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Abstract

UNEP's GEO Yearbook 2003 (UNEP, 2004) characterizes problems related to reactive nitrogen
(nitrogen overloads in some areas and nitrogen deficiencies in other areas of the globe) as an emerging
global environmental issue. Global modelling and scenario analysis may help to investigate linkages
and feedbacks between global change and water pollution, and to identify appropriate management
options.

To get an overview of the present-day global situation of nitrogen input and fate and to derive
scenarios of the future that simulate the impact of global change (climate, population, agriculture,
waste water treatment, etc.), the global model WaterGAP-N is being developed. WaterGAP-N will
simulate the input and fate of terrestrial nitrogen, including the input from diffuse (industrial fertilizer
and manure, biological fixation, and atmospheric deposition) and point sources, and the transport of
dissolved N and its loss by denitrification in soil and groundwater as well as in surface waters (rivers,
lakes, wetlands). With a spatial resolution of 0.5°, the model computes the N loads in each cell as well
as the input to the oceans. Here we present first results of WaterGAP-N and show how the model will
be used to derive management options for large-scale nitrogen pollution on the background of the
SRES scenarios of the Intergovernmental Panel on Climate Change (IPCC).

1. Introduction

Scenarios can help to understand the consequences of today’s decisions in a quite distant and uncertain
future. They describe a range of consistent and plausible images of alternative futures in an integrated
manner, considering the most important driving forces of the socio-environmental system of interest.
State-of-the-art environmental scenarios combine qualitative with quantitative elements, i.e. storylines
with model calculations. The development of qualitative-quantitative scenarios may consist of the
foIIowmg steps (Do6ll, 2004):
Identification of the problem field and the participants of the scenario process
- System definition including driving forces as well as temporal and spatial resolution and
extent
- Definition of indicators of the system state
- Development of qualitative reference scenarios in the form of storylines
- Development of quantitative reference scenarios using mathematical models
- Assessment of the impact of management decisions against the background of the reference
scenarios
- Evaluation of the scenarios.
Environmental scenarios are always interdisciplinary and have to consider linkages within the social-
environmental system. Spatial linkages (transport processes) or temporal linkages (buffer and
transformation processes) generally produce an even higher degree of complexity.
Nitrogen pollution has been recognized as a large-scale problem that does no longer affect
only developed countries (UNEP, 2002). Due to the future increase of population and wealth, and the
related extension and intensification of agriculture, even larger areas of the globe will potentially be
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subject to high nitrate levels in the groundwater and the eutrophication of surface waters (terrestrial
and marine). Global modelling and scenario analysis may help to investigate linkages and feedbacks
between global change and water pollution and to identify appropriate management options. In
particular, global modelling helps to explore linkages between food consumption in one region and
environmental effects in another one.

In order to assess management options for large-scale soil and water pollution, it would be
ideal to derive integrated quantitative scenarios of various pollutants (nitrogen, phosphorus, pesticides,
salt etc.). These scenarios would be based on mathematical models, which relate driving forces
(population, food consumption patterns, climate etc.) and specific management options with the level
of pollution. For efficiency and consistency reasons they should rely on existing global change
scenarios (SRES report by the Intergovernmental Panel on Climate Change (IPCC), Nakicenovic,
2000). The SRES scenarios describe the future world development in four scenario groups along a
matrix of the attributes global versus regional and economic versus environmental and provide
consistent scenario assumptions with regard to major driving forces like demographic change, social
and economic development and rate and direction of technological change, which are also relevant
driving forces of water and soil pollution. However, it is necessary to complement the SRES scenarios
by assumptions specific to pollutions of soil and water.

As a first step towards integrated global scenarios of water and soil pollution we are
developing WaterGAP-N, a global model of terrestrial N-input and fate. This model is specifically
designed for use in scenario development.

2. Development and first results of the Water GAP-N model

WaterGAP-N simulates the amount of nitrogen transported by rivers into the world’s oceans by first
computing diffuse and point sources of reactive nitrogen and then its transport through soil,
groundwater and surface waters (rivers, lakes and wetlands) to the ocean, taking into account
denitrification losses. The model uses monthly time steps and covers the whole land area of the globe
(except Antarctica), with a spatial resolution of 0.5° longitude by 0.5° latitude (approximately 67,000
cells). WaterGAP-N processes information on global land cover, crop distribution and crop
productivity as well as information on livestock numbers and productivity as provided by the IMAGE
2.2 implementation of the SRES scenarios (IMAGE Team, 2001), hydrological information as
provided by the WaterGAP model (Alcamo et al., 2003) and information from several other sources
(Fig. 1).

Since N pollution of ground and surface waters is closely linked to land use and management,
it is necessary to consider scenarios of land use to derive estimates of future N pollution. IMAGE 2.2
is the only existing global model that simulates land use as well as productivity of crops and livestock
up to the year 2100 consistent with the SRES scenarios. Therefore land use and productivity in
WaterGAP-N is based on modified simulation results of the IMAGE 2.2 model although for present
day conditions other land use maps, which are based on remote sensing and actual sub-national
statistics, would be more appropriate (e.g. Leff et al., 2004).

The part of WaterGAP-N that computes diffuse inputs of reactive nitrogen into ground water
is already functioning while the other parts of the model exist as concepts and have still to be
developed. First results of the soil nitrogen balance as simulated by WaterGAP-N show that the largest
turnover of reactive nitrogen occurs in regions with high plant productivity (Fig. 2a and 2b). In areas
covered by natural vegetation or forests most of the N-inputs go into plant uptake, and the highest
values of N leaching from the soil are found in intensively used agricultural areas (eastern part of the
United States, Western Europe, India and the eastern part of China). Nitrogen leaching has increased
between the early sixties and the early nineties in particular in Asia (Fig. 2c and 2d).

A comparison to results of other global studies indicates that the simulation results of
WaterGAP-N are in the range of other existing global models and that even in the global summery the
uncertainty of the simulation results is high (Tab. 1). It is very difficult to assess the uncertainty of the
results systematically because measurements of N-leaching on such a scale are not possible.
Systematic measurements are only available for the nitrogen concentration in the rivers, which is
however at the end of the chain of nitrogen transformation and transport processes.
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Because the SRES scenarios and the IMAGE 2.2 model were developed with focus on
greenhouse gas emissions and climate change, specific assumptions related to water pollution are
missing in the existing scenarios. In case of nitrogen pollution these are in particular:

- Assumptions on the amount and efficiency of waste water treatment,

- Assumptions related to the management of biofuel crops,

- Extent of and specific management in organic agriculture,

- Fertilizer management in agriculture (e.g. type of fertilizer spreading, storage of manure).

To simulate future nitrogen pollution it is necessary to complement the existing scenarios by those and
some other assumptions. The range of meaningful assumptions is determined up to a given degree by
the specific scenario but active pollution management can also influence it. Therefore options for
large-scale pollution management may be those which make sense in the given scenario and also lead
to low soil and water pollution.

3. Conclusions

In order to use the WaterGAP-N model to derive options for managing large-scale nitrogen pollution it
is necessary to finish model development (including model validation), and to modify and complement
assumptions of the SRES scenarios. Then, it will be possible to assess the impacts of e.g. increased
population and wealth on nitrogen pollution and to compute, for example, the effect of improved
waste water treatment or fertilizer management. However, many management options appear to be
related to changing global food consumption and agricultural production and trade patterns. In order to
assess such options it would be necessary to first develop an improved global land use model which
would then be coupled to WaterGAP-N to obtain scenarios of land use that does not result in excessive
N pollution.
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Table 1 — Compartments of the nitrogen soil balance as modelled by WaterGAP-N compared to other
global studies, values in Tg N yr*

Source Sheldrick Nevison et Mosier et Van Drecht et al. WaterGAP-N model
etal. al. (1996) al. (1998) (2003)
(2002)
Base year(s) 1996 1990 1989 1995 average 1991-1995
Extent arable global  agricult.  agricult. global  agricult. global
cropland land area area area land area area land area
Synthetic 78.2 78.0 79.0 76.5 76.5 73.0 73.0

fertilizer use

Manure use”

33.3 102.0 124.2 105.3 105.3 107.7 107.7

Biological N- 7.7 n.a. 9.7 40.8 159.7 34.8 160.7
Fixation

Deposition 21.6 n.a. n.a. 40.8 65.5 n.c. 58.3
Mineralization n.c. 828.0 n.a. n.c. n.c. n.c. 1147.0
Soil mining 18.3 n.c. n.c. n.c. n.c. n.c. 17.4
Plant uptake 101.2 835.0 n.a. 91.0 n.a. 108.9 1101.1
Leaching n.a. 172.0 n.a. 55.0 n.a. n.c. 80.2
Denitrification n.a. 128.0 n.a. 79.0 n.a. n.c. 158.0
NH;- n.a. n.a. n.a. 30.0 n.a. 40.3 40.3

volatilization

n.c. : not considered

n.a. : not available

* . N content before NHz-volatilization
** : values in italic refer to N-export by the harvested parts of biomass

SRES scenarios of the IPCC
SRR | || Global Circulation Models

- economic development
- future energy use (demands, intensities, structure)
- technological change

greenhouse gas emissions { - climate change
(temperature, precipitation)

- environmental policies

IMAGE 2.2 implementation of the SRES scenarios WaterGAP-Hydro

- land cover and land use (0.5 degree grid) - monthly surface- and groundwater runoff (0.5 degree grid)
- crop distribution and crop yields (0.5 degree grid) - monthly soil moisture content (0.5 degree grid)

- NPK-fertilizer use (per region) - drainage direction (0.5 degree grid)

- livestock numbers and productivity (per region)

Other model inputs

- cropping and livestock statistics per country (FAOSTAT)

- fertilization rates per crop and country (IFA)

- global map of irrigated areas, livestock density maps (FAO, Uni Kassel)
- soil texture, organic carbon content, drainage class (WISE)

- athmospheric deposition (F. Dentener, pers. communication)

- waste water treatment per country

- others

WaterGAP-N

Figure 1: Input data for the WaterGAP-N model.
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Figure 2: Total diffuse inorganic nitrogen load of the soil (sum of mineralization of organic matter,
synthetic fertilizers, deposition, symbiotic N-fixation of crops) and leaching of nitrogen below the root
zone as computed by WaterGAP-N (kg N ha™ yr?), a) average annual nitrogen loads 1961-1965, b)
average annual nitrogen loads 1991-1995, c) average annual nitrogen leaching 1961-1965, d)
average annual nitrogen leaching 1991-1995.
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