minimum observed concentration at the basin outlet Distributed

Nutrients
NMlab Maximum labile pool capacity (kg m�1 depth) Soil nutrient content in 1945 � parameter value 0.01 (N)

0.013 (P)
szero Groundwater travel time at which half of the leached nutrients

are retained (y)
A priori range 1–100 y 60 (N)

10 (P)
Pt Parameter describing the temperature attenuation relationship

(–)
A priori range 1–3 2.2 (N)

1.15 (P)
Psw1 Parameter describing overall loss within stream (–) Best guess estimate 50 (N)

50 (P)
Psw2 Parameter describing relative headwater loss (–) Best guess estimate 3 (N)

3 (P)
Drate Surface water attenuation rate (�C�1) Best guess estimate 0.000009 (N)

0.0001 (P)

Table 3
Overview of data used as input to the various modules: hydrology, sediment and nutrients (GLOB dataset).

Input variable Year Resolution Source Application

General
Digital elevation model – 1 � 1 km GTOPO30/HYDRO1k (1996) Routing of water, sediment, and nutrients
Land cover 1992/

1993a
30 s IFPRI (2002) Allocation of agricultural area, populated

areas, and lakes
Percent tree cover 2002 30 s De Fries et al. (1999) Allocation of forested area
Soil properties (soil texture, drainage conditions,

organic carbon content)
– 5 min FAO-UNESCO (1995) Various applications

Hydrology
Daily temperature, precipitation, actual evaporation 1970–

2002
125 � 125 km ERA-40, Uppala et al. (2005) Climate input

Sediment
SRTM – 90 m CGIAR-CSI (2004) Slope

Nutrients
Soil N content (0–20 cm/20–100 cm) – 5 min FAO-UNESCO (1995) Relative nutrient content in soil layers
Lithology map – Polygons Dürr et al. (2005) Diffuse emission input
NOy/NHx deposition (EU and US) 1978–

1994b
0.5� EMEPd/NADPe (Holland et al., 2004) Diffuse emission input

1989–
1994c

NOy/NHx deposition (global) 1993 3.75� � 5� Dentener (2006) Diffuse emission input
Fertilizer application 1993 5 min FAOSTAT (2006) + Leff et al. (2004) + FAO

(2002)
Diffuse emission input

Manure application 2000 3 min FAO (2007) (GLiPHAf) + excretion rates Diffuse emission input
NH3-loss 1993 5 min Bouwman et al. (2002) Diffuse emission loss
Yield (crop harvest) 1993 5 min FAOSTAT (2006) + Leff et al.

(2004) + Bouwman et al. (2005)
Diffuse emission loss

Global population 2002 30 s LandScan (2002) Point emission input
1990–
2015

2.5 min CIESIN (2005)

a The PAGE Agric. Extent update (version2) was performed based on an improved interpretation of the 1992/93 AVHRR that was released in 2000. The land use–land cover
map is adapted from this interpretation.

b Wet deposition.
c Dry deposition.
d EMEP (Convention on Long-range Transboundary Air Pollution (Europe)).
e NADP (National Atmospheric Deposition Program (US)).
f Global Livestock Production and Health Atlas.
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basin. The GLOB dataset with global coverage was assembled for
this study, into various GIS layers of various resolutions (Table
3). This dataset contains emission maps for the same nutrient
sources or losses as in the RHIN dataset, except that no distinc-
tion is made between point source emission from households
and industries. Additionally, the GLOB dataset contains N emis-



Table 5
Biological N fixation rates (Schreiber et al., 2003).

Crop type kg N ha�1 y�1

Pulses 80
Clover 240
Alfalfa 240
Other legume crops 25
Free living organisms
Permanent crops 5
Permanent pasture 5

Table 6
Crop yield nutrient content estimates (Bouwman et al., 2005).

Crop type N content (kg N kg�1) P content (kg P kg�1)

Barley 0.017 0.0036
Cassava 0.002 0.0004
Seed cotton 0.029 0.0053
Groundnuts in shell 0.040 0.0042
Maize 0.014 0.0029
Millet 0.015 0.0030
Oil palm fruit 0.015 0.0031
Potatoes 0.003 0.0005
Pulses, total 0.035 0.0025
Rapeseed 0.035 0.0056
Rice, paddy 0.013 0.0025
Rye (other cereals) 0.016 0.0031
Sorghum 0.015 0.0030
Soybeans 0.035 0.0050
Sugar beets 0.002 0.0004
Sugar cane 0.002 0.0004
Sunflower seed 0.034 0.0045
Wheat 0.019 0.0034
Other crops 0.009 0.0016
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sion maps of biological N fixation, NH3 loss (volatilization), and a
map of P emission from rock weathering. These emission maps
were also used to complete the RHIN dataset. Although some
of the emission maps may link back to identical data sources
(e.g. trends in crop yield amounts and fertilizer consumption
(FAOSTAT, 2006)), differences exist in all input maps due to dif-
ferences in the applied scaling and aggregation techniques or
differences in the crop- or excretion coefficients used. All maps
in the RHIN dataset are based on data for 415 administrative
units, whereas the GLOB dataset is based largely on data at
the country level or other coarse resolutions as listed in Table 3.

From the FAOSTAT dataset, national trends in fertilizer load-
ing, livestock numbers and crop yield statistics were obtained.
The distribution of the applied fertilizer over cropland and grass-
lands was calculated using crop area and crop specific fertiliza-
tion rate (country based relative fertilization rates per crop
(FAO, 2002)) if available, or by using mean fertilization rate
per agricultural area. Crop area was calculated from the crop dis-
tribution given by Leff et al. (2004) rescaled to meet FAO coun-
try statistics for the year 1992. Although yearly harvested area
changes according to FAO statistics the crop distribution was
fixed in time in the model. The GLiPHA sub-national livestock
database (FAO, 2007) provided globally distributed maps of
dominant livestock species and numbers for the year 2000. The
livestock numbers were recalculated to 1993 values using the
FAOSTAT dataset. The spatial distribution was assumed to have
been constant in time. Manure production maps were derived
by combining these maps with excretion rates as listed in Table
4. N fixation by crops was based on fixation rates of N-fixing
crops (Table 5) in combination with FAO derived crop areas,
whereas fixation by natural vegetation was modelled following
Cleveland et al. (1999). Atmospheric deposition of NHx–N and
NOy–N was estimated from mean long-term spatially differenti-
ated values taken from Dentener (2006) and Holland et al.
(2004) for the year 1993. Deposition in other years was esti-
mated by assuming a linear trend between the year 1993 and
the reconstructed emission in 1860 or the predicted deposition
in 2050 reported by Dentener (2006). Volatilization losses were
derived from a global dataset of Bouwman et al. (2002). This
dataset was used for the year 1993. Volatilization loss for all
other years was estimated by scaling the loss to the relative
application of both fertilizer and manure in other years com-
pared to that in 1993. Since manure is generally subject to high-
er volatilization rates than other fertilizers, NH3 loss estimates
were calculated according to Bouwman et al. (2002) to be 21%
and 7%, from manure and fertilizer, respectively. Crop yield
was calculated based on the crop areas, the annual crop yield
statistics (FAOSTAT, 2006), and nutrient content per crop (Table
6).

N from point source emission was calculated using the data-
set provided by Bouwman et al. (2005). An adjustment to their
approach was made by including emission from the rural popu-
lation in the same way as the urban population. For P from point
Table 4
Livestock excretion rate estimates.

kg N head�1 y�1 kg P head�1 y�1

Bovine 50 9
Buffaloes 30 7
Cattle 70 11
Small ruminants 10 1.9
Goats 10 1.9
Sheep 10 1.9
Pigs 15 3.5
Poultry 0.6 0.2

Source: best guess from Smil (1999) and Schreiber et al. (2003).
source emission a similar approach was used by assuming a N:P
ratio of 6 for total emission per inhabitant per year according to
the values published by Kristensen et al. (2005). Furthermore, for
WWTP’s we assumed a slightly higher (1.28 times) removal effi-
ciency for P than for N (based on data provided by Kristensen
et al., 2005).

It is assumed that the land use, important for the allocation of
nutrient inputs, only shows temporal changes at sub-basin level
and that most of these changes are already implicitly taken into ac-
count by the population numbers and crop areas that are variable
in time.

Results & discussion

Hydrology

For the 1980–2001 period, the modelled monthly water fluxes
fit well to the observed data at the monitoring station at Lobith,
as shown in Fig. 6, (Nash and Sutcliffe, 1970; coefficient of model
efficiency E = 0.76). Furthermore, the modelled annual discharge
over the same period (7.36 � 1010 m3 y�1) is close to the observed
discharge (7.54 � 1010 m3 y�1). The seasonal trend is well repre-
sented, although for some years discharge peaks are not always
predicted. The modelled discharge of the upstream stations also
shows good agreement with the observed data. The minimum
modelled monthly discharge at Lobith is 1144 m3 s�1 (observed
minimum of 874 m3 s�1). The maximum modelled discharge of
5206 m3 s�1 is closer to the observed maximum 5453 m3 s�1. De-
spite a much coarser climate input dataset was used, the model
efficiency of the PCRglobWB model is comparable to that obtained
by Kwadijk and Middelkoop (1994). Therefore, we conclude that
the ERA40 data is suitable for basin scale hydrology modelling,
and provides a consistent dataset for inter-basin comparison.



0

1000

2000

3000

4000

5000

6000

7000

1980 1983 1986 1989 1992 1995 1998 2001
Q

 (m
3 /s

)

observed
modelled

Fig. 6. Monthly observed and modelled discharge (m3 s�1) at Lobith (Rhine) between 1980 and 2001.
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Sediment

The model results for the monthly suspended sediment (TSS)
load estimated for the Rhine basin upstream from Lobith (Fig. 7)
has a model efficiency of E = 0.23. The calibrated modelled annual
TSS load passing Lobith between 1984 and 2000 (2.94 � 106 t y�1)
was close to the observed load (2.82 � 106 t y�1). The observed
monthly TSS load during the period for which measurement data
was available (1984–1991 and 1994–2000) ranged between 29
and 1339 kg s�1. The modelled load for the same period had a
slightly narrower range of 71–1322 kg s�1. Nevertheless, most sed-
iment flux peaks and the range of monthly loads were simulated
reasonably well.

Nutrients

Inputs and losses
The largest absolute difference in net emission estimates be-

tween the RHIN and GLOB dataset is observed for nutrient loss
via crops harvest (yield) and N input to agricultural areas from
manure application (Table 7). The relative difference is highest
for other diffuse emission, mainly emission from households not
connected to sewerage systems. Overall, the GLOB dataset overes-
timates basin nutrient loading compared to the RHIN dataset with
33% and 17%, for N and P, respectively.

The RHIN and GLOB datasets used for this study differ in spa-
tial resolution. This inevitably led to generalizations in allocation
(district versus country level) and model parameters for emission
gains or losses (e.g. excretion rates, crop nutrient content, WWTP
efficiencies). The GLOB dataset uses global estimates that in real-
ity may differ from (sub)basin to (sub)basin. This may have
caused uncertainties in model input and, consequently, relatively
large uncertainties in the model output. Other inconsistencies
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Fig. 7. Monthly observed and modelled sediment load (k
may have arisen from the rescaling of few maps to the base years
1992/1993.

Although the RHIN dataset probably better allocates and quan-
tifies real nutrient inputs and losses, both the RHIN and GLOB data-
sets may contain errors. Table 7 lists the nutrient loading per
emission type summed for the entire basin. It clearly shows that
most of the uncertainty in nutrient emission estimation lies in
the direct inputs from point sources including industries; an often
used approach at global scale is to relate human nutrient emission
to GDP (gross domestic product). In this study, this approach was
also pursued for the GLOB dataset. The relationship between hu-
man nutrient emission to GDP may not be adequate for all individ-
ual river basins. Furthermore, it is debatable whether nutrient
emission from population not connected to sewerage directly en-
ters surface waters (as was assumed in this study) or is emitted
as a diffuse source.

The relative large difference in manure application may arise
from uncertainty in livestock numbers, but also from different
excretion rates used in the datasets. The relative underestimation
of N removal in crop yield by the GLOB dataset is likely due to var-
iation in crop nutrient contents used. Still, the difference in estima-
tion of the net (direct or diffuse) nutrient emission to the aquatic
system between the RHIN and GLOB dataset seems reasonable gi-
ven the large difference in detail of both datasets, and lies well
within the range of estimation errors that may arise from uncer-
tainties in the emission rate values.

N fluxes
Fig. 8 shows the modelled and observed TN loads at Lobith be-

tween 1990 and 2000. For the RHIN dataset, the modelled TN loads
fit generally well to the observed loads (E = 0.50) (Fig. 9). The GLOB
dataset has a lower efficiency of E = 0.12 (Fig. 10). For the modelled
period (1990–2000) minimum and maximum observed TN loads at
1993 1996 1999

t mth�1) at Lobith (Rhine) between 1984 and 2000.



Table 7
Comparison of nutrient emission for 1992 as estimated by the RHIN and GLOB dataset for the entire Rhine basin.

N inputs (+)/losses (�) (106 kg y�1) P inputs (+)/losses (�) (106 kg y�1)

Dataset Dataset

RHIN GLOB RHIN GLOB

Diffuse inputs (or loss) to the land
Fertilizer 99.8 103.5 16.0 16.0
Manure 81.7 102.9 19.5 18.5
Yield loss �117.2 �102.3 �22.6 �18.8
Other diffuse input 1.8 4.4 0.2 0.6
Total diffuse inputs 66.0 108.6 13.1 16.3

Point inputs to surface waters
Point sources 32.3 22.3 3.0 2.3
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Fig. 8. Total N load (kg s�1) at Lobith (Rhine) between 1990 and 2000.
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Fig. 9. Observed versus modelled total N load (kg s�1) using the RHIN dataset.
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Fig. 10. Observed versus modelled total N load (kg s�1) using the GLOB dataset.
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Lobith are 4.1 kg s�1 and 29.2 kg s�1, respectively. Modelled loads
range between 4.1 and 20.0 kg s�1 for the RHIN dataset and 3.3–
26.6 kg s�1 for the GLOB dataset. The model results for TN show
a pronounced seasonal variation in line with the observed high
TN loads in winter and lowest observed TN loads in the summer
months (Fig. 8). Also variation between years with wet years show-
ing higher nutrient loads is adequately simulated by RiNUX. Total
N loads for the whole period add up to 3.41 � 105 t (observed),
3.72 � 105 t (RHIN), and 4.46 � 105 t (GLOB). Groundwater is a
large supplier of nitrates contributing more than half of the TN load
observed at Lobith. The nitrogen load at Lobith is satisfactory cal-
culated by the RiNUX model when RHIN is used as input, generat-
ing the mean long-term TN load as well as the seasonal variability.
Some years do not show a perfect fit, which can be partly attrib-
uted to the hydrological flux input that also shows an underesti-
mation in peak discharge. The GLOB dataset slightly
overestimates nutrient loads, which is probably largely due to an
overestimation of nutrient emission (Table 7).

P fluxes
Fig. 11 shows the modelled and observed TP loads at Lobith be-

tween 1974 and 2001. The model efficiency for the P fluxes is
E = 0.47 for the RHIN dataset (Fig. 12) and E = 0.36 for the GLOB
dataset (Fig. 13). The minimum TP loads for the 1974–2001 period
are 0.2 kg s�1 (observed), 0.7 kg s�1 (RHIN), and 0.4 kg s�1 (GLOB).
For the same period, the maximum TP loads are 3.2 kg s�1 (ob-
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served), 2.4 kg s�1 (RHIN), and 3.3 kg s�1 (GLOB). As for TN, the sea-
sonal variation of TP loads is well simulated (Fig. 11). The total ob-
served P flux between 1974 and 2001 is 8.55 � 105 t. Using the
RHIN dataset, the TP flux is estimated at 10.57 � 105 t versus
10.42 � 105 t using the GLOB dataset. Both datasets overestimate
the TP load from the 90s onwards. If the total P flux between
1974 and 1990 is considered, much better results are obtained;
estimates amount to 6.95 � 105 t (RHIN) and 7.14 � 105 t (GLOB)
versus the total P flux of 6.71 � 105 t observed at Lobith.

The shift from high loads during the 80s to lower loads in the 90s
is reasonably represented by the model, although the observed trend
is more pronounced. The overestimation of P loads after 1990 is
probably due to an overestimated contribution from households.
Tertiary treatment and the reduced use of P containing washing
detergents has caused a decline of P emissions since the beginning
of the 1990s (Van der Perk, 2006). However, the introduction of ter-
tiary treatment was not reflected in the GLOB dataset because a con-
stant fixed ratio between the N and P removal efficiency coefficient
was used. This has lead to an underestimation of the P removal effi-
ciency and a consequent overestimation of direct P input to surface
waters. Likewise, the last period of the RHIN dataset (1990–1995)
may not represent the WWTP removal efficiency for P correctly.

Conclusions & perspectives

This paper presented the newly developed RiNUX model to sim-
ulate and predict monthly N and P fluxes in large river basins. The
strength of the model lies in the fact that it takes seasonal variation
in nutrient loads and speciation between dissolved nutrient forms
and particulate forms originating from surface erosion on hill-
slopes into account. This makes the RiNUX model a powerful tool
to simulate within-basin processes at a large scale.

This study has shown that global datasets can be satisfactorily
used in seasonal nutrient flux modelling at the larger basin scale.
Still improvements can be achieved when the input maps gain
more detail.

The RiNUX model shows reasonably good results for both TN
and TP loads. Results from the detailed RHIN dataset are slightly
better than for the global, less detailed, GLOB dataset. The main
cause for the observed difference in simulated nutrient loads is
the relative overestimation of N and P surplus at the soil surface.
Seasonal variability is well represented, although winter loads
are generally overestimated. With improved global input (new
datasets or calibration against regional data) better results can be
achieved. The GLOB dataset is an incipient form of such a dataset,
providing a consistent parameterization for the comparison be-
tween the different large basins. This facilitates the understanding
of nutrient transfer under different (climatic) conditions and vary-
ing pressures (emission intensity), thereby enabling global change
impact assessment.
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In the coming years, the global datasets are expected to be ex-
tended and improved and become more readily available, which
provides an excellent perspective for application of the RiNUX
model to other large river basins. Although the application of the
RiNUX model would be straightforward if the GLOB dataset or fu-
ture improved datasets are used, it is likely that some further
adjustments to the RiNUX model may be necessary for application
to river basins. These adjustments include (1) a coarser spatial res-
olution due to computational restrictions if larger basins than the
Rhine are modelled, (2) water withdrawal assessment in basins
where water redistribution is important, and (3) additional calibra-
tion of processes like snow melt and temperature dependent with-
in-stream nutrient losses for arctic and tropical river systems.
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