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1. Introduction

Increasing world population has resulted in higher food and
energy demand and consumption over the past half century
(United Nations, 1996). Human activities have greatly acceler-
ated and enlarged the natural cycles of nutrients and nitrogen
in the soil, water, and atmosphere. Through activities such as
fertilizer application, fossil fuel consumption, and leguminous
crop production, humans have more than doubled the rate at
which biologically available nutrients enter the terrestrial
biosphere in comparison to pre-industrial levels (Galloway
et al, 2004). One of the most important nutrients in this
respect is nitrogen, which is an integral component of many
essential plant nutrients. However, while nitrogen is an
essential nutrient that plays important roles in increasing crop
yields and quality, it is also a major pollutant in terrestrial
ecosystems (Baker, 2003; Oenema et al., 1998; Schepers et al.,
1995). Excess nitrogen used in fertilization has disturbed the
biogeochemical nitrogen cycle of natural ecosystems, resulting
in stratospheric ozone depletion, soil acidification, eutrophi-
cation, and nitrate pollution of ground and surface waters
(Davis and Koop, 2006; Ding et al., 2006; Hantschel and Beese,
1997; Rijtema and Kroes, 1991). Water quality degradation
associated with nitrate leaching from agricultural soils is an
important environmental issue worldwide (Galloway, 1998,
2000; Galloway and Cowling, 2002; Galloway et al., 1995). Los-
ses of nitrogenous compounds in the atmosphere and aquatic
systems have inverse impacts not only on human health and
global warming, but also on natural and agricultural terrestrial
and aquatic ecosystems. The effects of agricultural diffuse
source nitrogen pollution on water quality and aquatic
ecosystems have received considerable research attention in
recentyears (Howarth etal., 2002; Hudson et al., 2005). Nitrogen
pollution is one of the major pollutants, yet it is difficult to
estimate because its sources are widely spread. In addition,
both natural and anthropogenic emitters are responsible for
nitrogen pollution (He et al., 2009a and 2009b). For example,
natural reactions of atmospheric forms of nitrogen can result
in the formation of nitrate and ammonium ions. In addition,
the large anthropogenic sources of septic tanks, application of
nitrogen-rich fertilizers, and agricultural processes have
greatly increased the nitrate concentration, particularly in
groundwater. Since the characteristics of each river basin is
different, the relative contribution from each emitters has tobe
analyzed based on the database of land use, population, agri-
cultural fertilizer, industrial production, livestock, etc.

To date, research on the nitrogen cycle has primarily
focused on the river basin scale (Dumont et al., 2005;
Seitzinger et al.,, 2005). Very few national- or global-scale
studies exist (Dumont et al., 2005), and prediction of nitrogen
export is still insufficient (Seitzinger et al., 2005). In addition,
most large- or global-scale nitrogen studies have treated
entire river basins as the basic unit and, as a result, the
calculated nitrogen leaching or nitrate concentration mainly
reflects the amount of nitrogen in river outlets (Bouwman
et al., 2005a; Harrison et al., 2005; Howarth et al., 2002; He
et al., 2009b). Detailed information on nitrogen leaching or
nitrate concentration in individually distributed grids is
lacking in the current literature. Furthermore, global nitrogen

cycle models have relied on calculated amounts of nitrogen
fertilizer application based on yearly statistical databases for
each country. Monthly nitrogen fertilizer application amounts
have not been available for global-scale study.

The aim of this study was to estimate the global nitrogen
loading from point and nonpoint sources separately and apply
an integrated biogeochemical model to nitrogen export for
global rivers. The nitrogen fertilizer application amount and
nitrate leaching were first calculated for each grid box,
measuring 0.5° by 0.5°, using the process-based N-cycle
model. In this article, we present an initial overview of the
integrated modeling framework, including the structure,
database, and model results. Section 2 presents the method-
ology, and Section 3 discusses the database for the point and
nonpoint sources. The integrated simulation using the above
model and database is discussed in Section 4.

2. Method
2.1. Integrated modeling framework

This study proposed an integrated biogeochemical modeling
of global nitrogen loads from anthropogenic and natural
sources. The global runoff was simulated by a land surface
model driven by atmospheric forcing in an off-line mode
(Fig. 1). Then, the nitrogen load (NL) from different sources
such as crop, livestock, industrial plant, urban and rural
population were calculated by applying datasets of fertilizer
utilization, population distribution, land cover map, and
social census. The number of livestock and population in each
country was collected from national census database. The
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Fig. 1 — Integrated modelling framework for calculating
global terrestrial nitrogen load and rivers’ nitrogen
concentration.
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fertilizer consumption for each country were derived from
FAO census database (FAOSTAT). The nitrate leaching from
soil layers in farmland, grassland and natural conditions was
calculated by using a terrestrial nitrogen cycle model (TNCM)
(He et al.,, 2009a). A river routing model was used to transport
nitrogen from natural and anthropogenic sources through
river channels, as well as collect and route nitrogen to the
river mouths. Subsequently, we will discuss the land surface
model in Section 2.2, the terrestrial nitrogen cycle model in
Section 2.3, the river routing model in Section 2.4, biological N
fixation, atmospheric N deposition, and denitrification in
Section 2.5, nitrate leaching in Section 2.6, and the design of
the integrated simulation in Section 2.7.

2.2. Land surface model

Several land surface models have been developed for use in
global or regional climate models (Sellers et al., 1996; Dickinson
et al., 1998). These models incorporate radiation transfer,
evaporation, transpiration, snow, runoff and also take into
consideration the effects of vegetation. In the result, the energy
and water exchange between the land and atmosphere is
illustrated as a vertical one dimensional processes. In this
study, we employed the Minimal Advanced Treatment of
Surface Interaction and Runoff Model (MATSIRO) which is
projected to be used for long-term simulations of climate
studies (Takata, 2000, 2001; Takata et al., 2003). The MATSIRO
model computes vertical energy and water fluxes in a grid cell
based upon specifications of soil properties and vegetation
coverage for each grid (Hirabayashi et al., 2005). It was used to
estimate the long-term terrestrial water fluxes by long-term
atmospheric forcing data that was stochastically estimated
from monthly mean time series of precipitation and temper-
ature (Hirabayashi et al., 2005, 2008). MATSIRO model has
a single-layer albedo. The bulk exchange coefficients are
evaluated based on a multilayer canopy model. The fluxes are
calculated from the energy balance at the ground and canopy
surfaces in both snow-free and snow-covered portions that
consider the subgrid snow distribution. The snow has the
variable number of layers from one to three in accordance with
snow water equivalent (SWE), and the snow temperature
is calculated by a thermal conduction equation. The snow
mass is prognosticated from snowfall, snowmelt, refreezing
of rainfall and snowmelt, and sublimation. The detailed
description of snow process can be found in Takata et al. (2003).
Evaporation of water on the canopy and transpiration param-
eterized on the basis of photosynthesis (Sellers et al., 1996) are
included. A simplified TOPMODEL (Beven and Kirkby, 1979)
calculates baseflow runoff, in addition to surface flows. The
original TOPMODEL usually requires a detailed elevation data
over the domain of interest, however, it is difficult to treat such
data at a global scale. Therefore, in MATSIRO, the subgrid
topography in a grid cell is roughly approximated as repetition
of a slope with a uniform slope angle and with the distance
betweenridge and valley (Takata et al., 2003). There are five soil
layers in which energy and water movements are treated
with physical equations that consider freezing and conden-
sation. The model is originally designed as a land surface
sub-module of an atmospheric general circulation model
(AGCM). The coupled model appropriately reproduced the

observed seasonal cycles of the energy and water balance at
both regional (Hawaiian Islands: Sakamoto et al., 2004; Japan:
Sakimura, 2007) and global scale (Hirabayashi et al., 2008). The
model is also driven by atmospheric forcing in an off-line
mode. Model application results in an off-line mode are
described in previous studies such as Hirabayashi et al. (2005).
This study used runoff output of off-line simulation of MAT-
SIRO as an input of a nitrogen cycle model.

2.3.  Terrestrial nitrogen cycle model

The TNCM (Fig. 2) is developed to consider the mass balance of
nitrogen in vegetation and organic soil of the ecosystem. It is
based on the original model by Lin et al. (2000, 2001). The
ecosystem was divided into an atmospheric and a terrestrial
reservoir. The terrestrial nitrogen cycle consists of biological
processes that depend on a variety of the environmental
factors. The model contains five variables as for nitrogen:
nitrogen in vegetation (Nye,, unit: ton N km™2), organic N in
detritus (N, unit: ton N km~?), organic nitrogen in humus
(Npum, unit: ton N km~2), ammonium (Ngum, unit: ton N km~2),
and nitrate (N, unit: ton N km~2). The nitrogen balance for
each process was shown as below (He et al., 2009a):

ON,
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Fig. 2 — Flow chart for the terrestrial nitrogen cycle model
(He et al., 2009a). The variables in this figure are described
in the text, Section 2.3.
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Where, nuptake is flux of nitrogen uptake by plant (ton N km—2
day“), nf is flux of litter-fall from leaf, trunk, and root as in
nitrogen (ton N km~? day %), nfix is flux of nitrogen fixation as
in nitrogen (ton N km~2 day %), ndm is flux of detritus miner-
alization as in nitrogen (ton N km 2 day %), ndh is flux of
detritus huminification as in nitrogen (ton N km~2 day %), nhm
is flux of humus mineralization as in nitrogen (ton N km™2
day~?), nammd is flux of nitrogen deposition as in ammonium
(ton N km~2 day~'), Namm is potential nitrogen storage as in
ammonium (ton N km~?), Nnit is potential nitrogen storage as
in nitrate (ton N km™2), nnitrif is flux of nitrification
(ton N km~2 day?), nvola is flux of ammonia volatilization
(ton N km~2 day %), nnitrgas is flux of gaseous emissions
during nitrification process (ton N km~2 day ), nnitd is flux of
nitrogen deposition as in nitrate (ton N km~2 day %), ndenitr is
flux of denitrification (ton N km~2 day %), nleach is flux of
nitrate leaching (ton N km~2 day ), fert_hum is the amount of
fertilizer in humus (ton Nkm~2 day %), fert_amm is the amount
of fertilizer in ammonium (ton N km™2 day™?), Ist is the
amount of fertilizer from livestock (ton N km~2 day}), hust is
the ratio of harvested crops. For natural ecosystem, all of
fertilizer amount i.e., fert_hum, fert_amm, and Ist equal to zero
(He et al., 2009a).

The mathematical formulas describing all these processes
and parameters in detail can be found in Lin et al. (2000, 2001)
and He et al. (2009a). Most of the parameter values required in
this model were either cited from reference papers or deter-
mined by model calibrations as described in Lin et al. (2000).

2.4. River routing model

The aim of river routing model is to give directions for lateral
water and pollutant movement by creating an idealized
network of river channels. In this study, Total Runoff Inte-
grating Pathways (TRIP) (Oki et al., 1999; Oki and Sud, 1998;
Ngo-Duc et al,, 2007) was employed to transport water and
nitrogen flow through channels. The source of global digital
elevation map (DEM) is ETOPO5 (Edwards, 1986). The basin
delineation data used in this study have a spatial resolution of
0.5° by 0.5°. It was used to transport nitrogen from natural and
anthropogenic sources through river channels, as well as
collect and route nitrogen to the river mouths. Amounts of
total nitrogen (TN) in direct runoff, lateral subsurface flow and
percolation are estimated as the products of the volume of
water and the average concentration. Transport or retention
factors are taken into account through routing of water and
nitrogen in the river flow via transmission losses (He et al.,
2009a). Since dissolved inorganic nitrogen (DIN) is often the
most abundant and bioavailable form of N and contributes
significantly to coastal eutrophication (Veuger et al., 2004), we
calculated DIN input into rivers from point sources by multi-
plying the amount of TN with an estimated fraction of TN that
is DIN in sewage effluents (Dumont et al., 2005) as below:

DIN = TN-[0.485 + Ty-0.255/max(Ty)] 6)

where, Ty is a country by country fraction of TN removed by
wastewater treatment compiled by Bouwman et al. (2005a),
0.485 is an estimate of the fraction of TN that is DIN in sewage
effluent (Seitzinger, 1995), and 0.255 is the maximum increase

in DIN to TN ratio that can be achieved by sewage treatment
(Seitzinger, 1995). A detailed explanation can be found in
Bouwman et al. (2005a) and Dumont et al. (2005). The time
resolution of TRIP simulation was set as 1.0 day in this study.

2.5. Biological N fixation, atmospheric N deposition, and
denitrification

Biological N fixation of atmospheric N in natural ecosystems
was estimated by using TNCM. It was assumed to be the sum
of symbiotic and nonsymbiotic fixations, which can be
modeled by the function in Lin et al. (2000), as shown in the
equation below.

Nfix = Nfix_sy + Nfix_nsy 7)

where, ng, is flux of nitrogen fixation as in total nitrogen
(ton N km™2 day %), ng.s, is nitrogen symbiotic fixation
(ton N km™2 day™?), nsx nsy is nitrogen nonsymbiotic fixation
(ton N km~2 day%).

Nitrogen deposition includes dry and wet deposition of
ammonia gas, nitrate, and nitrogen compounds from the
atmosphere to soil by rain, snow, and dust. The deposition of
ammonium and nitrate was modeled by using the method in
Lin et al. (2000), where wet deposition was modeled as a linear
function of precipitation (Hudson et al., 1994).

Nitrogen discharging from land surface to rivers was
assumed to infiltrate through soil where some fraction was
removed by denitrification and organic matter accumulation.
The surplus nitrogen flows to the river and then to the sea,
were analyzed in conjunction with precipitation surplus. In
this study, nitrogen was assumed to be denitrified and accu-
mulated in the soil by a first-order reaction expressed in
Shindo et al. (2003) and He et al. (2009a).

C= Coexp(fkrtR) (8)

ke = 2(T-20)/10 , Ra0 (9)

where, Cq indicates the original nitrogen concentration (mg/L),
kr and koo are coefficients of denitrification and accumulation
at T and 20 (kyo = 3.0), respectively, and tr is residence time in
soil (day).

2.6. Nitrate leaching

Many different models are used for the detailed simulation of
the average nitrate leaching and denitrification process
(Brisson et al., 2003; Johnsson et al., 1987; Shaffer et al., 1991).
However, such models are too detailed for the 0.5° by 0.5°
resolution and these models require data on environmental
conditions (i.e., daily condition of root growth, phenology
stage, crop yield, leaf area index, etc.) and agricultural
management (i.e., irrigation option, drainage option, precise
planting and cultivation date, fertilizer application), which are
not available on the spatial scale of our model. In the present
stage of this study, the TNCM was applied to estimate nitrate
leaching from natural ecosystems such as grassland and
forest with fertilizer application rate as zero. Furthermore, it
was used to estimate nitrate leaching from croplands with the
application of fertilizer amounts. The nitrate leaching is
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strongly related to soil water content, soil texture, and NO3™~
concentration. For modeling the nitrate leaching flux, the
below equation was employed (He et al., 2009a):

Nleach = Nm‘t'%'lo3 (10)

S

Where, Ny, is the flux of nitrate leaching (ton N km~2 day ),
Ny is potential nitrogen storage as in nitrate (ton N km?)
which was calculated by TNCM model, R; is runoff (tonne
km~2 day %) which was calculated by MATSIRO model, and
0sis soil water storage (mm) which was calculated by MATSIRO
model (He et al., 2009a).

2.7. Design of the integrated simulation

The integrated modeling framework for calculating global
terrestrial nitrogen load and river’s nitrogen concentration is
illustrated in Fig. 1. The model operates on a daily time step
and at a spatial resolution of 0.5° by 0.5° over the world. After
the input datum are read from files, the three-step modeling
procedure is applied. First, water discharge, nitrogen balance,
and nitrate leaching are calculated for each grid (0.5° by 0.5°)
by the MATSIRO and TNCM. Then the outputs from each grid
(e.g. lateral water flows, nitrate flow) are summed with point
pollution load (e.g. from industrial source, sewage plant).
Finally, the routing procedure TRIP is applied to transport
point and nonpoint pollution along rivers, taking trans-
mission losses into account. Among these, the hydrological
module is fundamental for all the modeling systems in this
study. It was tested and validated in Hirabayashi et al. (2005,
2008). It reproduces well the observed seasonal cycles of the
energy and water balance.

In addition, before commencing a long-term nitrogen cycle
simulation, it is usually necessary to allow the land surface to
adjust to a steady-state. Some groups have nevertheless
apparently used spin-up techniques successfully to initialize
the ocean state for long climate studies (Manabe et al., 1991,,
1992; Stouffer et al., 1994; Thornton and Rosenbloom, 2005;
Lin et al., 2000). The objective of spin-up is to bring the

model close to a steady-state so that negligible climate drift is
experienced in the control run which follows. In this study,
the spin-up procedure with a time step of 1 day was used for
100-year spin-up period.

3. Data

Most of the available input database, which was used in global
river nutrient export models, and the available model valida-
tion all choose 1995 as the base year. Therefore, the initial
database constructed in this study is also based on the year
1995 as an example. All the input datasets have a spatial
resolution of 0.5° by 0.5°. The following section will describe
the detailed information about the database used in this study
(Table 1).

3.1. Hydrometeorological database

Air temperature, precipitation, short wave downward radia-
tion with the spatial resolution of 1° by 1°and the temporal
resolution of one day are from the second Global Soil Wetness
Project (GSWP2; Dirmeyer et al., 2006) database. The soil
temperature, soil water content, and runoff are calculated and
validated by MATSIRO model (Hirabayashi et al., 2005) at the
spatial resolution of 1° by 1°and the temporal resolution of one
day. All the input data were divided into the same spatial
resolution of 0.5° by 0.5° (allocation of the same value in four
0.5° grids within 1° grid) and the dataset in 1995 was used in
this study since the final validation and model evaluation are
all based on this year.

3.2 Land cover map

The land cover map was generated from the database of GLCC
(USGS). Its original spatial resolution is on a 30 s grid (Loveland
et al., 2000). In this study, the spatial resolution of 0.5° has
been applied for TNCM, LSM and RRM. Therefore, in each 0.5°
grid, the area ratio of each land cover was calculated and

Table 1 — Overview of data used in this study.

Data Spatial Temporal Data Source
Resolution resolution period

Land cover map 0.5° = 2000 http://edc2.usgs.gov/glcc

Digital elevation map 0.5° = = Oki and Sud, (1998)

Basin delineation map 0.5° = = Oki and Sud, (1998)

River routing map 0.5° = = Oki and Sud, (1998)

Soil temperature, moisture 1° Daily 1995 Hirabayashi et al. (2005)

Precipitation, Air temperature, 1° Daily 1995 Hirabayashi et al. (2005)
Solar radiation

Runoff 1° Daily 1995 Dirmeyer et al. (2006)

Ammonia fertilizer 0.5° Yearly 1995 FAOSTAT

Nitrous fertilizer 0.5° Yearly 1995 FAOSTAT

Crop calendar 1° Yearly 1995 Hanasaki et al. (2008)

Global population map 0.5° Yearly 1995 Bengtsson et al. (2006)
(urban, rural, total)

Manure N addition 0.5° Yearly 1995 Bouwman et al. (2005a)

Sewage point sources 0.5° Yearly 1995 Bouwman et al. (2005a)

DIN load River basin Yearly 1995 Dumont et al. (2005)
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accumulated from the 30 s grid. The land cover data were
reclassified among cropland, grassland, forest, water wetland,
tundra, and other land. The area of each land cover type in
each 0.5° by 0.5° cell was then calculated.

3.3. Nitrogen load estimation

The spatial and temporal distributions of on-ground N fertil-
izer use from various crops and agricultural practices were
quantified in this study (Fig. 3). The assessment of on-ground
N fertilizer due to multiple land use activities can be complex
and the traditional method is to only use the national census
data without considering the crops’ spatial distribution,
fertilization and harvest patterns. In this study, the monthly
fertilizer application rates in the world were calculated by
using global fertilizer statistics data and each crop’s agricul-
tural manuals (FAOSTAT). Then, the land cover map showing
the spatial distribution of areal ratio of each crop in each grid
with a spatial resolution of 0.5° by 0.5° was generated for the
whole global land surface. Finally, the spatial distribution map
of fertilizer utilization with a temporal resolution of one
month was generated. The crop distribution map was gener-
ated from the crop area. Then, the fertilizer amount for
different land cover was calculated in each grid (Fig. 4). The
nitrogen load from livestock was calculated for various live-
stock species based on literature values (Bouwman et al,
2005a, 2005b) by using the animal numbers and pollutant
emission load per animal.

Point sources of N are primarily associated with human
excreta and industrial water use (wastewater drainage). As for
the calculation of nitrogen load from domestic water use for
populations provided with sewage plants, the database of
diffusion rate of public sewerage and population distribution
was utilized. The distribution of population provided with
wastewater service was calculated by using the database of
population without sewage plants and population with
wastewater service. Generally, the population without sewage
plants is distributed in rural area and the population with
sewage plants is distributed in urban area. As for the

Agricultural FAOSTAT data ||Land cover
manual (Crop) || (Fertilization data) map

| | |
!

Fertilizer application
rate (Crop land)

FAOSTAT data
(Livestock)

Pollutant emission
basic unit

l

Nitrogen load
(Livestock)

Nitrogen load (Agriculture)

Fig. 3 — Flow chart for the calculation of nitrogen load from
agricultural sources.

calculation of nitrogen load from industrial water use, this
was calculated by using the database of the production of
pollutant emission basic unit of industrial classification. The
distribution of nitrogen load from industry can then be
calculated by land cover data and nitrogen load. Furthermore,
the distribution of sewage diffusion rate was calculated from
total population distribution and population without sewage
plants. The nitrogen load from industrial water use was
calculated by the distribution of nitrogen load from industry
and the distribution of sewage diffusion rate (Bouwman et al.,
2005a; He et al.,, 2009a). DIN input into rivers from point
sources was estimated by the method proposed by Dumont
et al. (2005). Total nitrogen (TN), was used to calculated DIN
from human excreta and industrial wastewater in sewage
effluents by multiplying the amount of TN with an estimated
fraction of TN and DIN, which was described in Equation (6).

3.4. Validation data collection

Nitrogen has many chemical forms and compounds, which
are very mobile and dynamic both in space and time. In
addition, biogeochemical modeling of nitrogen cycle at the
global or national scale with large grid cells usually only
consider the vertical flows. In this study, the lateral flows are
included by using the routing procedure of TRIP in the
modeling system so that the chemical fluxes at the global
scale can be validated using the data of measurements at the
river outlet. For nitrogen cycle and routing model’s validation,
we collected the observed dissolved inorganic nitrogen (DIN)
concentration in major global rivers from literature records,
which are published values and available for open access.
Table 2 shows all selected 61 rivers for model validation
(Alexander et al., 1996; EEA, 1998; Dumont et al., 2005;
Seitzinger et al., 2005; Van Drecht et al., 2003).

4, Result and discussion
4.1. Model validation

Firstly, the land surface model was run to obtain a steady-
state model. The global nitrogen cycle model restarted after
an annual simulation, with the output used as the new initial
conditions for the next year. The experiment began with
a 100-year spin-up of the model, forced by the repeated initial
annual nitrogen cycle and climatological data. After spin-up
was completed, a steady-state of global nitrogen storage could
be obtained. Then, the modeled annual dissolved inorganic
nitrogen (DIN) load (ton N y %) at each river was compared
with the existing data of observed DIN load. As for the
hydrological model results, the long-term terrestrial water
fluxes were estimated well using the land surface model
driven by long-term atmospheric forcing data (Hirabayashi
et al, 2005). High correlations between predicted and
observed annual runoff were obtained at many basins glob-
ally, but correlations are low in dry areas and in cool-
temperate zones. Moreover, annual snow covered area in
North America and northern Europe and annual summer soil
moisture in Mongolia were successfully replicated by the
model (Hirabayashi et al., 2005).
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The predicted annual DIN yield (ton Nkm ™2y ™), calculated
by dividing the annual DIN export by the river basin area, was
also compared with the measured yield. Fig. 5 shows a scatter
plot of calculated and observed (Dumont et al., 2005) DIN load
and yield for the selected 61 rivers in 1995. The figure shows
a linear relationship between the logarithms of observed and
modeled annual values of DIN load and yield. The regression
lines between observed and predicted DIN load and yield are
very close to a 1:1 ratio. The model efficiencies (R?, the coef-
ficient of determination) were 0.88 and 0.81 for DIN load and
yield, respectively. Consequently, we can conclude that the
model reproduced the DIN load in selected rivers with
reasonable accuracy.

Fig. 6 shows calculated and observed DIN load and yield for
the selected 61 rivers in this study. The x-axis is the river ID
from Table 2; rivers are ordered in size from the largest
(Amazon) to the smallest (Pee Dee) basin. From the top figure in
Fig. 6, we can see that the DIN load in most of the rivers is
proportional to the size of the river basin. However, some river
basins with larger areas have smaller DIN loads, such as the
Murray River (ID = 10) in Australia and Rio Grande (ID = 13) in
North America, which have relatively smaller river discharge.
In Table 2, we can find some river basins in which the DIN loads
are smaller than 1.5 10% ton/year. As shown in the bottom
figure in Fig. 6, the DIN yield in these two rivers is very small;
this is because the DIN yield is calculated by dividing the DIN
export by the river basin area. Among the 61 rivers, the river
with the largest DIN yield is the Rhine River (ID = 24). From
Fig. 6, we can see that the model used in this study reproduced
DINyield and load well for most of the selected 61 rivers, which
have different spatial locations and basin sizes.

Fig. 7 illustrates the correlation of river discharge with DIN
load and DIN yield for selected rivers in the world. The loga-
rithm—logarithm relationship in Fig. 7 shows that river

discharge has stronger correlation with DIN load than DIN
yield. It means increased river discharge generally exerts
a positive effect on DIN load in rivers at a long term (one year)
time scale. At higher annual flows, rivers deliver more
nitrogen from upstream to downstream by reducing residence
times. However, as for DIN yield, its correlation with river
discharge will be more complicated since DIN yield is also
affected by the catchment characteristics, such as area,
elevation, time and distance of transport for nitrogen in
a drainage network. Because river discharge is correlated with
vegetation, the relationship between DIN yield and river
discharge corresponds to a relationship between DIN yield
and vegetation type (Lewis et al., 1999).

4.2. Annual nitrate leaching from terrestrial ecosystems

Fig. 8 presents a map of annual nitrate leaching from the
terrestrial ecosystem in 1995. The range of nitrate leaching
was very large across the world. Similar to the results from
Dumont et al. (2005), higher nitrate leaching was predicted for
tropical humid-climate river basins (i.e., in Indonesia, West
Africa, the Amazon, and the Zaire River basin), densely
populated basins with high GDP (i.e., Rhine and Thames river
basins), and basins with extensive agricultural activities
(i-e., Yangtze and Ganges river basins). Other areas with high
values were predicted in New Zealand and Japan. The lowest
nitrate was predicted for basins with low population density
such as most basins at high latitudes and also for arid regions
(i.e., Nile River basin and Tamanrasett River basin). In this
paper, nitrate was calculated by the terrestrial nitrogen cycle
model, for which the main input data included simulated
runoff, fertilizer application, and precipitation. Therefore, the
predicted nitrate was greatly influenced by these input data
and the resulting spatial pattern was very similar to those of
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Table 2 — Selected global rivers for model validation.

ID Name Continent Area Average Pop. density Agriculture DIN load
(10* km?) Q(km?*/yr) (person/km?) land (%) (10%ton)
1 Amazon S.A. 583.30 5025.75 4.39 8.62 1006.19
2 Mississippi N.A. 319.10 538.37 22.47 74.69 815.62
3 Ob Asia 301.50 289.73 10.14 37.23 295.47
4 Parana S. A 265.40 595.59 27.80 59.47 116.51
5 Yenisei Asia 256.90 423.42 3.06 13.65 110.72
6 Lena Asia 243.30 284.92 0.56 0.00 51.34
7 Yangtze Jiang Asia 178.80 436.57 244.07 69.34 585.57
8 Amur Asia 174.80 261.14 36.37 26.78 139.32
9 Indus Asia 113.90 38.37 169.23 37.02 155.93
10 Murray Australia 102.80 20.46 3.51 53.89 1.13
11 Yellow Asia 89.05 18.46 158.88 81.50 107.31
12 Yukon N.A. 85.27 42.4 0.13 0.00 26.09
13 Rio Grande N.A. 80.19 6.53 17.45 73.85 0.48
14 Columbia N.A. 72.93 198.21 9.19 17.40 54.04
15 Kolyma Asia 66.32 67.57 0.09 0.00 11.94
16 Don Europe 42.16 33.42 48.60 98.70 8.05
17 Pearl Asia 40.71 142.01 207.09 69.11 213.04
18 Pechora Europe 31.31 78.54 1.79 0.00 20.26
19 Churchill N.A. 30.24 46.09 0.21 4.75 2.87
20 Neva Europe 28.35 71.34 28.31 2.33 21.01
21 Yana Asia 22.42 17.21 0.04 0.00 5.81
22 Rufiji Africa 18.61 62.53 23.92 54.02 51.34
23 Wisla Europe 18.00 22.64 135.49 50.97 66.92
24 Rhine Europe 16.45 58.47 300.35 45.99 361.97
25 Elbe Europe 14.80 16.61 166.61 53.68 117.72
26 Brazos N.A. 12.46 5.45 27.57 85.11 6.98
27 Balsas N.A. 12.26 31.83 230.44 37.64 8.96
28 Colorado N.A. 12.08 3.88 16.04 81.81 2.92
29 Odra Europe 11.94 11.42 121.44 63.49 46.54
30 Kuskowin N.A. 11.54 14.66 0.07 0.00 15.80
31 Anabar Asia 9.86 7.3 0.00 0.00 1.15
32 Nemanus Europe 9.66 16.76 46.26 37.55 13.37
33 Penzhina Asia 8.55 18.11 0.09 0.00 2.18
34 Daugava Europe 8.32 16.17 30.57 20.72 12.58
35 Mezen Europe 7.54 18.65 1.84 0.00 1.87
36 Seine Europe 7.32 9.75 210.31 81.63 99.90
37 Tejo Europe 7.31 8.67 101.42 57.97 8.98
38 Susquehanna N.A. 7.19 25.44 53.55 23.14 35.44
39 Bug Europe 6.90 5.64 74.05 84.09 1.95
40 Usumacinta N.A. 6.79 100.25 36.12 30.35 38.17
41 Copper N.A. 6.70 31.75 0.08 0.00 21.79
42 Kuban Europe 6.36 19.74 66.84 61.20 21.06
43 Paraiba do Sul S. A. 6.28 29.62 68.34 58.98 11.62
44 Sacramento N.A. 5.87 26.16 16.88 15.51 2.24
45 Narva Europe 5.80 11.26 19.66 30.58 4.25
46 Sakarya Asia 5.68 4.42 105.59 66.67 8.81
47 Appalachicola N.A. 5.47 27.44 79.56 25.88 12.85
48 Saint John N.A. 5.29 32.67 8.46 7.81 3.16
49 Stikine N.A. 5.12 22.4 0.04 0.00 11.92
50 Kamchatka Asia 5.04 25.92 0.72 0.00 4.47
51 Trinity N.A. 474 9.38 150.21 81.95 4.37
52 Glama Europe 4.73 18.46 28.54 0.00 9.07
53 Weser Europe 4.55 7.92 196.98 28.99 54.78
54 Hudson North 4.31 19.27 172.40 5.22 16.41
55 Altamaha N.A. 4.15 13.75 38.59 5.50 4.69
56 Potomac N.A. 3.83 11.36 91.50 29.39 15.16
57 Nushagak N.A. 3.53 7.3 0.05 0.00 3.72
58 Tornionjoki Europe 3.45 7.54 1.60 6.47 0.31
59 Klamath N.A. 3.21 12.78 7.83 6.73 2.28
60 Dalalven Europe 2.98 8.39 11.44 0.00 1.69
61 Pee Dee N.A. 2.76 8.57 72.75 27.34 6.06

Note: Rivers are sequenced by basin area. (S.A: South America; N.A: North America).
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runoff and fertilizer. Harrison et al. (2005) noted similar find-
ings for the global distribution of dissolved organic nitrogen
yield. As discussed by Seitzinger and Kroeze (1998) and shown
in Fig. 8, Asia exports the most DIN to its coasts. This is due to
its large surface area, high population, and large cultivated
land area. The World Health Organization (WHO) has recom-
mended healthy drinking water quality standards of 10 mg/L
or less for nitrate—nitrogen, whereas most rivers in populated
regions, according to the Global Environment Monitoring
System (GEMS) database, have values about seven times this
number at their mouths. The levels of dissolved nitrogen in
these rivers are no longer due solely to natural processes such
as weathering and soil organics, but also due to a substantial
contribution by human activities, particularly in Asia
(Subramanian, 2004; Jacks and Sharma, 1983).

4.3. Spatial distribution of global nitrate—nitrogen
concentration

To identify where the nitrogen pollution is most serious, Fig. 9
shows the spatial distribution of the nitrate—nitrogen
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Fig. 6 — Comparison of calculated and observed DIN load
(tonNy~ ") and DIN yield (ton N km 2y~ *)for selected rivers.

concentration in global rivers in 1995. The nitrate—nitrogen
concentration is generally low for areas with low temperature
and little precipitation. By contrast, the nitrate—nitrogen
concentration becomes especially high in the eastern United
States, the Rhine River, the Thames River, the lower portion of
the Amazon River, the Yellow River and Yangtze River,
northeast China, the east coast of the North China Plain, and
some parts of the Republic of Korea and Japan. In comparing
the maps of nitrogen fertilizer, nitrate leaching, and nitrate
concentration, it is evident that, in specific areas, high
nitrogen fertilizer use does not necessarily correspond with
equally high nitrate leaching and nitrate concentration. This
is apparent in the upstream region of the Yangtze River,
upstream region of the Yellow River (China), upstream region
of the Mississippi River (U.S.A), Murray River (Australia),
Nelson River (Canada), and upstream region of the Danube
River (Germany, Austria, Slovakia), midstream region of the
Amur River (Russia, China). Conversely, other areas have
relatively low nitrogen fertilizer use but high nitrate leaching
and concentration. This is seen in places such as downstream
region of the Amazon River, and the midstream region of
Congo River. The processes of the nitrogen cycle are complex
and nitrate leaching from soil layers is controlled by nitrogen
load input, hydrometeorological conditions, and management
practices. However, from a global perspective, the most
serious nitrogen pollution has occurred in distinct areas
exhibiting extensive agriculture and low precipitation
surpluses (Shindo et al., 2003). This is visible from Fig. 7 in
which large values of nitrate concentration (10—50 mg N/L)
were found in the Northern plains of China, Northern India,
and North-western portions of the U.S.A. In the groundwater
of Shandong Province, China, for example, the average
measured nitrate concentration was found to be 38.5 mgNL™*
and maximum concentration could exceed 100 mg N L°?
(Shindo et al., 2006).
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4.4. Uncertainty analysis

From the model results and analysis in the above sections, we
can see that a degree of discrepancy remains between simu-
lated and observed values of both nitrate—nitrogen flux and
nitrate—nitrogen yield. The most likely causes originate from
the uncertainties and variables inherent to the dataset, and
model limitation. For example, as the main input to nitrogen
loading on a global scale, nitrogen fertilizer usage has a large
impact on the final calculation of nitrate leaching. The

calculated nitrogen fertilizer value was compared with that of
FAO census data. However, since census datasets are inevi-
tably prone to a level of error, this data also contains some
uncertainties surrounding their reported values. Nitrogen
produced from livestock was calculated from the number of
animals and excretion rate per head (Bouwman et al., 1997,
Shindo et al.,, 2003). All the animals were considered to be
full grown. For nitrogen deposition data, the simple empirical
relationship between nitrogen deposition and precipitation
was employed. However, long-term transport of nitrogen
compounds, particularly NOy, is important and thus for more
precise estimation a transport model is needed (Shindo et al.,
2003). For denitrification and organic matter accumulation in
the soil, a simple reaction model considering temperature and
residence time was applied. Nitrogen removal due to in-
stream nitrogen retention is affected by complex conditions,
which also creates uncertainty.

In addition, we collected the available observed DIN
concentration data in major rivers from literature record for
model validation. However, the observed data itself has uncer-
tainty related to discharge measurement, sample collection
(location and frequency), sample storage, and laboratory anal-
ysis. Moreover, data processing can contribute uncertainty to
measured data because of missing data, assumptions made to
estimate missingvalues, and mistakesin datamanagementand
reporting (Harmel et al., 2006). Therefore, to reduce the effect
from the uncertainty of measured data, the frequency of water
quality sampling for the collected data in this study commonly
ranges from quarterly to monthly, with differences occurring by
network, constituent, and time period. The dataset collected in
this study was restricted to include only long term (>4 years)
annual averages with at least 85% of the measurements taken
between 1990 and 1997 (Dumont et al., 2005). The collected
datasets also include world river basins with a broad range of
area, land cover, climate, and topography (Table 2).

Longitude

-180° -150°

-120° -90° -60°  -30°

0° 30° 60°  90° 120°  150° 180°

Latitude
300 Q0 300 60°  90°

-60°

-90°

0.00 0.01 0.02 0.05 0.10

10.00

0.20 0.50 1.00 2.00 5.00

Fig. 8 — Simulated annual NO3;—N leaching from the terrestrial ecosystem in 1995.


http://dx.doi.org/10.1016/j.watres.2011.02.011
http://dx.doi.org/10.1016/j.watres.2011.02.011

WATER RESEARCH 45 (2011) 2573—2586

2583

Longitude

-180° -150°

-120°  -90° -60°  -30°

0° 30° 60°  90° 120°  150° 180°

Latitude
300 0O 30°  60° 90°

-60°

-90°

mgN/L | ; T ;
0.00 0.02 0.05 0.10 0.20

0.50 1.00 2.00 5.00 10.00 50.00

Fig. 9 — Map of simulated global NO;—N concentration in 1995.

To assess the model uncertainty, five scenarios were
considered in which the nitrogen load was increased by 10% for
nitrogen leaching from the agricultural soil layer, nitrogen load
from manure, nitrogen load from nitrogen fixation in agricul-
tural lands, nitrogen load from nitrogen deposition in agricul-
tural land, and nitrogen from sewage, respectively. The upper
part of Fig. 10 presents the resulting ratios of simulated annual
nitrate export under these five scenarios. The average nitra-
te—nitrogen exportin 1995 is shown in the bottom part of Fig. 10
in comparison to the absolute nitrate—nitrogen export in
different rivers. The figure shows that the contribution of
nitrogen leaching from the agricultural soil layer is the most
sensitive source for most of the selected 61 rivers. The second
largest source is the nitrogen from sewage, followed by the
nitrogen contribution from manure. The contributions
of nitrogen deposition and nitrogen fixation in agricultural
lands are nearly identical. These results indicate that the
nitrate—nitrogen export in most rivers will be sensitive to the
amount of nitrogen compounds leaching from agricultural soil
layers and urban sewage. The nitrogen leaching from the
agricultural soil layer is substantially affected by agricultural
activities such as nitrogenous fertilizer application. Accord-
ingly, the uncertainty from fertilizer application will have the
largest impact on the estimation of nitrate—nitrogen export in
rivers.

4.5, Discussion

The models in this study were constructed to examine dis-
solved nitrogen forms in particular. Through this emphasis,
hydrological pressures, such as the positively correlated
relationship between N export and runoff rate, contributing to
the diffusion of anthropogenic and natural nitrogen sources
could be incorporated (Seitzinger et al., 2005). The transport of
nitrogen was only considered from the land surface into rivers

and then out to sea. Transport of nitrogen in groundwater and
interaction between river water and groundwater were not
investigated in this study. Furthermore, the observed data for
DIN concentration were collected at the outlet of each river.
However, estimates of the absolute values of nitrogen
concentration in river water involved uncertainties because
sufficient data was not available for the ratio of total nitrogen
export to nitrate export. This ratio would vary spatially
according to temperature, river discharge, catchment char-
acteristics, etc. (Shindo et al., 2003). Consideration of these
factors would likely result in improved estimates.

Despite the limitations described above, we can still obtain
good insight and estimates from the nitrogen-loading simu-
lation at the global scale, which can improve our under-
standing of global spatial patterns and the magnitudes of
nitrogen export from global river basins. In addition, the
nitrogen model used in this study was specifically developed to
obtain nitrogen export from river basins at the global scale.
Similar to other global biogeochemical models, it differs in its
degree of spatial resolution and mechanism formulation from
models specifically developed for use in individual watersheds
such as the Riverstrahler model (Billen et al., 1999; Seitzinger
et al., 2005). Moreover, the current global nitrogen model is
a process-based model considering the major process of
nitrogen fixation, nitrification, denitrification, immobilization,
mineralization, leaching, and nitrogen taken by vegetation.
The fertilizer application rate for major crops and nitrogen
load from major livestocks in the world were calculated to be
inputs of the model. As results, the nitrogen leaching from soil
layers was calculated through the model. This is different with
most of the other nitrogen models in which the pollutant
emission basic unitis applied to estimate the nitrogen leaching
from soil layers (Sferratore et al., 2005). Moreover, the models
in this study can provide a detailed information of calculated
nitrate—nitrogen leaching from the terrestrial ecosystem and
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nitrate concentration in rivers not only at each river outlet, but
also at each grid with a spatial resolution of 0.5° by 0.5°.
Therefore, the nitrogen pollution condition in each grid of
these river basins can be assessed accordingly. The calculated
nitrogen loadings from agricultural lands, livestock, industrial
plants, and domestic water use can provide useful databases
for global-scale nitrogen pollution evaluation.

5. Conclusion

This paper has described integrated biogeochemical modeling
of nitrogen load and its export to global rivers. The amount of
nitrogen loading from various sources were calculated using

datasets of fertilizer use, maps of land cover and population,
social census data, and literature records. The nitrate leaching
from soil layers in the terrestrial ecosystem was calculated
using a global-scale terrestrial nitrogen cycle model. The
model validation results indicate that discrepancy remains
between simulated and observed DIN yield and load in some
places. Uncertainties associated with the dataset and model
limitations are the primary reasons for these discrepancies.
However, this study aimed at understanding the spatial and
temporal distribution of nitrogen load and it provided an
initial overview of an integrated framework with which to
estimate nitrogen load and nitrogen pollution in rivers at
a global scale. As for future directions of related work, it is
important to improve our understanding the mechanisms and
time scales involved in the terrestrial response to nitrogen
deposition, taking into account long-term nitrogen fertiliza-
tion. The relationship between anthropogenic river water
removal and DIN export is also required in future study. In
addition, the same model architecture used in this study can
be applied to a region (or several ones) with good data avail-
ability over several years to perform an in-depth test of the
model. The database built in this study will provide a useful
foundation for further model development and improvement,
considering both anthropogenic and natural scenarios. As
improved temporal and spatial resolution of validation data-
sets and the development of hydrological models that route
materials downstream through river networks become avail-
able, it will be possible for us to further examine seasonal
patterns and finer spatial resolution of DIN export.
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