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Nitrate-nitrogen  (NO3-N)  loading  from  a 734  ha  coastal  watershed  draining  into  the Baltic  Sea off
south-east  Sweden  was  simulated  using  a simple  modelling  approach  in  which  the  nitrogen  model
DRAINMOD-N  II and  a  temperature-dependent  NO3-N  removal  equation  were  incorporated  into  the  Arc
Hydro-DRAINMOD  framework.  Hydrology  and  water  quality  data  collected  during  six  periods  between
2003  and  2007  were  used  to test  Arc  Hydro-DRAINMOD  and  its performance  was  evaluated  by considering
uncertainty  in  model  parameters  using  GLUE  methodology.  The  GLUE  estimates  (5th  and  95th  percentiles)
and  calculated  monthly  NO3-N loads  were  in satisfactory  agreement.  There  are  some  sources  of errors
that may  affect  the  performance  of  the  framework,  such  as NO3-N load  calculations,  soil  denitrification
and  in-stream  removal  of NO3-N. Although  additional  measurements  may  help  to improve  the  under-
rediction uncertainty
ater quality

standing  of these  processes  and  reduce  uncertainty,  they cannot  completely  eliminate  the  uncertainty  in
framework  predictions.  These  uncertainties  must  be  evaluated  by some  methodology,  such  as  the  GLUE
procedure.  Sensitivity  analysis  showed  the framework  to be most  sensitive  to changes  in stream  base-
flow  and  N removal  processes  in the  stream  network.  These  results  show  that  the  Arc  Hydro-DRAINMOD
framework  can  be an  effective  tool to support  water  stakeholders  in managing  NO3-N loading  from  small
tile-drained  watersheds  at monthly  time  step.
. Introduction

In Sweden, N transport in lowland rivers has resulted in seri-
us coastal eutrophication problems (Larsson et al., 1985; Stålnacke
t al., 1999). This ongoing eutrophication has been the most perva-
ive anthropogenic alteration to marine coastal ecosystems, leading
o widespread hypoxia and large permanently reducing bottom
reas in the Baltic Sea (Vahtera et al., 2007). Special attention is
equired for coastal areas of southern Sweden including the island
f Öland, which have been classified as particularly vulnerable to
itrogen (N) leaching from agriculture and identified as nitrate
ulnerable zones according to the EU Nitrate Directive (SJV, 2006,
007).

To counteract the undesirable consequences of excessive nutri-
nt loads into aquatic systems, the processes controlling nutrient
xport from drained agricultural lands to downstream surface

aters need to be better understood (Fenn et al., 1998). However,
eld studies have shown that the effects of improved drainage
re difficult to quantify, where increasing drainage intensity on

∗ Corresponding author. Tel.: +56 2 978 5834; fax: +56 2 978 5746.
E-mail addresses: osalazar@uchile.cl, osalazarg@gmail.com (O. Salazar).
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agricultural land may have both positive and negative effects on
hydrology and water quality (Skaggs et al., 1994). The development
of hydrological models has allowed the description of the mech-
anisms of nutrient retention and release in these drained areas
(Thomas et al., 1992). Modelling of the processes and interactions
involved may  explain how land use and management practices in
coastal watersheds affect the recipient marine ecosystem (Valiela
et al., 1992). Computer hydrological models have become an inte-
gral component of many drainage projects with outputs that may be
used for planning, design, or operational decisions about matters
in which hydrological information is relevant and useful (Skaggs
et al., 2006). A number of models are available to predict the move-
ment and fate of nutrients and pesticides at field-scale: CREAMS
(Knisel, 1980), GLEAMS (Leonard et al., 1987), LEACHN (Hutson and
Wagenet, 1991), RZWQM (Singh and Kanwar, 1995) and SOILNDB
(Johnsson et al., 2002).

However, only a few models can be applied to quantify the
effects of drainage system design and management on losses of
agricultural chemicals, such as SOILNDB and DRAINMOD-N II.

DRAINMOD-N II (Youssef, 2003; Youssef et al., 2005) was  developed
to simulate N dynamics under different management practices
and soil and environmental conditions. It can be used with the
water management model DRAINMOD (Skaggs, 1978, 1999) for
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http://www.sciencedirect.com/science/journal/03783774
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he development and evaluation of methods that reduce N losses
rom drained agricultural land. DRAINMOD-N II has been tested
y Salazar et al. (2009) at field-scale in a coarse-textured soil under
ultivation in south-east Sweden, where predicted nitrate-nitrogen
NO3-N) load values have been found to be in good agreement with
eld data. The model has also been calibrated and validated for pre-
icting edge-of-field N losses from drained crop and pasture lands

n south eastern and Midwestern U.S. (Youssef et al., 2006; David
t al., 2009; Thorp et al., 2009; Luo et al., 2010; Ale et al., 2012) and
ermany (Bechtold et al., 2007).

The sum of N inputs to the stream network in a watershed
sually exceed loads discharged at the outlet, where the stream net-
ork acts as a filter retaining and/or removing N by processes such

s denitrification, sedimentation and plant and microbial uptake
assimilation) (Billen et al., 1991). Some researchers have reported
hat denitrification is the dominant nitrate (NO3

−) loss process in
ivers, where NO3

− is permanently removed through the forma-
ion and release of NO (g), N2O (g) and N2 (g) into the atmosphere
Seitzinger, 1988; Saunders and Kalff, 2001). Several studies have
stimated that a substantial amount of N (10–76% of total N input)
an be removed during transport through the network of streams
raining watersheds (Saunders and Kalff, 2001; Seitzinger et al.,
002; Birgand et al., 2007). Other studies show N retention values

ower than 10%, mainly for coastal watersheds with practically no
akes (Lepistö et al., 2006; Appelboom et al., 2008).

It is important to consider that management of nutrient inputs
o coastal ecosystems requires knowledge of both the magnitude
f N losses from the watershed and the proportion of N removed
uring downstream transport in the watershed (Seitzinger et al.,
002). The N removal rate in the stream network has been included

n several modelling approaches at the watershed scale, such as
GNPS (Bhuyan et al., 2003; León et al., 2004), a GIS-based model

Skop and Sørensen, 1998) and DRAINMOD-GIS (Fernandez et al.,
006). It has been represented either as a percentage of the total

 input (Bhuyan et al., 2003; León et al., 2004) or as an exponen-
ial decay model (Skop and Sørensen, 1998; Fernandez et al., 2002,
006). However, these approaches did not include temperature as

 factor affecting N removal rate, whereas temperature has been
dentified as a key factor in N denitrification experiments (Dawson
nd Murphy, 1972; Appelboom et al., 2006). In contrast, a recent
odelling study by Alexander et al. (2009) included temperature

s an explanatory variable to estimate N losses by denitrification in
iver networks, based on about 300 published measurements from

 variety of US streams.
Birgand et al. (2007) noted that the key to nutrient management

t the watershed scale is understanding and quantifying the fate of
utrients, both at the field scale and after they enter the aquatic
nvironment. Therefore, a distributed model that treats the water-
hed as a spatially variable physical system may  be more realistic
nd have significant theoretical advantages that make them more
seful (Ward and Robinson, 2000), for instance to estimate nutrient

osses from fields within a small watershed.
Process-based nitrogen modelling usually requires a large num-

er of difficult to measure parameters, which are usually estimated
hrough model calibration. Estimated N parameter values have
ncertainties that are propagated in each step of the calcula-
ions, an issue that should be assessed (Beck, 1987). Beven and
inley (1992) proposed the Generalised Likelihood Uncertainty
stimation (GLUE) methodology for calibration and uncertainty
stimation of distributed models at watershed scale. This method-
logy has been used in several watershed modelling approaches
nd has been shown to be an applicable and formal basis for appro-

riate uncertainty estimation (Mo  et al., 2006; Arabi et al., 2007;
hoi and Beven, 2007; Blasone et al., 2008).

The aim of the present study was to extend the inte-
rated Arc Hydro-DRAINMOD framework (Salazar et al., 2010) to
Fig. 1. Diagram of the study area in Kleva watershed with schematic network. Types
of  links and nodes are explained in Table 2.

predict NO3-N loads at the watershed outlet using a relatively
simple approach that can be used by local water stakeholders
for managing NO3-N loading. In this modelling approach the
nitrogen model DRAINMOD-N II and a temperature-dependent
NO3-N removal equation were included to create an Arc
Hydro-DRAINMOD framework for predicting NO3-N loading. The
performance of the framework was evaluated by considering the
uncertainties in model parameters using the GLUE methodology.
In addition, a sensitivity analysis was carried out using the GLUE
results. The Arc Hydro-DRAINMOD framework was tested by com-
paring simulated results with calculated NO3-N loads from a 734 ha
artificially drained coastal watershed on Öland Island draining into
the Baltic Sea off south-east Sweden for six periods between 2003
and 2007.

2. Materials and methods

2.1. Site description

The 734 ha artificially drained Kleva watershed is located on
the coast of the Öland Island in the Baltic Sea, off south-east
Sweden (latitude 55◦31′N, longitude 16◦23′E) (Fig. 1). Land use in
the watershed is predominantly agricultural. There are 95 fields in
the watershed, ranging in area from 0.2 to 32 ha. A detailed descrip-
tion of area, soil texture and crop rotation for all fields is presented
by Salazar et al. (2010).

The watershed soils, which are developed from glacial drifts,
are predominantly coarse-textured with low water-holding capac-
ity and high vertical saturated hydraulic conductivity (Ks). There
is a small area of peat-derived organic soil close to the outlet.
The watershed is underlain by sedimentary rocks such as lime-
stone, alum shale, sandstone and clay shale, which greatly restrict
downward movement of water, where the bedrock is covered by
Quaternary deposits of varying thickness ranging from 1 to 10 m
in the watershed. The watershed drains to coastal waters in the
Baltic Sea. It is characterised by flat topography, with average slope
lower than 1%. Steep slopes (>10%) only occur on hills located on
the eastern watershed boundary, where ground elevation is at its
maximum (50 m a.s.l.).

The climate on Öland is Marine West Coast (Cfb) according to the
Köppen–Geiger system (Peel et al., 2007). Average monthly tem-

peratures at Mörbylånga, Öland, range from −1.4 ◦C in February
to 16.8 ◦C in July, with a mean annual temperature of 7.4 ◦C and
long-term average precipitation of 475 mm (Alexandersson et al.,
1991).
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Table 1
Crop sequences, tillage practices and N fertilisation rates for crops in the Kleva
watershed.

Crop/date Activity N rate (kg N ha−1)

Peas
24 March Ploughing
31 March Planting
8 August Harvesting

Total N application 0

Potatoes
7  April Ploughing
14 April Planting and first split N fertilisation 50
16  April Second split N fertilisation 30
12  June Third split N fertilisation 30
26  September Harvesting

Total N application 110

Cultivated grassland
19 March Ploughing and manure application 60
26  March Planting and N fertilisation 20
7  September Harvesting

Total N application 80

Spring barley
24 March Ploughing
31 March Planting and N fertilisation 100
8  August Harvesting
15 August Stubble cultivation

Total N application 100

Sugarbeet
1 April Ploughing and manure application 60
8  April Planting and N fertilisation 55
10  October Harvesting

Total N application 115

Winter wheat
3 October Ploughing
10 October Planting
17 April First split N fertilisation 120
12  June Second split N fertilisation 30
4  September Harvesting
11 September Stubble cultivation
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of water management on water table depth by performing a one-
Total N application 150

Data on the 2003–2007 crop rotation for each field were
btained from the Swedish Board of Agriculture statistical database
nd from farmers in the Kleva watershed. During the study period,
rops were grown with conventional tillage, under rainfed condi-
ions, fertiliser and pest management practices typical of the region.
he main crops cultivated in the watershed were winter wheat
Triticum aestivum L.), sugarbeet (Beta vulgaris L. ssp. vulgaris),
erennial ryegrass (Lolium perenne L.), spring barley (Hordeum vul-
are L.), peas (Pisum sativum L.), potatoes (Solanum tuberosum L.)
nd bean (Phaseolus vulgaris L.). Crop sequences, tillage practices
nd N fertilisation rates for crops are summarised in Table 1.

The N sources to Kleva watershed are precipitation, syn-
hetic fertilisers, animal manure and N fixation by leguminous
rops. Using data on the average wet deposition of inorganic

 (NH4
+ + NO3

−) on Öland during 2003 and 2007 (Karlsson
t al., 2008), precipitation was estimated to contribute on aver-
ge 5.4 kg N ha−1 year−1 to the watershed. Nitrogen fertiliser and
anure rates were estimated from national statistics reported

or Kalmar County. Nitrogen fertilisers were generally applied at
lanting as nitrate in the spring, with rates ranging between 0
o 150 kg N ha−1. There is a pig farm close to the watershed and
herefore pig slurry was assumed to be the main manure source.
pproximately, 1 tonne ha−1 (dry matter) of pig slurry was applied
ne week before grass cultivation and sugarbeet planting, deliv-

ring about 60 kg N ha−1. Atmospheric N2 fixation by leguminous
rops, such as peas and beans, was estimated by the DRAINMOD-N
I model as described in a subsequent section.
anagement 129 (2013) 56– 68

The watershed is drained by a network of field ditches and
streams that drain into the Kleva river. Discharge was continu-
ously measured at the watershed outlet (see details in Salazar et al.,
2010). Drainage water grab samples were collected at the water-
shed outlet twice a month and analysed for nitrite plus nitrate as
nitrogen (NO3 + NO2-N) according to Swedish standards (Tecator,
1992). Since NO2-N is short lived in the soil–water–plant system,
measured NO3 + NO2-N were lumped together and considered to be
in NO3-N form, which was  used for comparison with framework-
predicted NO3-N values. Daily values of NO3-N concentrations were
estimated using linear interpolation of the measured values, as
proposed by Kronvang and Bruhn (1996) for studies with discrete
interval sampling in Denmark. Nitrate loads were calculated by
multiplying measured daily discharge by estimated daily concen-
tration.

2.2. Hydrological framework

ArcHydro-DRAINMOD is an integrated framework in which dis-
tributed predictions of watershed response are made based on the
field-scale hydrological DRAINMOD model and the Arc-Hydro data
model. A detailed description of the framework logic can be found in
Salazar et al. (2010). The GIS software ArcGIS Info 9.2 (ESRI, 2004)
is used as a common platform to embed model components and
to store model input data. The Arc-Hydro data model (Maidment,
2002) describes the drainage patterns in the watershed and con-
nects the DRAINMOD-simulated outflows from fields to the stream
network. DRAINMOD version 5.1 (Skaggs, 1999) is used to simulate
outflow from the fields.

The ROSETTA pedotransfer function model (Schaap et al., 2001)
is used to estimate soil hydraulic properties required for running
DRAINMOD. ROSETTA has the following advantages that: (i) it is
included as a utility in the distribution package of DRAINMOD, (ii)
coarse-textured soils, which dominate the Kleva watershed, are
well represented in the ROSETTA database and (iii) DRAINMOD
has been previously applied successfully on a coarse-textured soil
in Sweden using soil hydraulic properties estimated by ROSETTA
(Salazar et al., 2008).

DRAINMOD simulates drainage outflow and runoff on each field,
which are stored in a time series of outflow. The outflow time
series are routed from each field to the watershed outlet using
a schematic network created by Arc Hydro tools, where the out-
flows from each field are summed through the stream network to
predict the discharge at the watershed outlet. The model is also
used to simulate the stream baseflow as a single run representing
the conditions within the stream system that drains the water-
shed, which is summed to the stream network at the watershed
outlet. This approach is based on a DRAINMOD application pro-
posed by Northcott et al. (2002), who simulated stream base flow
in DRAINMOD using the depth of the drainage system and the drain
spacing to mimic  the conditions within the stream system that
drains the watershed. Thus, the watershed discharge is a combi-
nation of daily DRAINMOD-simulated outflow from each field and
daily DRAINMOD-simulated stream baseflow.

2.3. DRAINMOD

DRAINMOD (Skaggs, 1999) version 5.1 is a field-scale computer
simulation model that characterises the response of the soil water
regime to various combinations of surface and subsurface water
management, such as surface drainage, subsurface drainage, con-
trolled drainage and subirrigation. The model simulates the effects
dimensional water balance to a soil column located at the midpoint
between adjacent drains, and extends from soil surface to the top of
an impermeable soil layer. Subsurface runoff is computed using the
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reduced according to Eq. (3) as:

loadpassed = loadreceivedkden (3)

Table 2
Explanation of modules for links and nodes in the schematic network.

Type Purpose Process

Links
1 To represent the field

to stream network
transport

DRAINMOD-N II NO3-N
loss time series passed
from field to stream
network

2  To represent the along
stream network
transport

NO3-N loss routed along a
stream segment to the
watershed outlet

Nodes
1  To represent a field Store DRAINMOD-N II

NO3-N loss time series
2  To combine

DRAINMOD-N II field
NO3-N losses

Sum DRAINMOD-N II
NO3-N loss time series at a
junction along the stream
network to generate the
NO3-N loss in the stream
network flow

3  To combine
DRAINMOD-N II NO3-N
loss by stream

Sum DRAINMOD-N II
NO3-N loss by stream
baseflow time series and
O. Salazar et al. / Agricultural W

ooghoudt equation during water table drawdown and Kirkham
quation during surface ponding. Surface runoff is estimated as a
unction of a user defined surface depressional storage. Infiltra-
ion is approximated using the Green–Ampt equation. Simulated
vapotranspiration (ET) is computed from potential evapotranspi-
ation (PET) as limited by soil water availability. The model can
nternally calculate PET using the temperature-based Thornthwaite

ethod or externally calculated by any other PET method and read
y the model. A detailed description of DRAINMOD can be found
lsewhere (e.g. Skaggs et al., 2012).

.4. DRAINMOD-N II

DRAINMOD-N II (Youssef et al., 2005) is a field-scale,
rocess-based model that simulates C and N dynamics in the
oil–water–plant system for a wide range of soil types, climatic con-
itions and farming practices. As the name implies, DRAINMOD-N

I is a companion model to the drainage water management model
RAINMOD. DRAINMOD-N II simulates soil carbon (C) dynamics
sing a C-cycle adapted from the CENTURY model (Parton et al.,
987). It simulates a detailed N cycle that includes atmospheric wet
eposition, application of mineral N fertilisers including urea and
nhydrous ammonia (NH3), soil amendment with organic N (ON)
ources including plant residues and animal waste, plant uptake, OC
ecomposition and associated N mineralisation/immobilisation,
itrification, denitrification, NH3 volatilisation, and N losses via
ubsurface drainage and surface runoff. DRAINMOD-N II simulates

 reactive transport using a finite difference solution to a multi-
hase form of the one-dimensional advection-dispersion-reaction
quation. Model output includes daily concentrations of NO3-N and
H4-N in soil solution and drain flow, OC content of the top 20-cm

oil layer and cumulative rates of simulated N processes on daily,
onthly, and annual basis. A detailed description of DRAINMOD-N

I can be found in Youssef et al. (2005).

.5. In-stream nitrate removal

In the present modelling application, in-stream nitrate removal
as estimated based on the assumptions that the net loss in NO3-N

oad as drainage water moved from fields to the watershed outlet
as dependent on transit time and that denitrification was  the only

 removal process in the stream network.
Based on laboratory results, Dawson and Murphy (1972) found

hat denitrification rate in wastewater is positively correlated to
emperature and that the temperature dependency of the deni-
rification rate may  be approximated by the Arrhenius equation:

den = k0 exp
(

− E

RT

)
(1)

here kden is the denitrification rate constant, k0 is the frequency
actor, E is the activation energy (cal g-mol−1), R is the universal
as constant (cal g-mol−1 K−1) and T is the absolute temperature
K). As illustrated by Appelboom et al. (2006), the results of the
awson and Murphy (1972) study can be fitted to an empirical
xponential equation, where the denitrification rate depends on
wo decay coefficients (kc1 and kc2). Thus Eq. (1) can be represented
n a daily basis as:

den = kc1 exp(kc2Tt)  (2)
here kc1 is the decay coefficient 1 (dimensionless), kc2 is the decay
oefficient 2 (◦C−1 day−1), T is the daily average air temperature
◦C), and t is the transit time (day) (Birgand, 2000).
anagement 129 (2013) 56– 68 59

2.6. Application of ArcHydro-DRAINMOD to estimate
nitrate-nitrogen

In a previous study, the hydrological framework Arc Hydro-
DRAINMOD was  used to simulate watershed discharge (Salazar
et al., 2010). In the present study, the nitrogen model DRAINMOD-
N II and temperature-dependent NO3-N removal equations were
incorporated into the Arc Hydro-DRAINMOD framework to predict
NO3-N loading.

DRAINMOD-N II simulated daily NO3-N load for each field, with
input based on the individual characteristics of each field (i.e. soil
type, crop rotation and farming practices, and drainage system).
Daily NO3-N load predicted by the model was summed for each
field and stored in a time series. The schematic network created
by Arc Hydro tools for simulating watershed discharge was used to
route the time series of daily simulated NO3-N load from each field
to the watershed outlet (Fig. 1). The schematic network included
two types of links and three types of nodes (Table 2). The NO3-
N load routed from each field was summed through the stream
network to predict the NO3-N load at the watershed outlet on a
daily basis.

Nitrate load by stream baseflow for the watershed was sim-
ulated with DRAINMOD-N II as an individual component, which
represents the NO3-N leaching downward until it reaches the
groundwater reservoir and is then transported to the stream net-
work by groundwater discharge into the Kleva river. The model
was set to reflect the conditions within the stream systems that
drained the watershed based on two  assumptions: (i) the depth of
the main stream was set at 2 m,  which was  the average depth of
the Kleva river in the 2 km long reach upstream of the watershed
outlet; and (ii) the distance between the river and the watershed
boundary ranges from 500 to 2500 m,  which was  included in the
GLUE analysis, as described in detail in a subsequent section. The
NO3-N load that reached the watershed outlet (loadreceived) was a
combination of daily DRAINMOD-simulated NO3-N load from each
field and daily DRAINMOD-simulated NO3-N load by stream base-
flow. Finally, the load that passed through the watershed outlet was
baseflow with NO3-N
loss by stream network
flow at the watershed
outlet

NO3-N loss by stream
network flow at the
watershed outlet
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here loadpassed is the downstream NO3-N load (kg day−1),
oadreceived is the upstream NO3-N load (kg day−1) and kden is the
enitrification rate (Eq. (2)).

Arc Hydro-DRAINMOD was run for six periods for which com-
lete datasets were available: October 2003–June 2004 (Period 1),

uly 2004–June 2005 (Period 2), July–September 2005 (Period 3),
anuary–June 2006 (Period 4), January–June 2007 (Period 5) and
uly 2007–December 2007 (Period 6). The first three periods were
sed for the calibration process, while the last three periods were
etained for model validation. Daily NO3-N load estimated by lin-
ar interpolation and simulated daily NO3-N load values were both
ggregated to a monthly period. Model calibration and validation
as based on the comparison of estimated and predicted monthly

oads. The framework was not tested for predicting daily loads
ecause of the high uncertainty in the estimated daily loads caused
y the lack of high frequency measurement of NO3-N concentration

n drainage water.

.7. Nitrate loading framework parameters

The DRAINMOD-N II parameters used in this simulation were
ased on those reported by Salazar et al. (2009), who calibrated and
alidated the model for the cold conditions of south-east Sweden
nd from ranges published in the literature. Climatological daily
ata (2003–2007) were obtained from the meteorological network
tations in Kalmar County (SMHI).

Soil parameters for mineral soils (organic matter content <12%)
ere obtained from a soil survey in Kalmar county (Wiklert et al.,

983). Soil parameters for organic soils (organic matter content
12%) were obtained from values reported by Ingevall (1984) and
ätterer et al. (2006). Soil hydraulic properties required by DRAIN-
OD  were estimated using the ROSETTA pedotransfer model, as

pplied by Salazar et al. (2008). The estimated lateral saturated
ydraulic conductivity (LKs) values were in the range of 1–4 times
ertical saturated hydraulic conductivity (Ks) values.

DRAINMOD-N II parameters are summarised in Table 3. Crop
nd management parameters used in DRAINMOD-N II simulations
ere similar to those used by Salazar et al. (2009) for winter wheat,

ugarbeet and spring barley. For peas, beans, potatoes and rye-
rass, crop and management parameter values were obtained from
anges published in the literature. Although potatoes were grown
or tuber production and ryegrass as a cover crop, these were
ssumed to have a seed yield and seed N content (crop nitrogen).
ssigning a seed N content is a requirement of the standard DRAIN-
OD  N-II, which was originally developed for grain crops. Thus, the

ssumed seed N content was kept very small not to affect simula-
ions. Similarly, harvest index and root/shoot ratio were adapted to
onsider seed yield as potential crop yield. For the fallow periods,
eeds with a root depth of 5 cm were used to reflect the soil depth

rom which N may  be taken up in the absence of a crop (green fal-
ow). The nitrogen uptake tabulated function proposed by Youssef
2003) was used for the crops grown in the watershed. Table 3
ists common ranges for crop production parameters and plant
iochemical composition parameters.

Nitrate removal estimation (Eq. (5)) used the measured daily
verage air temperature and the two decay coefficients. These
ecay coefficients are parameters that had to be calibrated using the
LUE methodology, as described in detail in a subsequent section.

.8. Uncertainty estimation
The Generalised Likelihood Uncertainty Estimation (GLUE)
ethodology recognises the equivalence or near-equivalence of

ifferent model parameter sets as representations of hydrologi-
al systems, which is based on the concept of equifinality (Beven,
anagement 129 (2013) 56– 68

2006). A detailed description of the GLUE methodology can be
found elsewhere (Beven and Binley, 1992; Beven and Freer, 2001).
The GLUE procedure used in this study to quantify the uncertainty
in monthly nitrate loss predictions was  based on the assumptions
presented by Salazar et al. (2010), which are summarised below.

The traditional statistical likelihood measure modelling effi-
ciency (E) was  selected as likelihood function (Nash and Sutcliffe,
1970):

E = 1.0 −
∑n

i=1(Oi − Si)
2

∑n
i=1(Oi − O′)2

(4)

where Oi and Si are the ith observed and simulated values, respec-
tively, O′ is the mean of observed values and n is the number
of paired observed-simulated values. The value of E ranges from
minus infinity to 1.0. The goodness of fit between observed and
simulated values increases as the value of E increases. Modelling
efficiency of 1.0 represents a perfect match between observed and
simulated values, and zero E indicates that O′ is as good a predictor
as the model, whereas negative values indicate that the observed
mean is a better predictor than the model. Although E has the dis-
advantage of amplifying the effect of large errors when squared (Eq.
(4)), it was  chosen because its interpretation is well known and has
previously been used in many GLUE applications (e.g. Freer et al.,
1996; Mo  et al., 2006; Arabi et al., 2007; Choi and Beven, 2007;
Salazar et al., 2013).

In this study, the following likelihood thresholds of acceptabil-
ity were tested: E ≥ 0.3, E ≥ 0.4, E ≥ 0.5 and E ≥ 0.6, to check which
threshold ensured to bracket at least 60% of the observations. All
the simulations with E values higher than the likelihood thresh-
olds were retained for making predictions and were classified as
behavioural simulations. Parameter sets with E values lower than
the likelihood thresholds were classified as non-behavioural sim-
ulations and given a likelihood of zero.

When it is not possible to optimise all the parameters required
in a modelling approach, most emphasis in the GLUE methodology
must be placed on sensitive parameters that are important to give
a good fit to the observed values (Beven, 2006). Sensitivity analysis
conducted on DRAINMOD showed that the model is very sensi-
tive to change in soil hydraulic properties (Anderson et al., 1987;
Workman and Skaggs, 1994; Haan and Skaggs, 2003; Wang et al.,
2006), in particular, lateral saturated hydraulic conductivity (LKs)
in the soil layer where the drains are located (Haan and Skaggs,
2003). In this study nine parameters were calibrated using the
GLUE methodology: lateral saturated hydraulic conductivity (LKs)
(six replicates according to the textural classes found in the Kleva
watershed), the distance between the river and the watershed
boundary (DS) in the DRAINMOD-simulation of stream baseflow,
kc1 and kc2 (Table 4). The last two parameters were included in the
GLUE procedure because these were not measured and have few
literature references.

The distribution of parameter values was  defined on the basis
of some prior knowledge about the watershed for LKs and DS.
Although the initial parameter distribution for kc1 and kc2 was
subjectively defined, the range was  refined by comparison of the
predicted response within that range to define a suitable reference
prior distribution. In this study, 9600 Monte Carlo parameter sets
were simulated during Period 1 to Period 3 (calibration period).

For the present study, the 5th and 95th percentiles of the cumu-
lative likelihood distribution were chosen as the uncertainty limits
of the predictions. The 50th percentile was  used as a measure of
modal behaviour, which was  compared with calculated NO3-N load

values.

The predicted NO3-N load by each model run were ranked in
order of magnitude and, using the likelihood weights (E values)
associated with each run, a distribution function of the predicted
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Table 3
Summary of DRAINMOD-N II parameters in the Kleva watershed.

Soil physical and chemical properties

Soil type

Sand Loamy sand Sandy loam Silty loam Clay Organic

Clay fractiona 0.01 0.05 0.06 0.09 0.61 0.33
Silt  fractiona 0.06 0.16 0.21 0.65 0.33 0.31
Soil  water content at wilting point (cm3 cm−3)a 0.03 0.06 0.09 0.07 0.26 0.23
Dry  bulk density (g cm−3)a 1.64 1.74 1.42 1.72 1.46 0.51
Distribution coefficient for NH4 (cm3 g−1)b 1.42 1.76 1.84 2.09 6.40 4.08
Initial soil OC in the top 20 cm (�g C g−1)a 9950 19,500 29,100 9550 20,850 243,000

Crop  and management parameters

Peas Potatoes Ryegrass Spring barley Sugarbeet Winter wheat

Potential yield grain/seed (kg ha−1) 2670c 145d 500d 4730c 1100f 6740c

Plant shoot dry matter (kg ha−1) – 2000d 3870c – 3000f –
Root/tuber dry matter (kg ha−1) – 15,400c 300e – 19,000c –
Harvest index 0.46d 0.07e 0.15e 0.50f 0.27f 0.46f

Root/shoot ratio 0.38d 7.61e 0.15d 0.08f 4.67f 0.10f

Crop nitrogen (%) 4.53d 0.41d 2.00d 1.58f 2.00f 2.37f

Shoot N (%) 2.11d 4.06d 2.63d 0.59f 2.30f 0.73f

Shoot C (%) 43.60d 40.49d 41.05d 47.30f 26.23f 41.50f

Shoot lignin (%) 7.40d 7.45d 3.00d 6.10f 4.20f 5.70f

Root/tuber N (%) 2.37d 1.40c 1.58d 1.80f 0.76f 0.86f

Root C (%) 42.2d – 39.60d 39.20f – 36.50f

Root lignin (%) 14.6d – 7.90d 23.10f – 9.50f

Transport and transformation parametersf

Longitude dispersivity (cm) 5
Tortuosity 0.5
Critical pH 7.5

Nitrification Denitrification

Vmax (�g N g−1 soil d−1) 9 4
Km 170 30
Optimum temperature (◦C) 20 25
Threshold water-filled pore space – 0.8
Optimum water-filled pore space range 0.5–0.6 –

Organic matter parametersf

Optimum temperature (◦C) 30
Optimum WFPS range 0.5–0.6

Litter pools C/N ratio Decomposition rate (d−1)

Surface structural 150 1.0685 × 10−2

Surface metabolic 15 4.0548 × 10−2

Surface microbes 8 1.6438 × 10−2

Below-ground structural 150 1.3425 × 10−2

Below-ground metabolic 15 5.0685 × 10−2

SOM pools Initial OC assigned to pool (%) C/N ratio Decomposition rate

Active 2 15 2.0000 × 10−2

Slow 28 20 5.4795 × 10−4

Passive 70 10 1.2329 × 10−5

a Estimated from ranges published in the literature (Wiklert et al., 1983; Ingevall, 1984; Kätterer et al., 2006).
b Estimated according to Knisel et al. (1993).
c Data from the Swedish Board of Agriculture.
d Estimated from ranges published in the literature.
e Calculated considering seed production.

N
m
w
a
B

u

f Reported by Wesström (2006) and Salazar et al. (2009).

O3-N load was calculated. The likelihood associated with each
odel run and the predicted percentiles (5th and 95th percentiles)
ere updated as each new period of data was included into the
nalysis from Period 1 to Period 3 (calibration period), using the
ayes equation (Beven and Binley, 1992).

The posterior likelihood distribution determined after Bayesian
pdating was used to validate Arc Hydro-DRAINMOD by
comparison with observed data that were not used in the likeli-
hood updating. This was done for Period 4 to Period 6 using the
posterior likelihood distribution calculated for Period 1 to Period

3. In model calibration/validation, monthly loads calculated by
linear interpolation and predicted 5th and 95th percentiles NO3-
N loads were compared by calculating the NO3-N load deviation
(Ed). This statistical measure determines the percentage when the
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Table 4
Parameter ranges used in Monte Carlo simulations for the Kleva watershed.

Parameter Description Minimum value Maximum value

S–LKs [cm h−1] Lateral Ks in soils with sand textural class 160 643
LS–LKs [cm h−1] Lateral Ks in soils with loamy sand textural class 105 420
SL–LKs [cm h−1] Lateral Ks in soils with sandy loam textural class 38 152
SIL–LKs [cm h−1] Lateral Ks in soils with silty loam textural class 18 72
C–LKs [cm h−1] Lateral Ks in soils with clay textural class 15 60
ORG–LKs [cm h−1] Lateral Ks in organic soils 8 32
DS  [m]  Distance between the river and the watershed boundary for stream baseflow simulation 500 2500
kc1 The decay coefficient 1 in Eq. (6) 0.5 1
kc2 [◦C−1 day−1] The decay coefficient 2 in Eq. (6) 0.001 0.005

F spirat
t

m
t
b

E

w
u
t
s
t
s

ig. 2. Monthly sum of measured precipitation (P), calculated potential evapotran
he  Kleva watershed for Periods 1–6.

odel simulated 5th and 95th percentiles bracket the observa-
ions and was adapted from the acceptability variables proposed
y Thorndahl et al. (2008):

d,p =
∑n

i=1Si,p −
∑n

i=1Oi∑n
i=1Oi

(5)

here Oi is the individual observed value at time i, Si,p is the individ-
al simulated value at time i, p is the percentile (5th or 95th) and n is

he number of paired observed-simulated values. The value of Ed,5th
hould be negative for a model, showing that the prediction is less
han the observation and that overprediction is prevented. Corre-
pondingly, Ed,95th should be positive for a model showing that the
ion (PET), average air temperature (T), river discharge and nitrate load (NO3-N) in

prediction is larger than the observation and that underprediction
is prevented.

2.9. Sensitivity analysis

A sensitivity analysis was  carried out for all nine parame-
ters selected in the Monte Carlo simulations (Table 4) using the
GLUE results. This methodology was  proposed by Hornberger and
Spear (1981) and adapted by Beven and Binley (1992) to con-

sider the likelihood weights for the behavioural simulations. In
the present study, the sensitivity analysis was  performed by com-
parison of the cumulative distribution for the final behavioural
simulations after all Bayesian updatings of likelihood weights and



O. Salazar et al. / Agricultural Water Management 129 (2013) 56– 68 63

0

20

40

60

Oct-03       Mar-04       Sep-04       Mar-05      Sep-05        Mar-06      Sep-06        Mar-07       Sep-07

Date

D
is

ch
ar

g
e 

(x
1
0

3
 m

3
 d

ay
-1

)

0

4

8

12

16

N
it

ra
te

 c
o
n
c.

 (
m

g
 l

-1
)

Discharge Nitrate conc.

F
p

n
d
d
m
t
v
s
a
b
t
w
d

3

3

d
fl
m
s
p
3
r
s
4
s
d
h
e

3

m
N
d
a
9
t
b
c
a
N
p
u
o
w
o
b

0

2000

4000

6000

8000

Oct-03        Jan-04        Apr-04      Jul-04       Oct-04       Jan-05       Apr-05        Jul-05

Month

Period 2 Period 3Period 1

N
O

3
ht

n
o

m   
g

k(  
d

a
ol 

N-
-1

)

Fig. 4. Predictive uncertainty for results from calibration period (Period 1 to Period
3). Triangles indicate calculated monthly NO3-N load and dashed lines indicate 5th
and 95th percentiles.

Table 5
Deviation in nitrate load between calculated by linear interpolation and simulated
5th (Ed,5th) and 95% (Ed,95th) percentiles during calibration period (Periods 1 to 3) and
validation period (Periods 4 to 6).

Period na Ed,5th
b Ed,95th

c

1 9 −0.7 0.1
2  12 −0.1 2.4
3  3 3.1 15.1
Overall 1–3 24 −0.3 1.5

4  6 −0.3 0.9
5  6 −0.6 −0.1
6  6 −0.3 0.7
Overall 4–6 18 −0.4 0.5

a Number of months.
b A positive value indicates that the NO3-N loads are outside the prediction inter-
ig. 3. Daily discharge and measured nitrate (NO3-N) concentrations for the study
eriod.

on-behavioural simulations. The parameters that showed a strong
eviation between behavioural and non-behavioural cumulative
istributions across the same parameter range were considered the
ost sensitive. In contrast, parameters that were uniformly dis-

ributed were considered less sensitive to changes in parameter
alues. In addition, the non-parametric Kolmogorov–Smirnov d-
tatistic (dK-S) was used as a measure of the sensitivity (Hornberger
nd Spear, 1981). The dK-S calculates the maximum distance
etween the behavioural and the non-behavioural cumulative dis-
ributions. The value of dK-S ranges from 0 to 1, where a parameter
ith dK-S = 1 indicates a high sensitivity, whereas a parameter with

K-S = 0 indicates non-sensitivity.

. Results and discussion

.1. Discharge and nitrate load

Within the hydrological year (1st October to 30th September),
ischarges from Kleva watershed were highly seasonal because of
uctuations in rainfall, temperature, evapotranspiration and snow
elt. There were two distinct phases of discharge from the water-

hed, a phase of high discharge during winter and spring, and a
hase of low discharge during summer and autumn. Seasonally,
6% and 41% of the overall discharge from the watershed was
ecorded during winter and spring, respectively (Fig. 2), during
now melting events as explained by Salazar et al. (2010). Similarly,
2% and 47% of the overall NO3-N load were recorded in winter and
pring, respectively. Thus, the movement of NO3-N was  strongly
ependent on the movement of water in the watershed, with the
ighest NO3-N concentrations measured during intense discharge
vents in winter and spring seasons (Fig. 3).

.2. Framework calibration, validation and sensitivity analysis

The previously described GLUE procedure was performed to
easure the uncertainty in Arc Hydro-DRAINMOD predictions of
O3-N loading. After all Bayesian updatings of likelihood weights
uring the calibration period, 60% of the simulations were retained
s behavioural using a threshold of E ≥ 0.3. The predicted 5th and
5th percentiles defined during the calibration period (Periods 1
o 3) are shown in Fig. 4. In the calibration period, the uncertainty
ands included a high percentage (about 71%) of the monthly cal-
ulated NO3-N loads by linear interpolation values, showing good
greement between the GLUE estimates and calculated monthly
O3-N loads. This is consistent with the Arc Hydro-DRAINMOD
redictions of discharge during the calibration period, when the
ncertainty bands also bracketed a high percentage of the monthly

bserved values, about 88% (Salazar et al., 2010). Similar trends
ere generally observed in the different periods, with comparisons

f the percentage of time when the calculated NO3-N loads were
racketed by the uncertainty bands yielding 67%, 83% and 33% in
val  (overprediction).
c A negative value indicates that the NO3-N loads are outside the prediction inter-

val  (underprediction).

Periods 1, 2 and 3, respectively. The average width of the bands
for the calibration period was  0.78 kg NO3-N ha−1, ranging from
0.04 kg NO3-N ha−1 (October 2003) to 2.37 kg NO3-N ha−1 (March
2005). This indicates that the uncertainty in predictions was  higher
during periods of higher NO3-N load, such as spring periods.

The overall NO3-N load deviation (Ed) showed good agreement
between the GLUE estimates and calculated monthly NO3-N loads
for the calibration period (Table 5). However, compared with cal-
culated values, the NO3-N load deviation at 5% (Ed,5%) showed a
positive value during Period 3. This positive value was caused by
overprediction of the GLUE estimates during July–September in
Period 3. This can also be observed in Fig. 4, where the calculated
NO3-N loads were below the uncertainty bands in Period 3. It is pos-
sible that in Period 3 the framework might have predicted lower
denitrification in the stream network or higher NO3-N loads from
the stream baseflow. Although, a lower agreement in Period 3 was
found between the GLUE estimates and calculated monthly NO3-N
loads, the period only included three months and those had a much
lower weight on the overall performance of the framework during
calibration period which included 24 months.

Fig. 5 shows the predicted 5th and 95th percentiles for the vali-
dation period (Period 4 to Period 6), which were defined using
the posterior likelihood distribution calculated for the calibration
period. In the validation period most of the calculated NO3-N
loads (around 67%) were within the uncertainty bands and the
performance of the GLUE estimates in describing the NO3-N load
resembled that in the calibration period. Comparing the percent-

age of time when the calculated NO3-N loads were bracketed by the
uncertainty bands yielded 83%, 67% and 50% in Periods 4, 5 and 6,
respectively. Similarly, the uncertainty bands included a high per-
centage of monthly observed discharges in the validation period,
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Fig. 5. Predictive uncertainty for results from validation period (Period 4 to Period
6).  Triangles indicate calculated monthly NO3-N load and dashed lines indicate 5th
and 95th percentiles.
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Table 6
Comparison between calculated by linear interpolation and simulated (5th, 50th
and 95th percentiles) NO3-N loads during Periods 1–6.

NO3-N loada (kg ha−1) Eb

5th 0.44 0.68
50th 0.60 0.76
95th 1.28 0.37
Calculated 0.69

a

lated wet  deposition loads of NO3-N and NH4-N were in agreement
with the 5.6 kg N ha−1 year−1 reported for Öland Island 2003–2007
by the Swedish Environmental Research Institute (Karlsson et al.,
bout 75% (Salazar et al., 2010). The width of the bands was  on
verage 19% higher in the validation period than in the calibration
eriod, indicating increasing uncertainty in prediction during the
alidation period.

The overall NO3-N load deviation (Ed) for the validation period
lso showed good agreement between the GLUE estimates and cal-
ulated monthly NO3-N loads (Table 5). However, the NO3-N load
eviation at 95th (Ed,95th) showed a negative value compared with
alculated values during Period 5. This negative value was caused
y underprediction of the GLUE estimates during January–March in
eriod 5 as can also be observed in Fig. 5, where the calculated NO3-

 loads were above the uncertainty bands during January–March
n Period 5. Errors in predicting NO3-N loads during this period

ight be attributed to errors in predicting field outflow volumes,
ith DRAINMOD overpredicting discharge due to errors in snow

ccumulation and melt in this mild winter period. Other possible
xplanations are that in contrast to errors in the warmer Period 3,
he framework might have predicted higher denitrification in the
tream network or lower NO3-N loads from the stream baseflow
n the winter Period 5. However, measurements of these processes

ould be necessary to confirm these hypotheses.
Comparing results from the sensitivity plots in Fig. 6, DS and kc1

howed a strong deviation between behavioural (E ≥ 0.3, 60% of the
imulations) and non-behavioural (E < 0.3, 40% of the simulations)
umulative distributions. Similarly, the Kolmogorov–Smirnov d-
tatistic (dK-S) indicated that DS had the highest value (0.52),
ollowed by kc1 (0.33) (Fig. 6), and these were found to be the most
ensitive parameters. The DS affects the NO3-N transport in the
tream baseflow that reaches the river and the kc1 affects the N
emoval process in the stream network. It is evident that these pro-
esses were the most unknown during this framework evaluation
ecause of the unavailability of measurements and the few number
f published studies investigating these processes.

DRAINMOD-N II predictions, which are based on the output
f the DRAINMOD hydrology model, depend directly on the per-
ormance of DRAINMOD (Youssef et al., 2006). Although in our
tudy the NO3-N loads were strongly dependent on discharge rates,
ateral saturated hydraulic conductivity (LKs) values, which have
een identified as a very sensitive parameter affecting DRAINMOD
eld outflow predictions (Haan and Skaggs, 2003; Wang et al.,
006), did not show a strong deviation between behavioural and
on-behavioural cumulative distributions. A possible explanation

s that the effect of LKs on watershed discharge was modulated
y the stream hydraulics, as reported by Fernandez et al. (2006)
hen using the DRAINMOD-GIS model to predict NO3-N loads at

atershed-scale.
Overall NO3-N load during Periods 1–6.
b Modelling efficiency comparing calculated by linear interpolation and simulated

monthly NO3-N loads.

3.3. Simulating nitrogen processes in the watershed

The temporal trend and magnitude of calculated monthly NO3-
N loads were well predicted by the framework during the study
period. The monthly E values for the GLUE estimates (5th and 95th
percentiles) ranged from 0.37 to 0.76, with the highest value for
the 50th percentile (Table 6), which indicates acceptable agree-
ment between predicted and calculated monthly NO3-N loads for
the Kleva watershed.

Simulated N removal in the stream network ranged from 3% to
44% for the 95th and 5th percentiles, respectively. Results from the
50th percentile GLUE estimate showed that 25% of the NO3-N load
was removed in the stream network and 75% of the NO3-N load
passed through the watershed outlet (Table 7).

The Arc Hydro-DRAINMOD 50th percentile GLUE estimates
were used to estimate the relative magnitude of NO3-N load con-
tributions from each soil type to the field total NO3-N load, and
from each soil texture and stream baseflow to NO3-N load received
at the watershed outlet (Table 7). Sandy fields were the principal
source of NO3-N load (36%) to the total field NO3-N load, followed
by sandy loam fields (31%). The total field NO3-N load from coarse-
textured fields (sand, loamy sand, sandy loam), about 73%, was
directly proportional to the percentage of coarse-textured fields in
the watershed area (75%). Although organic soils represented only
9% of the soils in the watershed, they accounted for 26% of the total
field NO3-N load. In contrast, silty loam soils occupied 16% of the
watershed area, but delivered only 2% of the total field NO3-N load.
It is in agreement with literature that concludes that the movement
of N-NO3 is directly related with the percolation of water on the
soil, where clearly the displacement of water is generally greater
for sandy soils than finer-textured soils. On the other hand, organic
soils have an important amount of organic N that may have a high
impact on N loads in the watershed when mineralisation process
is favoured by climatic factors (mainly soil water content and tem-
perature). Most of the NO3-N load received at the watershed outlet
was delivered from fields (92%), with a small contribution to the
stream baseflow (8%).

The Arc Hydro-DRAINMOD simulations also provided an esti-
mate of the effects of different crop rotation and management on
the N balance in each field. Table 8 shows simulations of inputs
and outputs from sandy fields with different crop rotations during
Period 1 to Period 6 (2003–2007). In this example, the highest net N
mineralisation was predicted for Field 24, which received the high-
est applications of organic material (pig slurry) containing high N
relative to C. The highest N losses by drainage and denitrification
were in Field 12, which had the highest N fertilisation. Nitrogen
fixation was predicted for Field 21, which had a pea crop, where
nodule bacteria fixed on average 158 kg N ha−1 year−1. This value
appears reasonable with respect to the N fixation values for peas
of 34–200 kg N ha−1 year−1 reported by Havlin et al. (1999). Simu-
2008). Plant uptake was the main N removal mechanism from the
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ig. 6. Sensitivity plots for all parameters included in the GLUE procedure (see Tab
on-behavioural parameter distributions. dK-S is the Kolmogorov–Smirnov test (para
on-sensitivity).

elds. The volatilisation process was favoured by high soil pH value

t the site (7.5) and the highest volatilisation losses occurred after
pplication of NH4-forming pig slurry. Thus as shown previously by
rheimer et al. (2004), Arc Hydro-DRAINMOD can be used to simu-

ate different scenarios in Swedish agricultural drained watersheds

able 7
ontribution of each soil type to field NO3-N load and of each soil type and stream base
hrough after NO3-N removal using the 50% percentile GLUE estimate.

Source of NO3-N load Percentage of soil type to
watershed area (%)

Percentage o
field NO3-N l

Field soil type
Sand 24.8 35.6 

Loamy sand 14.9 5.8 

Sandy loam 34.7 31.0 

Silty loam 16.3 1.5 

Clay 0.5 0.4 

Organic 8.8 25.8 

Total field NO3-N load 100.0 100.0 

Stream baseflow
Total stream baseflow 

Watershed NO3-N load received 

NO3-N removal 

Watershed NO3-N load passed 
Solid lines indicate behavioural parameter distributions and dashed lines indicate
 with dK-S = 1 indicates a high sensitivity, whereas a parameter with dK-S = 0 indicates

in order to identify the changes in agricultural practices, such as the

timing of fertilisation and ploughing, that may  be the most effective
and least expensive in reducing N transport from land to sea.

Model results presented in Tables 7 and 8 corresponded to
model estimates obtained through this model application exercise,

flow to NO3-N load received at the watershed outlet, and NO3-N load that passed

f soil type to
oad (%)

Percentage of NO3-N load
to watershed NO3-N load
received (%)

Percentage of NO3-N load
to watershed NO3-N load
passed (%)

32.9
5.3

28.6
1.4
0.4

23.8
92.3

7.7
100.0 100.0

25.0
75.0
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Table 8
Comparison of nitrogen inputs and outputs from sandy fields with different crop rotations during Periods 1–6 (2003–2007).

Field Rotationa Inputb Outputb

Net N
mineralisation
(kg N ha−1)

Fertilisation
and manure
(kg N ha−1)

N fixation (kg
N ha−1)

Wet  deposition
(kg N ha−1)

Plant uptake
(kg N ha−1)

Denitrification
(kg N ha−1)

Volatilisation
(kg N ha−1)

Drainage loss
(kg N ha−1)

12 WW-SB-SU-SB-WW 77 615 0 23 337 237 12 43
21  SB-PO-PE-WW-PE 198 360 315 23 432 128 19 3
24  CG-CG-CG-CG-CG 223 400 0 23 264 141 13 17
25  FA-FA-FA-FA-FA 78 0 0 23 72 28 0 3

a CG: cultivated grassland; FA: green fallow; PE: peas; PO: potatoes; SB: spring barley; SU: sugarbeet; WW:  winter wheat.
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s
a

b kg N ha−1 in 5 years.

lthough simulated values for N dynamics in soil and water were
ot confirmed by in situ measurements, these may  be used to define

 priori some nitrate vulnerable zones where future research has
o be carried out to confirm these N losses.

This distributed approach, which used fields as units to store
ata, was an effective method for upscaling the DRAINMOD-N II
odel from field scale to watershed scale. It was possible due to

he data available from the Swedish agricultural database, where
he field is the main unit used by farmers to report yield, fertiliser
nd manure applications. Thus our distributed model approach was

 more realistic method of accounting for watershed spatial vari-
bility than the current cell-based approach utilised in hydrological
odels integrated with GIS tools.
Limited data were available to estimate N transport by stream

aseflow and N removal from the stream network, which were
dentified as the most sensitive parameters in this study. To
ncrease accuracy in prediction of NO3-N load, it is necessary to

easure parameters that could offer an accurate characterisation
f both the stream baseflow and N removal process in the stream
etwork, which would help reduce uncertainty. In addition, future

ramework evaluations should include the uncertainty in soil deni-
rification predictions. For instance Wang et al. (2005) conducted

 sensitivity analysis for DRAINMOD-NII parameters at field scale
nd showed that the model is sensitive to the denitrification param-
ters which are very difficult to measure and usually obtained by
alibration.

It is important to note that uncertainty is added in this mod-
lling approach when NO3-N concentration from grab samples with
ower-frequency observations are used to estimate monthly loads.
ittlewood and Marsh (2005) in a comprehensive study of N loads
n rivers of Great Britain found that when sampling regime is essen-
ially manual and taken at nominally regular intervals, it can affect
he quality of computed mass loads. They noted that recorded
oncentrations can be highly aperiodic, sometimes exhibiting an
nteresting frequency distribution of the time between consec-
tive samples, which introduced an additional source of error.
imilarly, Martin et al. (1992) reported that grab samples under-
epresented concentrations of suspended sediment and some
ediment-associated constituents, thus limiting the applicability of
uch data. In addition, Fogle et al. (2003) concluded that failure to
ccount for diurnal variability when collecting a grab sample may
lso produce unacceptable error in mass load estimates. On the
ther hand, Stone et al. (2000) compared different water sampling
ethods, and found that flow-proportional sampling predicted sig-

ificantly greater N mass loading rates than grab samples. They
uggest that an appropriate sampling method should adequately
eight sampling of both storm and base flows. However, simple
urface-grab sample data are usually more available in water qual-
ty studies in Sweden, and its use for nutrient mass load estimation
hould be considered as a measurement error of any uncertainty
nalysis.
Other important source of error that may  affect the performance
of the framework is the linear interpolation between observed NO3-
N concentrations to estimate NO3-N loads. For instance, Tiemeyer
et al. (2010) used linear interpolation to estimate NO3-N loads in
an artificially drained watershed area similar to our study area in
Germany, where they found that this method performed well, but
it still tended to underestimate the actual NO3-N loads.

Although the Arc Hydro-DRAINMOD framework showed
promising results for monthly NO3-N load predictions, it is clear
that a better characterisation of the travel time (time lag) of water
and nitrate from the field edge to the watershed outlet is necessary
in future versions of the framework for improving the frame-
work performance. Clearly, if the NO3-N loads are higher during
winter-spring than autumn-summer period, the framework and
monitoring improvements should be focused on the processes that
occur in the first period.

However, very often complex models are not used by water
stakeholder agencies at local level, due to the lack of specific inputs
or coefficients that are not either easily field measured or available
from the literature. It is important to note that our main aim was
to develop a simple framework, based on physical, chemical and
biological processes, but that could be used by stakeholders using
available information from Swedish agencies to evaluate best man-
agement practices to reduce NO3-N loads. In this sense, the current
framework may  have limitations and its application is only rec-
ommended for small tile-drained watersheds with low retention
time.

4. Conclusions

The nitrogen model DRAINMOD-N II and a temperature-
dependent NO3-N removal equation were included into the Arc
Hydro-DRAINMOD framework in order to estimate NO3-N loads.
The estimates obtained were evaluated using hydrological and
water quality data from a coastal watershed with agricultural land
use located in south-east Sweden for six periods between 2003 and
2007.

GLUE methodology showed that the temporal trend and magni-
tude of monthly calculated NO3-N loads were well predicted by Arc
Hydro-DRAINMOD, with 71% and 67% of “measured” loads brack-
eted within the GLUE estimates during calibration and validation
periods, respectively.

Major discrepancies in predicting monthly NO3-N loads could be
attributed to errors when NO3-N concentration from grab samples
with lower-frequency observations were used to estimate NO3-N
loads. Other possible explanations were that the framework might
have predicted lower NO3-N loads from stream baseflow or higher

denitrification in the stream network. The parameters with the
highest sensitivity values were the distance between the river and
the watershed boundary (DS) for stream baseflow simulation and
the decay coefficient 1 (kc1) for the N removal equation.
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In this application, Arc Hydro-DRAINMOD proved to be capa-
le of evaluating the effects of different crops on the N balance
s regards the spatial variability within the watershed, which
ill allow framework users to evaluate the impact of each field
anagement option to nitrate pollution in the watershed. Arc
ydro-DRAINMOD can be used to evaluate best management prac-

ices (BMPs) to reduce NO3-N loads within the watershed and to
rioritise BMPs in fields more prone to nitrate losses, such as fields
ith coarse-textured and organic soils.

The results show that Arc Hydro-DRAINMOD can be used to pre-
ict NO3-N loads from coastal watersheds in south-east Sweden.
o improve model performance as regards NO3-N load simulation,
he framework needs to be tested on the basis of field measure-

ents, particularly of stream baseflow and N removal in the stream
etwork. Although additional measurements may  help to improve
he understanding of these processes and reduce uncertainty, they
annot completely eliminate the uncertainty in framework predic-
ions. These uncertainties must be evaluated by some methodology,
uch as the GLUE procedure.
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