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Foreword

Humans are now the prime drivers of global change, which includes climate change.
Atmospheric levels of heat-trapping greenhouse gases (GHGs) have increased, and
the effects of human-induced climate change are now apparent. Global average
temperature is rising, glaciers are melting worldwide, rainstorms are intensifying in
many areas, and summer heat waves have become more intense while winters are less
severe. Whether the governments and decision makers will act sufficiently fast to
stem the global warming is uncertain because global warming presents unique
challenges and the crucial research information is not readily available.

Nitrogen is essential for all life forms on Earth. Nature and its biodiversity can
only exist because of the availability of reactive nitrogen in the system. Mankind
has developed the technology to produce synthetic reactive nitrogen, which is used
as a fertilizer to increase food production. Food production for about half of the
current global human population of seven billion is being achieved because of
the availability of synthetic nitrogenous fertilizers. Moreover, mankind also creates
reactive nitrogen indirectly as a by-product from the transportation and energy
sectors. Once reactive nitrogen molecule has been created, it is highly mobile and
remains in the environment for a considerable time while contributing to several
undesirable effects. Yet, anthropogenic activities have more than doubled the
availability of reactive nitrogen in the biosphere, primarily through agricultural
activities. Increasing nitrogen availability is leading to several unintended environ-
mental consequences, including enhanced emissions of nitrous oxide (N,O). It is a
long-lived radiatively active greenhouse gas (GHG) with an atmospheric lifetime of
approximately 120 years, and heat trapping effects about 310 times more powerful
than that of carbon dioxide (CO,) on molecular basis. Despite being a potent GHG,
it also plays a significant role in the depletion of stratospheric ozone. The volume
entitled Soil Emission of Nitrous Oxide and Its Mitigation by David Ussiri and
Rattan Lal comprises a clear and concise analysis of the global budget of N,O and
the factors controlling its emission. It also describes the anthropogenic sources of
N,O with major emphasis on agricultural activities. The volume includes an
extensive synthesis of mitigation techniques to reduce emissions from agricultural
soils and diverse sources of nitrogenous fertilizers. Although significant research
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information about N,O emissions exist, this information has remained
compartmentalized across a wide range of disciplines. This book fulfills the need
for comprehensive multidisciplinary synthesis of the up-to-date scientific knowl-
edge on N,O and its pathways through nature. The volume is of interest to graduate
students pursuing their career in soils and environmental sciences, academicians,
policy makers and land managers. The comprehensive synthesis is timely and of
relevance to an issue of global significance.

School of Environment and Natural Resources < 2 .
The Ohio State University i W
210 Kottman Hall Ronald Hendrick, Director

2021 Coffey Rd
Columbus OH 43210-8522



Foreword

The human population reached seven billion in 2011, and continues to grow
unabated. The burden of feeding an ever-increasing population requires greater
food production from a decreasing per capita land area, and dwindling water and
nutrient resources. Meeting this challenge has resulted in greater applications of
nitrogen-containing fertilizers to increase total food production. Yet, there are the
consequences of this unparalleled release of anthropogenic nitrogen into the envi-
ronment. One consequence is an increase in atmospheric concentration of nitrous
oxide (N,O). Agriculture is the major source of N,O emissions while the combus-
tion of fossil fuels and industrial activities also have contributed to the increase.
Carbon dioxide (CO,) is the major greenhouse gas (GHG) resulting in global
climate change. Despite having a larger capacity to absorb long-wave radiation,
N,O — one of the potent GHG — has received far less attention than CO,.
Nitrogen has been the subject of more intense research than most elements in the
periodic table because of its ever increasing role in agriculture. The abiotic and
biotic chemical processes that influence the efficacy of nitrogen-containing
fertilizers, and the environmental impacts of nitrogen-transformation by-products
have been studied by soil chemists, geochemists, agronomists, agricultural
engineers, oceanographers, limnologists and climate researchers. A wealth of
information exits on N,O and its formation pathways in nature. Unfortunately,
this information is scattered over a wide range of disciplines with different
perspectives and priorities. Thus, there is a strong need to collate and synthesize
this information and make it readily available in one reference for researchers,

vii
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academicians and land users. Comprehensive and up-to-date, Soil Emission of
Nitrous Oxide and Its Mitigation by David Ussiri and Rattan Lal fills this gap
admirably. The information presented in this book is crucial to any comprehensive
plans for the mitigation of greenhouse gases, and developing any strategy of
reducing anthropogenic global warming and global climate change.

Illinois State Geological Survey William R. Roy
Prairie Research Institute

University of Illinois at Urbana-Champaign

615 East Peabody Drive

Champaign, Illinois 61820



Preface

Since the start of industrial age around 1750, significant increases have occurred in
the atmospheric concentrations of several trace gases which have environmental
impact at global and regional scales. Three of these gases namely carbon dioxide
(COy), methane (CH,4), and nitrous oxide (N,O) — the so-called greenhouse gases
(GHGs) — contribute to global warming. The N,O also causes the depletion of
stratospheric ozone layer. Emission of GHGs to the atmosphere is of primary
concern worldwide because of their impact on radiative forcing and the climate
change. In addition to three primary GHGs listed above, some halocarbons and
aerosols present in trace concentrations also impact the radiative forcing. Atmo-
spheric concentrations of these gases have been increasing rapidly since 1950s as
a result of human activities. Molecules of these gases trap outgoing long wave
radiation energy in the lower atmosphere, which raises the Earth’s surface temper-
ature. In its fourth assessment report, the Intergovernmental Panel on Climate
Change (IPCC 2007) reported a linear trend in global surface temperature between
1906 and 2005 with a warming of 0.74 °C (range 0.56-0.92 °C), with a more rapid
warming trend over the past 50 years. This warming is primarily attributed to
human-induced emission of these heat-trapping gases into the atmosphere.
Despite its low concentration in the atmosphere, N,O is the fourth largest
contributor to the greenhouse effect. Its contribution accounts for 7% of the current
atmospheric radiative forcing. Therefore, this volume is focuses on emission of
N,O and its mitigation strategies. It begins with an overview of the global N cycle,
sources of N input to soil, the general soil-atmosphere exchange of N,O, as well
as key soil processes moderating N,O fluxes. The volume integrates informa-
tion from different disciplines and presents a holistic approach to N,O formation
in terrestrial and aquatic ecosystems and emission to the atmosphere, its effects on
radiative forcing, and possible sinks and mitigation options. The volume is specifi-
cally prepared to provide academic and research information for undergraduate and
graduate students, scientists, researchers, land managers and policy makers inter-
ested in understanding the environmental impacts of N,O emission, sources, sinks
of N,O, role of different land use and land management on N,O fluxes and

ix
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mitigation options. It places particular emphasis on the roles of anthropogenic
activities on both direct and indirect increases in N,O emissions.

The N,O is produced in soils and sediments during N transformation by micro-
bial processes of nitrification and denitrification as well as fossil fuel combustion
and some industrial processes. Nitrification is the predominant process producing
N>,O under warmer conditions. In contrast, denitrification is predominantly a
process under wet and anaerobic conditions when ammonium (NH,") and nitrate
(NO37) source is present in the soil and sediments. Historical data obtained from ice
cores extending back 2,000 years indicate relatively stable N,O concentration
around 270 £ 7 ppbv in pre-industrial revolution, followed by steady rise during
the past 200 years to 319 ppbv in 2005. In the past 20 years, the atmospheric levels
of N,O have been increasing almost linearly at 0.26% year™'. This increase is
generally attributed to the anthropogenic emissions. Human activities in the past
century have accelerated release and removal of reactive N to the global atmo-
sphere by as much as three to fivefold. Human activities that emit N,O are those
related to the transformation of fertilizer nitrogen into N,O and its emission from
agricultural soils, biomass and fossil fuel burning, animal husbandry, and industrial
processes such as nylon manufacture and nitric acid production. In addition, N,O is
produced naturally from a wide range of biological sources in soils, water and
sediments. Agricultural soils contribute about 65-70% of the total N,O produced
by the terrestrial ecosystems.

The N,>O is a long-lived radiatively active trace gas with atmospheric lifetime
of 118 years. The only known main sink for atmospheric N,O is stratospheric
photo-reactions. Atmospheric N,O is also one of the major sources of ozone
depleting reactions in the stratosphere.

The forth assessment report of the intergovernmental Panel on Climate Change
(IPCC 2007) estimated N,O emissions from both natural (i.e., oceans, tropical soils,
wet forests, dry savannas, temperate soils-both forest and grasslands) and anthro-
pogenic sources (i.e., fertilized agricultural soils, biomass burning, industrial pro-
cesses, animal feeds and manures, sewage processing, landfills, atmospheric
inorganic N deposition) at 8.5-27.7 Tg N,O-N year ' (Tg = teragram = 10'* g =
million metric ton). Agriculture is the single largest anthropogenic source of N,O
fluxes contributing 1.7-4.8 Tg N,O-N year . This source is likely to be increased
with the projected increase in use of nitrogenous fertilizers to meet the ever
increasing demand for food of the growing and affluent world population. Natural
sources of N,O emission are estimated at 11.0 Tg N,O-N year '. In addition to
supply of N, temperature and moisture regimes are the principal controls of N,O
emission.

Collation, synthesis, and critical review of the available literature show that
there are large uncertainties associated with the measured data on N,O fluxes with
the emphasis on spatial and temporal variability of measured fluxes. This uncer-
tainty underscores the research needs to increase database by monitoring fluxes for
long-term studies. In addition, there is a need for reliable flux data to improve
model predictions, and for development of equipment for monitoring of fluxes for
long-term plots under a wide range of land use and management systems. Also,
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there is a strong need for robust models incorporating larger emission scenarios and
more emission factors to improve the quality of N,O data. Yet, there is a strong
need for development of nitrogenous fertilizers and the mode and method of their
applications which enhance the nitrogen use efficiency while decreasing the losses
of reactive nitrogen into the environment. While the Haber—Bosch process of
manufacturing nitrogenous fertilizers have drastically enhanced crop yields and
saved billions from starvation, the use efficiency of fertilizers must be improved
while feeding the globe and mitigating global warming.

Illinois State Geological Survey David Ussiri
Prairie Research Institute

University of Illinois at Urbana-Champaign

Champaign, Illinois, USA

Carbon Management and Sequestration Center Rattan Lal
School of Environment and Natural Resources

The Ohio State University

Columbus, Ohio, USA
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Chapter 1
The Role of Nitrous Oxide on Climate Change
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Abstract Nitrous oxide is the third most important anthropogenic greenhouse gas
in the atmosphere, contributing about 6% to the radiative forcing by long-lived
greenhouse gases. In addition to its role as greenhouse gas, N,O also play signifi-
cant role in ozone (O3) depletion. Its atmospheric abundance prior to industria-
lization was 270 parts per billion by volume (ppbv). Its current abundance is
~324 ppbv. Over past 10 years, the mean annual growth rate is ~0.8 ppbv year '.
It is emitted into the atmosphere from natural and anthropogenic sources. The
anthropogenic activities have increased the concentration of long-lived greenhouse
gases dramatically since industrialization, and altered the composition of global
atmosphere, with great implications for current and future climate. Once emitted,
the N,O is very stable in the stratosphere; the only known sink is the photo-
oxidation tractions in the stratosphere. These reactions release oxides of N that
contributes to ozone depletion. The magnitude of its current and projected future
emissions leads to concerns about the timing of the recovery of ozone.

Keywords Greenhouse gases * Climate change ¢ Radiative forcing ¢ Global
warming potential « Ozone depletion « Ozone depletion potential

David Ussiri and R. Lal, Soil Emission of Nitrous Oxide and its Mitigation, 1
DOI 10.1007/978-94-007-5364-8_1, © Springer Science+Business Media Dordrecht 2013



2 1 The Role of Nitrous Oxide on Climate Change
Abbreviations

UV Ultraviolet GHGs greenhouse gases
IR Infrared radiation

PFCs  Perfluorochlorocarbons

HFCs Hydrofluorocarbons

GWP  Global warming potential

ODP  Ozone depleting potential

ODS  Ozone depleting substance

DU Dobson unit

RF Radiative forcing

IPCC Intergovernmental Panel on Climate Change
FAR  First Assessment Report

RF Radiative forcing

BP Before present

1.1 Introduction

Nitrous oxide (N,O) is a colorless gas of slightly sweet odor and taste under
ambient conditions, which was discovered by Joseph Priestly in 1772 from the
reduction of nitric oxide (NO) with iron or iron sulfur mixtures. Its presence in the
atmosphere has been known since 1939 (Adel 1939). However, its importance to
global environment was only realized in the early 1970s when atmospheric
scientists hypothesized that N,O released into the atmosphere through denitrifica-
tion of nitrates in soils and waters triggers reactions in the stratosphere that may
lead to destruction of the ozone layer (Crutzen 1970, 1972, 1974). Ozone layer
protects the earth from biologically harmful ultraviolet (UV) radiations from
the Sun. Later on, the investigations of its radiative properties led to classification
as an important greenhouse gas (GHG) which could modify the radiation energy
balance of the earth—atmosphere system (Wang et al. 1976; Ramanathan et al.
1985). These two characteristics, in combination with observation of its increasing
concentration in the atmosphere (Prinn et al. 1990; MacFarling Meure et al. 2006;
Forster et al. 2007) and long atmospheric lifetime (114 £ 10 years; Forster et al.
2007; Wuebbles 2009; Prather and Hsu 2010) makes N,O an important factor in
global climate system and atmospheric chemistry of the ozone. In view of its
potential to influence the global climate, it is necessary to gain knowledge about
its global budget, source, sinks, and emission mitigations.

Measurements of entrapped N,O in polar ice indicate that the global con-
centration of N,O is higher now than at any time during the past 45,000 years
(Leuenberger and Siegenthaler 1992; Schilt et al. 2010). After the last ice age,
N,O concentration increased and then remained at ~270 parts per billion volume
(ppbv = nmol mol ") for about 10,000 years until the nineteenth century. Glob-
ally, the average mixing ratio has increased from ~270 ppbv since pre-industrial
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times in 1750s to current concentrations of 324 ppbv and continues to grow,
currently at a rate of 0.8 &+ 0.2 nmol mol~" year™' or 0.25 + 0.05% year ' and
by 0.25% during 2000-2010 (WMO 2011).

1.2 Greenhouse Effect

The radiation from the sun is the source of Earth’s energy that drives global
climate. The climate system can be described as weather generating heat
engine driven by the solar radiation energy input and thermal radiation output
(Peixoto and Oort 1992). About 99.9% of the electromagnetic radiation emitted
by the sun is in wavelengths of 0.15—4.0 pm (i.e., 1 pm = 10~ m). The balance
between the solar energy that Earth receives from the Sun and that which it
radiates out to the space is a major driver of the Earth’s climate. Quantification
of the amount of energy flow in and out of the Earth system and identification of
the factors determining the balance between the incoming and outgoing energy
helps in understanding the climate change. The Sun emits radiation over a
spectrum of energies that exist in the form of waves; the radiation wavelength
is the inverse of energy. On the high energy side of solar spectrum is UV and on
the low energy side is infrared (IR) radiation. Nearly half of solar radiation is in
the visible spectrum (i.e., ~0.4—0.7 pum, short wave electromagnetic spectrum) and
the other part is mostly in near infrared and UV electromagnetic spectrum. The
amount of energy reaching the top of Earth’s atmosphere during daytime is
estimated at 1,370 Watts (W) s~' m 2. Averaged over the entire planet, the
Earth’s atmosphere receives 342 W m™2, predominantly as short wave electro-
magnetic radiation (Kiehl and Trenberth 1997; Le Treut et al. 2007; Fig. 1.1).
About 31% (i.e., 107 W m™?) of this solar energy is reflected back to space by
clouds, aerosols, atmospheric gases, and the Earth’s surface. The fraction of total
energy reflected back to space can be referred to as albedo, and is influenced by
surface conditions such as snow, ice, land versus sea, vegetation type, line of sight
to the sun and other surface factors. It is also affected by atmospheric conditions,
including cloud cover and wavelength of solar energy received (Pinty et al. 2008).
Therefore, total albedo is highly variable from one place to another. The remaining
energy (235 W m?) is mostly absorbed by the Earth’s surface—land and ocean
(168 W m™?) and to a lesser extent by atmosphere (67 W m ™). The energy absorbed
by the vegetation layer drives the plant processes such as evapotranspiration, photo-
synthesis, and C assimilation, while the remaining fraction available in the underlying
soils controls evaporation, snow melting, and other temperature—related processes
(Sellers et al. 1997).

To maintain energy balance under stable climate, the Earth must radiate nearly
the same amount of energy (about 235 W m™?) back to space. If the Earth was to
emit 235 W m 2, temperature at the Earth surface will be around —19°C (255 K)
based on the energy balance requirements, which is the temperature observed at the
altitude of 5-6 km above the Earth’s surface (Peixoto and Oort 1992). However, the



4 1 The Role of Nitrous Oxide on Climate Change

Sun
Reflected solar

\ radiation 107 Wm™ 31

Incoming Solar radiation /
342 Wm™ (100) - — E
// | Outgoing long wave radiation 235 Wm™
/

Earlh"s surface
infrared radiation 390
Wm™ (114)

Latent heat || Sensible heat
78 Wm™ (23) || 24 Wm? (7)

Absorbed by Earth surface

168 Wm™ (49) Absorbed by

Earth’s surface
5}
324 Wm™~
<——— Solar radiation ———=———  Long wave radiation ————w}¢—— Non-radiative —»

I
) // | % |
b5}
£ /1y '
5 A |
7 / /1 |
22 / [ Emitted by |
ol I At h ~
/ | mosphere Atmospheric |
o Z /; f | 165 Wm window 40 Wm™ | |
b5}
=
? Absorbed by Atmosphere | :
& 67 Wm™ (17) | Clouds
= 30 Wm™ Back radiation ||
/(9) ' 324 Wm2 ||
|
1 = [
|
|
z8 I |
ER: i
g3 | [
| |
| |

Fig. 1.1 The flow of energy from the Sun to Earth and between the Earth’s surface and the
atmosphere. Numbers in brackets are percent of solar radiation (Redrawn with modification from
Kiehl and Trenberth 1997; Baede et al. 2001; Le Treut et al. 2007)

Earth being colder than the Sun, is warmed and it radiates about 390 W m 2 (or
about 114% of solar radiation from the Sun) as long waves (Fig. 1.1), primarily IR
(i.e., radiant heat, Le Treut et al. 2007). The surface IR of 390 W m~? corresponds
to blackbody emission at 14°C on Earth’s surface, decreasing with altitude, and
reaching mean temperature of —58°C at the top of the atmosphere (i.e., troposphere,
the layer closest to the Earth) about 15 km above the Earth’s surface. Much of this
thermal radiation is absorbed in the atmosphere, and radiated back to the Earth
(324 W m*2), causing it to be warmer than as if the direct solar radiations were the
only source of energy (Le Treut et al. 2007). As a result, the observed global
temperature at the Earth surface is about 14°C, 33°C higher than expected, which
is attributed to absorption and re-emission of this long wave radiation in the form of
IR by the atmosphere, as a result, radiant heat is trapped near the Earth’s surface and
keeps it warm. This process is referred to as the natural greenhouse effect. Two
other mechanisms which transfers heat from Earth’s surface to the atmosphere are
sensible heat (24 W m~2), and latent heat (i.e., water vapor (78 W m %)) which
eventually release its heat through condensation in the atmosphere (Kiehl and
Trenberth 1997; Le Treut et al. 2007).

The outgoing long wave radiation leaving the atmosphere is estimated at
235 W m 2, representing 74% of the incoming solar radiation (Fig. 1.1). Some of
the radiation leaving the atmosphere originates from the Earth’s surface and
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transmitted relatively unimpeded through the atmosphere (40 W m™2) in the areas
where there are no cloud cover, and is present in part of the spectrum known as
atmospheric window (8.0-12.0 pm). The atmosphere emits about 165 W m 2, and
clouds about 30 W m 2. Thus, very little radiation is transmitted directly to the
space as if the atmosphere were transparent.

Presence of greenhouse gases (GHGs), also known as trace gases, those which
account for less than 1% of the total volume of dry air in the atmosphere plays
important role in Earths’ energy budget by absorbing and re-emitting IR radiation
emitted by Earth surface, preventing it from escaping to the space. The most
important gases causing the greenhouse effect are water vapor (H,O), carbon
dioxide (CO,), methane (CH,), nitrous oxide (N,O) and ozone (O3). As a result,
most of the radiant heat flows back and forth between Earth’s surface and atmo-
sphere, and absorbed in the atmosphere to keep the Earth’s surface warm (Le Treut
et al. 2007). The exchange of energy between earth surface and atmosphere
maintains global temperature near the surface at global average of 14°C, and
decreases with increase in height above the earth surface. The GHGs occur natu-
rally in the atmosphere and are responsible for natural greenhouse effect, which
makes life possible, as we know it. The GHGs that are not naturally occurring
include hydrofluorocarbons (HFCs), perfluorocarbons (PFCs; a class of organo-
fluorine compounds that have all hydrogen (H) replaced with fluorine (F)), and
sulfur hexafluoride (SFg) generated from a variety of industrial processes. Without
this natural greenhouse effect, the life on Earth would not be possible (Le Treut
et al. 2007). The most abundant constituents of the atmosphere- nitrogen (78.1%
volume), oxygen (20.9% volume), and argon (0.93% volume) have minimal inter-
action with the incoming solar radiation and no interaction with IR radiation
emitted by the Earth. On the other hand, clouds exert greenhouse effect; however,
this effect is offset by their reflectivity such that clouds tend to have a cooling effect
on climate (Le Treut et al. 2007).

Atmospheric concentrations of GHGs have changed naturally throughout
the Earth’s history. However, anthropogenic activities in post-industrial era have
resulted in enhanced emission of four major GHGs namely CO,, CHy4, N,O, and O;.
In addition, new, manmade GHGs gases generally termed as high-global warming
potential gases: HFCs, PFCs, and SF¢ have been added to the atmosphere in the
post-industrial era (Baede et al. 2001). These compounds are the most potent
GHGs because they have very large heat-trapping capacity and some of them
have extremely long atmospheric lifetimes (Table 1.1). Once emitted can remain
in the atmosphere for centuries, making their accumulation almost irreversible. The
atmospheric concentration of CO, has increased due to fossil fuel use in transpor-
tation and power generation, cement manufacturing, deforestation and accelerated
processes of organic matter decomposition. The CH, has increased because of
agricultural activities, natural gas distribution, and landfills. Wetlands also release
CH, naturally. The N,O has increased as a result of agricultural soil management
and N fertilizer use, livestock waste management, mobile and stationary fossil fuel,
combustion, and industrial processes. Soils and oceans also emit N,O naturally.
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Table 1.1 Global warming potentials of important anthropogenic greenhouse gases

Lifetime  Radiative efficiency Time horizon (years)

Greenhouse gas (years) (Wm~2ppb ") 20 100 500
Carbon dioxide (CO,) 1.2 1.4 x107° 1 1 1
Methane (CHy) 12 3.7 x 107* 62 23 7
Nitrous oxide (N,O) 114 3.03 x 1072 275 298 153
Controlled by the Montreal Protocol

CFC-11 (CCI3F) 55 0.25 4,500 3,400 1,400
CFC-12 (CClLFy) 116 0.32 7,100 7,100 4,100
CFC-13 (CCIF5) 640 0.25 10,800 14,400 16,400
Hydrofluorocarbons (HFCs)

HFC-23 (CHF3) 270 0.19 1,200 14,800 12,200
HFC-134a (CH,FCF;) 14 0.16 3,830 1430 435
HFC-152a (CH;CHF,) 1.4 0.09 237 124 38
Sulfur hexafluoride (SFg) 3,200 0.52 16,300 22,800 32,600

(Source: Forster et al. 2007)

The HFCs are man-made chemicals developed as alternatives to ozone-depleting
substances for industrial and consumer products, for example, HFC-134a, used in
automobile air-conditioning and refrigeration. The PFCs are chemicals primarily
produced from aluminum production and semi-conductor manufacture, while SFg is
gas used for insulation and protection of current interruption in electric power
transmission and distribution equipment. Other GHGs include ozone (O3) continu-
ally produced and destroyed in the atmosphere by chemical reaction. Anthropo-
genic activities have increased ozone in the troposphere (i.e., the atmospheric layer
closest to the Earth) through the release of gases such as CO, hydrocarbons, and
NO which chemically reacts to produce ozone (Forster et al. 2007). Changes in
atmospheric water vapor and O; are climate feedbacks due to indirect effect of
anthropogenic activities. Because GHGs absorb IR radiation, changes in their
atmospheric concentration alters the energy balance of the climate system. Increase
in atmospheric GHGs concentrations produces net increase in absorption of energy
of the Earth, leading to warming of Earth’s surface.

The characteristic absorption of N,O in the IR radiation range of the atmospheric
window of the Earth makes it a potent GHG. Since 1980s, a scientific consensus has
emerged that human activities through increasing the concentration of GHGs in the
atmosphere have intensified the natural greenhouse effect and set in motion a global
warming trend (Fig. 1.2; IPCC 2001, 2007; USEPA 2007). For example, CO, in the
atmosphere has increased from about 280 ppm in pre-industrial era (1750) to the
current 389 ppm (WMO 2011). Similarly, concentrations of CH, and N,O have
increased from 700 and 270 ppb in pre-industrial era to current levels of 1,808 and
324 ppbv, respectively (WMO 2011). This change represents an abundance of 139,
258, and 120 for CO,, CH4, and N,O, respectively, relative to year 1750. The mean
growth rate estimates of N,O concentration in the atmosphere is at 0.8 ppb year '
over the past 10 years (WMO 2011). Therefore, anthropogenic activities have
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Fig. 1.2 Global surface temperature from 1880 to 2010 based on the National Aeronautics and
Space Administration Goddard Institute for Space Sciences (Data source: http//data.giss.nasa.gov/
gistemp/graphs)

dramatically altered the chemical composition of the global atmosphere with great
implications for current and future climate. Atmospheric theory predicts that
changes in the concentration of trace gases will have dramatic consequences for
the habitability of the earth, which may include (i) food insecurity, (ii) loss of
biodiversity and ecosystems change (iii) destruction of the stratospheric ozone layer
due to increase in N,O and halogenated compounds, (iv) increase in the amount of
tropospheric ozone due to increased emissions of NOy, CO, and hydrocarbons.
With the current trends, the earth is likely to warm by 3-5°C for the next century
(Le Treut et al. 2007). This is as much as it has warmed since last ice age. Such a
warming would have adverse impacts on ecosystems because ecosystems will not
be able to adjust to such a rapid temperature changes.

Although the atmospheric concentrations of CH, and N,O are much lower
than that of CO,, they each make a disproportionate contribution to atmospheric
anthropogenic greenhouse effect in relation to their concentrations in the atmo-
sphere. Methane contributes some 15%, and N,O about 6% of the effect, making
them the second and third most important GHGs after CO,. This is because CH,4 has
a global warming potential 23 times and N,O is 298 times that of CO, on 100-year
timescale (Table 1.1).
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1.3 Climate Forcing

Human beings are now the prime drivers of global changes, which include climate
change, reduced water quality, loss of diversity, and degraded ecosystem services —
i.e., the services provided by nature for free, including fertile soils, clean air,
pollination, and water purification (Rockstrom et al. 2009). The anthropogenic
drivers include growing population, and changing per capita consumption patterns
that affect food, feed, fiber production, land use change, and energy use. Climate
change may be due to natural internal processes or external forcings, or persistent
anthropogenic changes in the composition of the atmosphere or in land use
(Fig. 1.3). Perturbations to energy balance of the earth system drives the climate
change. Factors that affect climate change can be separated into forcings and
feedbacks. The concept of climate forcing was introduced in the First Scientific
Assessment Report (FAR) of the Intergovernmental Panel on Climate Change
(IPCC 1990), and in the original framework and later text climate forcing and
radiative forcing have been used synonymously. It is an energy imbalance (or
radiative imbalance) imposed on the climate system either externally or by
human activities. Examples of forcings include change in volcanic emissions,

Natural processes

e Solar and orbital
variability

e Volcanoes

o Plate tectonics

e Natural emissions

Anthropogenic
activities

e Agricultural practices
e Industrial processes
e Land use change

Forcing Agents
e Greenhouse gases (i.e.,
CO,, CH,, N,0O), aerosols
and other active gases
e Land cover change
Solar irradiance and
insolation changes

—p

sjoedu [e18100S

Feedback

Change in components

Climate response

of climate
. - e Temperature
e Atmospheric composition e Precipitation
e Evapotranspiration e Vegetation

e Atmospheric lapse rate Indirect forcing

Fig. 1.3 Framework of radiative forcing, climate response and feedbacks of the climate change
variables (Modified from NRC 2005; Liepert 2010)
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land use modifications, changes in emissions of GHGs, aerosols and solar energy
output (Fig. 1.3). The processes that amplify or dampen the initial forcing deter-
mine the relationship of radiative imbalance and climate response (Liepert 2010),
and they are referred to as climate feedbacks. Climate feedback is the internal
climate processes that amplifies or diminish the climate response to the forcing
(NRC 2005). Positive feedback processes amplify response of the climate forcing.
Examples of feedbacks include changes in atmospheric water vapor caused by
increased warming associated with increase in GHGs concentration, which then
amplify the warming through the greenhouse properties of water vapor. Warming
causes ice to melt, revealing a darker land and water surfaces that absorbs more heat
and causing more warming. Climate forcing can be radiative or nonradiative, and
radiative forcing can be either direct or indirect. Direct radiative forcings influences
the radiative budgets directly (e.g., added GHGs) which absorbs and emit IR
radiations. Indirect radiative forcings causes radiative imbalances by first changing
climate system components, which then lead to changes in radiative fluxes. One
example is increase in evapotranspiration flux. Nonradiative forcings creates
energy imbalance that have no direct effects on radiation (NRC 2005).

1.3.1 Radiative Forcing

Radiative forcing (RF) is a concept developed to provide a conceptual framework
of understanding and quantifying Earths’ energy budget modifications and their
potential impacts on surface temperatures response (Hansen et al. 1997; Myhre
et al. 2001). The effectiveness of climate forcings has practical importance because
of the need to assess and compare the climate impacts of different changing
atmospheric constituents. Strategies to reduce global warming can benefit from
understanding of potential of different forcings in altering global temperature
(Hansen et al. 2005). The RF quantifies the anthropogenic and natural influences
on the climate system (Unger et al. 2010). The RF is a measure of how the energy
balance of the Earth-Atmosphere system responds when factors that affect climate
are altered. Factors affecting climate can be either natural or anthropogenic in
origin. Natural factors include solar changes and volcanic eruption. In addition to
cyclic changes in solar radiation that follow 10-11 year cycle, solar output has
increased gradually in the industrial era, causing a small positive RF, warmer
climate, and atmospheric abundance of stratospheric ozone (Forster et al. 2007).
Volcanic eruptions can create a short-term (2-3 years) negative forcing through the
temporary increase in sulfate aerosol in the stratosphere. Aerosol particles reflect
and/or absorb solar and IR radiation in the atmosphere. Aerosols also change the
cloud properties. Anthropogenic factors include increase in GHGs, increase in
tropospheric ozone, decrease in stratospheric ozone, increase in aerosol particles
in atmosphere, change in land cover and atmospheric contrails produced by
aircrafts. The positive RF associated with increase in GHGs is the best understood
of the anthropogenic RF, and they are positive because of absorption of IR
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Table 1.2 Simplified formulas for calculating radiative forcing due to carbon dioxide, methane,
nitrous oxide, and halocarbons

Greenhouse Abundance of

gas Formula for radiative forcing, RF (W m~?) GHG in year 1750 Constant

Carbon dioxide pr _ . 1n <C£> Co =278 ppmv o =5.35
(CO) ’

Methane (CHy) RF = ﬁ(\/ﬁ — \/ATO) — [f(M,N) — f(MpNo)] Mo = 700 ppbv B = 0.036
Nitr((;l;soo)xide RF =¢ (VN — \/Ny) — [f(MyN) — f(MoNo)] No =270 ppbv € = 0.12

CFC—121 RF = A(X — X,) Xo=0 A =0.25

CFC-12 RF = (X — Xy) Xo=0 o = 0.32

Modified from Ramaswamy et al. (2001)

f(M,N)=0.47In {1 +2.01 x 1075 (MN)*"® + 5.31 x 10" M(MN)"*?

C is CO; in ppm, M is CHy in ppbv, N is N,O in ppbv and X is CFC in ppbv

radiation. Changes in land cover, principally through forest clearing for cropland
has modified the reflective properties of land. Anthropogenic activities have also
modified the reflective properties of ice and snow. The overall anthropogenic
impact has increased the reflection of solar radiation from the earth. The larger
the forcing is, the larger the disruption of steady global surface temperature. It is
defined as the change in incoming energy minus outgoing energy at the top of the
atmosphere in response to a factor that changes energy balance with reference to
unperturbed values (i.e., net energy flux difference at the top of troposphere caused
by the imposed change in the pollutant relative to unperturbed initial state)
(Ramaswamy et al. 2001; Forster et al. 2007). Mathematically, RF can be expressed
as (Ramaswamy et al. 2001):

AT, = JRF (1.1)

where 4 is the climate sensitivity parameter, AT, is the global mean temperature
response, RF is radiative forcing. A number of radiative forcings of different origin
and sign may exist together and to a first order, they can be added to yield a total
forcing. Table 1.2 presents the simplified formulas for calculating RF for most
common GHGs.

The year 1750 is a baseline for pre-industrial era benchmark for investigating
changes in climate system associated with anthropogenic perturbations. The RF is
quantified as a rate of energy change per unit area of a globe measured at the top of
the atmosphere (troposphere). It is expressed in Watts per square meter (W m ™).
It is the term used to denote externally imposed perturbation in the radiative energy
budget of the earths’ climate system. In an equilibrium climate state, the average net
radiation at the top of the atmosphere is zero. A change in either solar or infrared
radiation changes the net radiation. The corresponding imbalance is radiative forc-
ing. When RF from a factor or a group of factors is positive, the energy of the earth-
atmosphere system will increase, leading to a warming. On the other hand, negative
forcing leads to decrease in energy and cooling of the system (Serreze 2010).
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Table 1.3 Concentrations and radiative forcing of the anthropogenic gases since industrialization
to 2010

2005 1750-2005* 2010 1750-2010°
Radiative forcing Radiative forcing

Component Concentration (W m™2) Concentration (W m™2)
Carbon dioxide (CO,) 377.1 ppmv  1.66 £ 0.17 390 ppmv 1.791
Methane (CHy4) 1,783 ppbv 0.48 £ 0.05 1,808 ppbv 0.504
Nitrous oxide (N,O) 318.1 ppbv 0.16 + 0.02 324 ppbv 0.175
CFC, (CCLF,) 541.7 pptv 0.173 530.1 pptv 0.170
CFC,, (CCI5F) 250.9 pptv 0.063 240.2 pptv 0.060

15 minor long-lived - 0.092 - 0.105

halogenated gases®
Total - 2.64 - 2.81

Notes: “Data from IPCC 200

*Data extracted from Butler (2011).

15 minor long-lived halogenated gases are: CFC-113 (CCI3FCCIF,), CCly, CH3CCl;, HCFC-22
(CHCIF,), HCFC-141b (CH;CCl,F), HCFC-142b (CH3CCIF,), HFC-134a (CH,FCF;), HFC-152a
(CH3CHF;), HFC-23 (CHF3), HFC-143a (CH;CF3), HFC-125 (CHF,CF3), SF¢, halon-1211
(CBrCIF,), halon-1301 (CBrF;) and halon-2402 (CBrF,CBrF,)

Radiative forcing assesses and compares the anthropogenic and natural drivers
of climate change. It is an important concept for prediction of surface temperature
change, particularly for comparative studies of different forcings (Hansen et al.
1997). This concept originates from the studies of climatic response to changes in
solar insolation and CO, using simple radiative convective models. It is applicable
for assessment of climatic impact of long-lived GHGs (Ramaswamy et al. 2001).
The importance of this concept is that it enables quantification and assessment of
various factors that shift the energy balance relative to other factors. Radiative
forcing is a simple measure for qualifying and ranking many different influences on
climate change since it does not attempt to represent the overall climate response.
It has advantage of being easier to calculate and to compare than estimates of the
climate response, since climate response and sensitivity to external forcing are not
easily quantifiable (Hansen et al. 2005; Colman and McAvaney 2011). The natural
RF agents are solar changes and volcanoes. Anthropogenic activities contribute to
RF through changing the amount of GHGs, aerosols and cloudiness. However, RF
does not indicate how the climate will actually change due to particular forcing
factor. Table 1.3 presents the RF of some of the common anthropogenic GHGs. The
values reflect the forcing relative to start of industrial era in 1750s. The forcings of
the greenhouse gases (e.g., CO,, N,O and CHy) are the best understood of those due
to human activities and are all positive because each of these gases absorbs
outgoing IR radiation in the atmosphere. Among the anthropogenic long-lived
GHGs, increases in CO, concentrations have caused the largest forcing during
post-industrial era (Table 1.3). Change in the mixing ratio of N,O from 270 ppbv
in 1750 to 319 ppbv in 2005 results in RF of +0.16 + 0.02 Wm > (IPCC 2007;
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Table 1.3). The RF of N,O has increased by 11% since 1998. As CFC-12 levels
slowly decline in response to regulation of ozone depleting gases (IPCC/TEAP
2005), N,O with its current emission trends has taken over the third place in the
ranking of the long-lived GHGs radiative forcings (Table 1.3). Increase in tropo-
spheric ozone concentration also contributes to warming, while decrease in strato-
spheric ozone concentration contributes to cooling. Aerosol particles influence
RF both through reflection and absorption of solar and IR in the atmosphere.
Some aerosols can cause negative forcing, resulting into cooling, while others
causes positive forcing contributing to warming. The overall effect of aerosols
warming is negative (i.e., cooling), which is further intensified by changes they
cause in cloud properties.

The RF is a useful tool for estimating the relative global impact of different
climate change mechanisms (Ramaswamy et al. 2001); and is particularly useful in
estimating the relative equilibrium of average temperature change due to different
forcing agents. However, RF alone cannot assess the potential climate change asso-
ciated with the emissions, since it does not take into account the lifetime of the
forcing agents. With growing scientific insight, several attempts have been made
since FAR to improve the RF concept by re-evaluating its definition (Forster et al.
2007) by including in it several other feedback processes. In addition, other simple
metrics quantify the contribution of individual compounds to climate change. The
Global Warming Potential (GWP) is the most established index that has been used
in all past climate assessments (IPCC 1990, 2007; Ramaswamy et al. 2001).

1.3.2 Global Warming Potentials

Three characteristics of a gas determine its contribution to greenhouse effect,
namely, its: (i) absorptivity for IR radiation, (ii) atmospheric lifetime (Table 1.1),
and (iii) concentration in the atmosphere (CAST 2004). Gas absorbs IR radiation in
specific energy bands influenced by its chemical properties. In addition, there is an
overlap in the radiation-energy absorption bands for different GHGs. Therefore, the
net effect of increasing the concentration of any single gas depends on inherent
characteristics of the gas and its interaction with the energy absorption bands of
other GHGs. The lifetime determines how long the emissions of GHGs into the
atmosphere will contribute to global warming. The absorptivity and atmospheric
lifetime characteristics of gas(es) is generally combined into a single index called
Global Warming Potential (GWP). The concentrations of GHGs in the atmosphere
play a significant role in influencing its GWP. If GHG is not present at a sufficiently
high concentration, or does not have a potential to reach sufficiently high concen-
tration, then it is not important even if its GWP is high. Only a few trace gases have
the combination of the three characteristics to contribute significantly to global
warming (Table 1.1; Forster et al. 2007).

When dealing with multiple GHGs, it is necessary to have a simple means of
describing the relative abilities of emissions of each GHG to affect RF and
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therefore, the climate. One of the useful approaches is to express any estimates
relative to the trace gas of primary concern, which is CO,. The lifetime of some
GHGs implies that their commitment to possible climate impacts for long periods
of time (e.g., decades to centuries) and it necessitates the inclusion of potential
in the formulation of the concept (Shine et al. 1990). Thus, GWP is a tool that
compares the climate impact of a unit of gas emitted to the atmosphere in a pulse
to the impact of a reference gas (i.e., CO,). Therefore, a unit mass of CO, is
assigned a GWP of 1. The definition of climate impact depends on the purpose.
The impact can be described based on economic (e.g., cost versus benefit) or
physically (as in global warming), hence GWP can be used in a variety of functions.
The GWP was developed as a metric under Kyoto Protocol with which a multigas
emission strategy of limiting anthropogenic climate change can be politically and
internationally implemented. Calculation of the GWP of a GHG requires the
knowledge of its radiative efficiency and global atmospheric lifetime. Radiative
efficiency is defined as the change in net radiation at the tropospause by a given
change in GHG concentration or mass. It has units of Wm 2 ppb~ ' or Wm 2 kg~
(Daniel et al. 2011). The conversion from mass per volume (i.e., mg m ) to ppmv
and vice versa is temperature dependent (usually 20-25°C). At an ambient pressure
of 1 atm, the conversion can be done according to Eq. 1.2:

L _pX(273154°C)
PPIY =12 187 x MW)

(1.2)

where ppmv is the concentration of the gas expressed in parts per million
by volume, p is the density of the gas (i.e., mass per unit volume, mg m °),
(273.15 + °C) is the temperature expressed in Kelvin, 12.187 is a constant of
proportionality, and MW is the molar mass of the gas.

The absolute global warming potential (AGWP) for time horizon ¢’ defined as
(Daniel et al. 2011):

/
AGWP, (1) = JFX - x(t)dr (1.3)
0

where Fx is the radiative efficiency of species x, x(¢) is the decay with time of a unit
pulse of compound x, and ¢ is the time horizon under consideration. The GWP
compares the integrated effect of various GHGs on climate and expressed as
(Forster et al. 2007; Ramaswamy et al. 2001; Daniel et al. 2011):

' _
Gwp. (1) — AGWEL() Jo Fuexp(52) dr (14
S AGWPco,(1) [ Feo,R(1)dr '

where Fco, is the radiative efficiency of CO,, R(¢) is the response function that
describes the decay of an instantaneous pulse of CO,, and the decay of the pulse of
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compound x has been rewritten assuming it obeys a simple exponential decay curve
with a response time of 7,. The underlying assumption is that the global warming is
proportional to climate forcing and that the GHGs are independent of each other.

The pulse response terms lead to a dependence of GWPs on the integration time
horizon; GHGs that decay more quickly (slowly) than the reference (CO,) have
GWPs that decrease (increase) with increase in the time horizon. The integration of
the forcings over the time horizon of usually 20, 100 or 500 years is important for
the political implementation (Ramaswamy et al. 2001; Forster et al. 2007). The
choice of time horizon used in calculating GWPs is not determined purely by
climate science considerations. Rather, the choice often depends on what informa-
tion is useful to decision makers, based in part on the time horizon of the impacts
and on the values they consider most important. In an effort to account for the
impact of the choice of time horizon, typically three time horizons have been
considered (20, 100, and 500 years) when reporting GWPs. The GWPs have also
been developed to evaluate the effect of sustained emissions (Johnson and Derwent
1996; Berntsen et al. 2005). For short-lived gases, such as ozone, the GWP can be
difficult to estimate. In addition, for aerosol forcings, the framework of GWP is not
suitable because of (i) the importance of their regional distribution (ii) the short
lifetime, and (iii) the impacts of anthropogenic aerosols on clouds and rainfall
formation.

The GWP index has three major advantages over most other indices used to
measure the contribution of GHGs to global warming: (i) transparency, (ii) sim-
plicity, and (iii) widespread acceptance. However, it also has several disadvantages
(IPCC 2009). There is also a growing recognition of the limitations of the GWP
metric especially when the impacts of short- and long-lived pollutants need to be
considered together (Johansson et al. 2008; Tanaka et al. 2009; Fuglestvedt et al.
2010). Thus, it has been argued whether it is the time to consider other metrics that
might be even more useful (Shine 2009). For example, there has been interest in
including the economics of emissions mitigation into a climate metric by applying
the cost-benefit and cost-effective approaches (e.g., Manne and Richels 2001;
Johansson et al. 2006). A range of alternatives has been presented to overcome
some of the GWP limitations, but none has yet been widely accepted as a suitable
replacement of the GWP.

1.4 Nitrous Oxide Emissions

Nitrous oxide is a highly stable, long-lived gas found in the atmosphere at
approximately 1/1,000th the concentration of CO,, but its contribution to RF
is about 6.24% (Table 1.3; Forster et al. 2007). Natural N,O emissions are
estimated at 11.0 Tg N,O-N yeafl (Denman et al. 2007). Soils under natural
vegetation, oceans, and atmospheric chemistry are responsible for 6.6, 3.8 and
0.6 Tg N,O-N year ', respectively (Ehhalt et al. 2001; Denman et al. 2007).
Current anthropogenic emissions are estimated at 6.7 Tg N,O-N year ' (Denman
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et al. 2007). Agriculture is responsible for 2.8 Tg N,O-N year ' and emissions
associated with fossil fuel combustion, industrial activities, biomass burning,
atmospheric deposition, and human excreta accounts for 2.2 Tg N,O-N year .
Emissions from rivers, estuaries, and costal zones attributed to anthropogenic
activities contribute about 1.7 Tg N,O-N year . The only known sinks for the
atmospheric N,O is the photolytic reactions in the stratosphere, which is
estimated to remove approximately 12.3 & 2.5 Tg N,O-N year ' (Kroeze et al.
1999; Ehhalt et al. 2001). The atmospheric concentrations of N,O are currently
increasing at the rate of 0.8 ppbv year ' (WMO 2011), which is equivalent to

a net addition of 3.9 Tg N,O year .

1.4.1 Pre-industrial Era Nitrous Oxide Emissions

The atmosphere is considered as reservoir for N,O, where this gas resides for
a specific lifetime. Other reservoirs are soils and oceans. Nitrous oxide can be
transferred from one reservoir to another through a process described as flux. Fluxes
into atmospheric reservoir are known as sources, while fluxes out of atmospheric
reservoir are sinks. Each reservoir has an overall budget, which represents
the balance sheet of all sources and sinks. Because sources of N,O to the atmo-
sphere are essentially the processes that release this gas into the air, it is appropriate
to use the term emission to describe the movement of N,O into the atmosphere.

Changes in atmospheric composition before the contemporary observation
began are best estimated by measurements of air occluded in polar ice, either in
bubbles embedded in impermeable ice or channels in the overlying firn or the
glacial layer (Fliickiger et al. 2002; Stauffer et al. 2002; MacFarling Meure et al.
2006). The analysis of polar ice cores to determine the N,O atmospheric
concentrations provides information on its annual emissions and aids in identifying
the role of anthropogenic activities on global N cycle and global N,O distribution.
All the known sources of N,O are at the Earth’s surface. The natural source is
microbial processes of the terrestrial soils and oceans (Bouwman et al. 1993). In the
pre-industrial era the annual N,O emission and removal were nearly balanced
(Forster et al. 2007), hence the atmospheric concentration remained nearly uniform
(Fig. 1.4).

The pre-industrial source of N,O is estimated at 11 (8-13) Tg N,O-N year*l
(Ehhalt et al. 2001; Kroeze et al. 1999; Ruddiman 2003). The pre-industrial emi-
ssions are considered mainly natural, and increase in atmospheric N,O may not have
started before 1850s (Khalil and Rasmussen 1988; Kroeze et al. 1999), indicating that
human impact on N,O emissions was relatively small before the onset of industrial
era. Pre-agricultural N,O emission from soil was 6-7 Tg N,O-N year~' (Bouwman
et al. 1993), deep oceans 3—4 Tg N,O-N yeafl (Nevison et al. 1995), and other
aquatic and atmospheric deposition sources contributed <1.0 Tg N,O-N year
(Seitzinger and Kroeze 1998).
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Fig. 1.4 Record of pre-industrial era (AD 0-1800) N,O emissions as revealed by the Law Dome
ice cores records (Adapted from Meure et al. 2006)

Khalil and Rasmussen (1988) analyzed ice cores from northern and southern
polar regions to determine the N,O concentration in pre-industrial and ancient
atmospheres ranging from about 150 to 3,000 years B.P. and concluded that the
pre-industrial and ancient N,O concentration in the atmosphere remained at
285 £+ 1 ppbv. Their data are consistent with the findings of other researchers,
who also deduced similar concentrations from the analysis of air trapped in bubbles
of polar ice (e.g., Fliickiger et al. 2002; Stauffer et al. 2002; MacFarling Meure et al.
2006). These data show relatively little changes in mixing ratios over 1,800 years of
pre-industrial atmospheric N,O concentration, when human activities had not
affected its global N,O distribution. Data presented by Fliickiger et al. (2002)
have higher resolution than that of Khalil and Rasmussen (1988) and extends the
known ice record to 11,000 years B.P. The data showed that N,O concentration
started to decrease slightly in the early Holocene and reached minimum values of
about 260 ppbv at about 8,000 years B.P., before a slow increase to the pre-industrial
concentrations of about 265 ppbv (Fliickiger et al. 2002). Lower concentrations
during Holocene may have been driven mostly by changes in emissions from
terrestrial biosphere due to colder temperatures. The Holocene N,O minimum con-
centration corresponds to a total decrease of 0.41 Tg N>O-N year ', i.e., 3.7% of total
pre-industrial global source of ~11.0 Tg N,O-N year ', corresponding to concen-
tration of 270 ppbv (IPCC 2001). Measurements of atmospheric N,O concentrations
in the ice from Law Dome, Antarctica showed that variations of up to 10 ppbv
(or 14%) occurred between AD 0-1800 (MacFarling Meure et al. 2006; Fig. 1.4).
Other researchers have estimated the pre-industrial N,O concentrations of 270 ppbv



1.4 Nitrous Oxide Emissions 17

(Machida et al. 1995; Fliickiger et al. 1999; IPCC 2001; Holland et al. 2005). About
two thirds of the pre-industrial N,O sources are attributed to soil, and one third to the
oceans (IPCC 2001).

During the last glacial/interglacial transition, atmospheric N,O values increased
from 200 ppb during the last glacial period to 265 ppb near the beginning of the
Holocene (Fliickiger et al. 1999; Leuenberger and Siegenthaler 1992). The cause of
this increase is difficult to establish due to complicated spatial and temporal scales
involved in the global N budget. It is suggested that the observed increase during
the last termination may have been the result of an increase in terrestrial N,O
emissions due to more equitable climate in the early Holocene. During the Younger
Dryas event (about 11,000 years before present (BP)), the N,O oscillation coin-
cided with significant decline in atmospheric CH4 (Fliickiger et al. 1999). The cause
of decline in CH, during this pre-historic period has been attributed to changes in
terrestrial wetlands CH,4 emissions that have been shown to be tightly coupled to
the global hydrologic cycle (Brook et al. 1996). Terrestrial N,O emissions are also
strongly influenced by soil type and moisture content (Bouwman et al. 1993). These
factors also control CH, emissions, such that qualitatively, soil emissions of CH,
and N,O should respond to climate change in similar patterns. However, the
magnitude of the change may be controlled by a range of other factors. The strong
degree of covariance between N,O and CH, records for the last deglacial period
suggest that the primary cause of N,O fluctuations could be the result of terrestrial
N,O emissions, even though changes in stratospheric photolysis or oceanic
emissions cannot be ruled out (Sowers 2001).

1.4.2 Post-industrial Nitrous Oxide Emissions

Direct measurements of global atmospheric N,O concentrations have been moni-
tored since late 1970s (Weiss 1981; Prinn et al. 1990; IPCC 1990; Holland et al.
2005). Earlier records have shown steady rise since the onset of industrial era after
a period of relative stability during pre-industrial era (i.e., before 1750s) at about
270 ppbv (Figs. 1.4 and 1.5; MacFarling Meure et al. 2006). The atmospheric
N,O concentrations were relatively constant prior to nineteenth century, and the
decrease in N,O emissions caused by conversion of forests to agricultural land was
almost offset by increasing emission intensity from agricultural ecosystems
(Kroeze et al. 1999). Industrialization in the later part of nineteenth century caused
major changes in agriculture and urbanization. While economic growth induced the
demand for food and shift towards meat and milk, and mechanization intensifica-
tion in agriculture. It is clear that the transformation of agriculture in Europe and
North America induced a fast intensification of the use of N from biological fixation
and animal manure, which caused increased emissions of N,O from crop and
livestock production systems. The increase in atmospheric N,O concentration
began to occur in the mid-nineteenth century. The atmospheric concentration
increased slowly but persistently at a rate of 0.1-0.2 ppbv year ' during the period
between 1850 and 1950, and then increased rapidly to ~0.7 ppbv year ' around
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Fig. 1.5 Record of industrial era (AD 1750-1996) N,O emissions as revealed by the Law Dome
ice cores records and continuous monitoring (Adapted from Meure et al. 2006; World Meteoro-
logical Organization [http://www.wmo.int])

1990 (Machida et al. 1995; MacFarling Meure et al. 2006; IPCC 2007; Fig. 1.5).
It is estimated that the N,O emission from agricultural ecosystems increased from
0.6 to 1.6 Tg N,O-N year ' between 1700 and 1900, with most of increases
occurring during nineteenth century (Kroeze et al. 1999). This increase is mainly
due to expansion of land used for agriculture and intensification of N cycling
in agriculture and livestock production. Global input of synthetic fertilizer N
increased dramatically starting from 1930s’, and this is responsible for dramatic
increase in atmospheric N,O concentration in the twentieth century. Global popu-
lation also increased from about 1.6 billion in 1930 to about 6 billion in 1999
and 7 billion in 2011.

Anthropogenic activities, mainly intensification of agriculture facilitated by
manufacture of synthetic N fertilizers and also increased fossil fuel burning and
the land use change, and are the main causes of dramatic increase of N,O emissions
starting from 1950 (Fig. 1.5). The atmospheric abundance of N,O was 314 ppb in
1998, corresponding to 16.4 Tg N,O-N year ' (Ehhalt et al. 2001). The global
average mole fraction of N,O in 2005 was 319 ppbv. The growth rate has been
approximately constant at ~0.8 ppbv year ' since 1980 with more than one-third
of total emissions being anthropogenic, mainly agriculture. There has been a
significant multiyear variance in observed growth of N,O concentrations, but the
reasons for these trends are not fully understood yet (IPCC 2001). The World
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Meteorological Organization (WMO 2011) estimated the global N,O abundance
in 2010 at 323 ppbv. The mean decadal growth rate has been estimated at 0.8 ppbv.
Anthropogenic sources accounts for ~40% of the total N,O emissions (IPCC 2007
WMO 2011).

The annual source of N,O from the Earth’s surface has increased by almost
50% over the pre-industrial levels, mainly as result of human activity (Hirsch et al.
2006). Global emissions were estimated at 18.0 Tg N year ', of which, 11.0 Tg N
year ' was estimated as natural sources in 2005 (Denman et al. 2007). Results
from several studies that quantified N,O emissions from coastal upwelling areas
continental shelves, estuaries and rivers suggest that these coastal areas are
contributing 0.3-6.6 Tg N,O-N year™ ' or about 7-61% of the total oceanic N,O
emissions (Bange et al. 1996; Nevison et al. 2004; Kroeze et al. 2005). Agriculture
contributes 1.7-4.8 Tg N,O-N year ' or about 50% of the anthropogenic N,O
emissions (Denman et al. 2007).

1.4.3 Nitrous Oxide and Climate Change

Climate is the long-term mean seasonal reoccurrence of weather pattern mainly
described by temperature, precipitation, and wind over a period ranging from
months to thousands or millions of years (Le Treut et al. 2007; Liepert 2010).
The classical period, as defined by the WMO is 30 years. The interactions of these
variables with atmosphere, hydrosphere, biosphere, cryosphere, and the land sur-
face are integral components of the climate system (Folland et al. 2001; Le Treut
et al. 2007). Statistically significant variation either in the mean state of the climate
or in its variability, persisting for an extended period (typically decades or longer) is
called climate change (Folland et al. 2001; Le Treut et al. 2007). The most
fundamental measure of Earth’s climate is the global mean annual surface air
temperature, which can be assessed with reasonable reliability back to about 1880
(Fig. 1.2). The global surface temperature varies considerably from year to year and
exhibits decadal-scale variations, which is a reflection of natural climate variability
(Le Treut et al. 2007; Serreze 2010). There is also a general upward trend in global
surface temperature. For example, the rise in temperature from 1880 to 2008
amounts to about 0.7°C (Fig. 1.2) with pronounced reductions in mass of many of
the world’s glaciers, and sea-level rise. This increase is, in part, the manifestation of
rising concentrations of atmospheric GHGs, mainly due to fossil fuel burning,
increased use reactive N in agriculture and land use change.

The earth’s climate has changed continuously over the entire lifetime of the
planet due to natural causes. However, human activities in the recent past have
produced effects powerful enough to overwhelm the natural mechanisms of climate
adjustment and now dominate the changes of climate (IPCC 2007). Increases in
human population necessitating, deforestation and intensification of agriculture,
fossil-fuel and biomass burning have altered the global N cycle (and those of C and
H,0), leading to an acceleration of emission and deposition of nitrogenous trace
gases over the last two centuries (Mayewski et al. 1990; Galloway et al. 1995;
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Vitousek et al. 1997; Holland et al. 1999). About 50% of annual global reactive N
emissions are generated directly or indirectly by human activities (Vitousek et al.
1997; TPCC 2007). The N,O is chemically stable nitrogenous trace gas, which
persists in the atmosphere for 118 years (Prather and Hsu 2010). Each molecule of
N,O has heat-trapping effects of about 298 times more powerful than that of CO, on
per-molecule basis (IPCC 2006, 2007). For easy comparison N,O fluxes are
expressed in units of N and in CO,-carbon equivalents (C eq.), applying relevant
GWP of 298 (Eq. 1.5). For this reason, its emission has a long-term influence on
climate. It becomes well mixed throughout the atmosphere much faster than it is
removed, and its global concentration can be accurately estimated from data at few
locations (IPCC 2007).

lkg N,O — N = 44/28 x 298 x 12/44 C eq. = 127.71kg C eq. (1.5)

where 44/28 is conversion from N,O-N to N,O, GWP of 1 kg N,O = 298 kg CO,
equivalents and 12/44 is the conversion from CO, equivalents to C equivalents.

1.4.4 Nitrous Oxide and Atmospheric Ozone Depletion

In addition to its potential global warming, the interests in atmospheric chemistry of
N,O have also been stimulated by the recognition that this trace gas also plays
important roles in the stratosphere chemistry. The photochemical degradation of
N,O in the stratosphere leads to ozone-depleting nitric oxide (NO), nitrogen
dioxide (NO,), and to other important free radical reservoir species (e.g., HNO3,
CIONO,; Crutzen and Schmailzl 1983; Montzka et al. 2011). For the A2 IPCC
scenario, the twenty-first century ozone decrease of up to 8% in the 2040 km
altitude region from changes in N,O alone has been predicted (Portmann and
Solomon 2007). Observation that significant amounts of N,O are added to the
atmosphere through N fertilization, fossil fuels, industrial processes and biofuel
burning have raised considerable environmental concern and have emphasized the
need for better understanding of the geochemistry of tropospheric N,O.

The Ozone Depletion Potential (ODP) is a metric used for ozone depletion
assessment. It has similar qualities as GWP. The integrated impact of a given
ozone-depleting substance is estimated relative to CFC-11. The ODPs has wide-
spread use in international agreements such as The Montreal Protocol or The Kyoto
Protocol, and in national regulatory discussions. The CFC-11 was widely used
industrial compound in the 1970s and 1980s, and has thus been chosen as a
convenient reference gas (Fisher et al. 1990).

Comparison of the ODP-weighted anthropogenic emissions of N,O with
those of ozone-depleting substances indicated that N,O emissions are currently
the single most important chemical that depletes ozone (Ravishankara et al.
2009). The 2-D modeling suggested that N,O is causing ozone depletion
in current atmosphere of about 3 Dobson units (DU, one DU is 2.69 x 10'®
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O; molecules cm %) compared with about 18 DU caused by other ozone
depleting substances (ODS) (Daniel et al. 2010). In the current atmosphere,
CFCs lead to much more ozone depletion than does N,O because of the large
historic emissions and long lifetimes of the CFCs, which is expected to decrease
in future due to mandatory phase outs. On the contrary, the N,O emission is not
controlled by the Montreal Protocol (MP) and its anthropogenic emissions
continues to increase. Based on 2-D model of Solomon et al. (1998), the current
estimates of N,O ODP are at 0.017 (Ravishankara et al. 2009). This value is
comparable to the ODP of many hydrochlorofluorocarbons (HCFCs), such as
HCFC-123, -124, -225ca, and -225cb (0.02, 0.022, 0.025, and 0.033, respec-
tively), that are currently regulated and being phased out under the MP on
substances that deplete the ozone layer (Ajavon et al. 2011). Although N,O
has a relatively small ODP, future changes in emissions and atmospheric con-
centrations of N,O could have a significant effect on ozone compared with
emissions of other controlled ODSs because of the future larger magnitude of
N,O anthropogenic emissions. The magnitude of past and future N,O ODP-
weighted emissions leads to concerns that include influences on the timing of
the recovery of ozone, the “background” ozone level, the distribution of strato-
spheric ozone depletion, and the possibility of future decreases in ozone due to
increasing N,O (Ravishankara et al. 2009; Wuebbles et al. 2009). When ODS
emissions are weighted by their steady state ODPs, N,O emissions represent
the single most important anthropogenic emissions today for ozone depletion
(Ravishankara et al. 2009). Unmitigated, these emissions are also expected to
remain the most significant throughout the twenty-first century. The doubling
the concentration of N,O in the atmosphere would result in a 10% decrease in
the ozone layer, and this would increase the ultraviolet radiation reaching the
earth by 20% (Crutzen and Ehhalt 1977). With a relatively long atmospheric
lifetime for N,O, there are justifiable reasons for concern.

The primary source of the stratospheric NOy is N,O emission both natural and
anthropogenic sources (Wuebbles 2009). The influence of atmospheric N,O con-
centration changes on ozone concentrations has been examined (Kinnison et al.
1988; Randeniya et al. 2002; Chipperfield and Feng 2003). The N,O is very stable
in the troposphere where it is emitted, transported to stratosphere, where it releases
chemically active compounds that destroy stratospheric ozone through nitrogen
oxide catalyzed reaction processes. Approximately 90% of N,O sinks is the
decomposition in the stratosphere by photolysis and photo-oxidation, while the
reactions with exited O, molecules in the stratosphere consumes the remaining
10% (IPCC 2001; Minschwaner et al. 1993). These reactions are represented by
Egs. 1.6, 1.7, and 1.8 (Machida et al. 1995):

N,O +hv — N2+ O('D) (1.6)

N,O + O('D) — 2NO (1.7)
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N>O + O('D) = N, + 0, (1.8)

Nitrogen oxides (NOy i.e. NO + NO,) are known to catalytically destroy ozone
by the following reactions shown in Egs. 1.8, 1.9, and 1.10 (Crutzen 1970; Johnston
1971):

NO + O3 — NO; + 0, (1.9)
O + NO; - NO +0, (1.10)
Net reaction : O + O3 — 20, (1.11)

Despite the long time recognition of N,O impact on stratospheric ozone, N,O is
not currently considered as an ozone-depleting substance (ODS) in the same sense
as chlorine-, fluorine- and bromide-containing gases, and it is not regulated under
the MP (UNEP 2000). Although N,O ODP is still small, the large anthropogenic
emission of N,O makes up for its lower ODP, making N,O emissions the single
most important of the anthropogenic ODP emission today (Ravishankara et al.
2009). Recent estimates of N,O emissions under various GHGs mitigation
requirements continues to show that N,O emissions are likely to be higher than
they are today, even under most stringent mitigation control requirements (Vuuren
et al. 2007).

1.5 Conclusions

Solar radiation powers the global climate. Sun emits energy mainly in the form of
short wave radiation. Part of this energy is reflected back into space, while part of it
reaches the Earth surface where it is absorbed. The radiation that is absorbed warms
the surface the warmer earth surface in turn emits long wave radiation, which is
mostly reflected back and forth between the surface and atmosphere. This process
dictates the Earth radiation budget. The energy received by Earth must be equal to
the energy it emits. In order to achieve the balance, Earth either heats up or cools
down when radiation balance is disturbed. The concept of radiative forcing is used
to quantify and assess the relative importance of factors that influence radiative
balance of the Earth.

The greenhouse gases collectively are the most important forcing factors. They
are permeable to short wave radiation from the Sun but impermeable to long wave
radiation from the earth. Therefore, increase in their atmospheric concentration is
one of the major factors that cause the global warming. Nitrous oxide is a potent
greenhouse gas, which also plays significant role in ozone depletion. Its global
average mixing ratios has increased from 270 ppmv at the beginning of industrial
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era in 1750s to 324 ppbv in 2011, and continues to increase at 0.8 ppmv year '
mainly due to enhanced anthropogenic activities. Increase in atmospheric concen-
tration of N,O and other greenhouse gases have resulted into enhanced greenhouse
effect, which is the cause of global warming. The rest of this book discusses the
current scientific understanding of anthropogenic perturbations responsible for
increase in global average mixing ratio of N,O with a particular emphasis on
agricultural land uses and options for mitigating this increase.

Discussion questions.

1. Describe the natural greenhouse effect. What is the role of N,O emissions on
global warming?

2. What is radiative forcing? How is it related to global warming?

3. What are the merits and limitation of using GWP as an indicator of the radiative
forcing?

4. Large volcanic eruption ejects massive sulfur dioxide to the atmosphere causing
short term cooling in the climate. Explain.

5. Based on this observation, some scientists suggested that we mimic this effect in
order to mitigate global warming. Is it a good suggestion? What are the potential
negative and positive of this suggestion?

6. Describe the role of agriculture and world soils in mitigating N,O emissions.

7. Are there other alternatives to the Haber-Bosch process towards the attempt to
feeding the global population projected to be 9.2 billion by 2050? Explain.
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Abstract Human activity has significantly altered nitrogen (N) cycle. Prior to the
industrialization and agricultural revolution, the vast majority of reactive N (Nr) on
the Earth was created by microorganisms through biological N fixation, and this
creation was balanced over geological time by denitrification. Over the past cen-
tury, development of new agricultural practices to satisfy growing global demand
for food has drastically disrupted the N cycling. Anthropogenic creation of Nr
through Haber-Bosch process now rivals the rate of natural terrestrial N fixation.
The unintentional creation of Nr during fossil fuel combustion also adds to the
global N cycle. The anthropogenic influences on the N cycling vary across regions
of the globe. To date, the largest changes in N cycling have occurred in developed
countries in temperate zone. However, this is changing as fertilizer use and fossil
fuel combustion increase in South Asia and tropical South America. The significant
consequences of anthropogenic acceleration of N cycle is the eutrophication of
estuaries and coastal waters, leading to hypoxic zones in many areas, as well as
increased global inventories of potent greenhouse gas N,O.

David Ussiri and R. Lal, Soil Emission of Nitrous Oxide and its Mitigation, 29
DOI 10.1007/978-94-007-5364-8_2, © Springer Science+Business Media Dordrecht 2013



30 2 Global Nitrogen Cycle

Keywords Reactive nitrogen ¢« Haber-Bosch process ¢ Nitrogen fixation * Fossil
fuel combustion ¢ Denitrification

Abbreviations

ATP Adenosine triphosphate

DNA Deoxyribonucleic acid

NPP Net primary productivity

BNF Biological nitrogen fixation

C-BNF  Cultivation-induced biological nitrogen fixation
Nr Reactive nitrogen

OM Organic matter

C:N Carbon to nitrogen ratio

EDGAR Emission database for global atmospheric research
Uuv Ultraviolet
GHG Greenhouse gas

UV Ultraviolet

SOM Soil organic matter

NO, Nitrogen oxides—NO + NO,

NO, Collective term used to describe all oxidized products of N except N,O

2.1 Introduction

Nitrogen (N), the fifth most abundant element in the earth, is essential to all
organisms. Its availability controls ecosystem functions and biogeochemistry.
In living tissues, N is essential for the synthesis of nucleic acids and protein,
the two most important polymers of life. N is also an integral part of enzymes
that drive the metabolic machinery of every living cell. Furthermore, N is part of
chlorophyll, the green pigment of plant responsible for photosynthesis. It drives
all key metabolic processes involved in growth and energy transfer. Therefore, N
is a key element that controls composition, dynamics, diversity, and functioning
of terrestrial, freshwater, and marine ecosystems (Vitousek et al. 1997). Changes
in the availability of N together with phosphorus (P) an essential component
of deoxyribonucleic acid (DNA), adenosine triphosphate (ATP) and phospho-
lipids molecules of cell membranes have controlled the magnitude and activity
of the biosphere through geologic times. Nature and its biodiversity can only
exist because of the availability of reactive N (Nr) in the system, even if limited.
Requirements of N are enormous for life, and it exists in more chemical forms
than most other elements (Table 2.1), and undergoes myriads of unique chemical
transformations. Nearly all transformations are mediated by microorganisms
as part of their metabolism, either to obtain N for synthesis of structural com-
ponents, to harness energy for their growth or as alternative electron acceptor
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Table 2.1 Nitrogenous compounds and their role in biosphere N cycling

Chemical
Compound formula Natural sources N cycling processes involved
Nitrogen gas N, Nitrification Biological N fixation
Denitrification Denitrification
Nitrate/Nitrite NO; /NO,™ Nitrification Dry deposition
Nitric acid/Nitrous HNO3;/HNO, Denitrification Wet deposition
acid Lightning Leaching to ground water, rivers,
oceans
Atmospheric reactions
Plant uptake
Nitric oxide NO Lightning Dry deposition
Nitrification Atmospheric reactions
Denitrification
Nitrogen dioxide NO, Atmospheric reactions
Nitrite reduction in acid soils
Nitrous oxide N,O Nitrification Stratospheric reactions
Denitrification Greenhouse effects
Nitrogen pentoxide N,Os
Organic nitrogen Variable Biomass production Dry deposition
Organic matter Volatilization
Organic matter decomposition
Ammonia/ammonium  NH;/NH,* Biological N Plant uptake
fixation Nitrification

Fertilizer production

Dry deposition

Wet deposition

Leaching to ground water, rivers
and oceans

Biomass combustion

Volatilization

Stratospheric reactions

Organic matter decomposition

when growing anaerobically. The large number of N compounds in the biosphere,
and their different physical and chemical properties, makes its flows and transfor-
mation highly complex and enormously variable.

Nitrogen availability often limits net primary production in agricultural as well
as natural ecosystems (De Vries et al. 2006). N cycling and storage in soils varies
considerably depending on ecosystem type and land use. In agriculture ecosystems,
N cycling is dominated by N fertilization and crop removal, while in natural
ecosystems N cycling is affected by climatic, edaphic, and landscape conditions,
and sum of N inputs through deposition and biological N fixation (BNF). Temperate
forests are naturally N limited, whereas tropical rain forests are often N-rich
ecosystems. However, during last few decades the situation has changed markedly
due to increased atmospheric N deposition in temperate forests of Europe and North
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America (De Vries et al. 2007). Signs of N saturation have been widely reported,
which includes accelerated growth and significant reactive N losses via nitrate
leaching an N trace gas emissions (Pilegaard et al. 2006; Dise et al. 2009).

While it is highly abundant on earth—(~5 x 10° Tg N contained in the atmo-
sphere, ocean, marine biota, terrestrial ecosystems, soil organic matter and sedi-
mentary rocks), only <2% of it is available to organisms (Mackenzie 2003). The
remainder is tied up either in sedimentary rocks, or as triple-bonded dinitrogen (N,)
gas in the atmosphere. The latter is a highly inert gas, with an atmospheric residence
time of nearly 1 million years. Over evolutionary history, only few species of
Bacteria and Archaea have evolved the ability to convert N, to reactive N (Nr),
i.e., N bonded to H, C, or O (e.g., NOy, NH,, or organic N). Conversion of N, to Nr
that is available to organisms requires high energy (Galloway 1998). Therefore,
even with the adaptations to use Nr efficiently, fixed inorganic N, generally in the
form of nitrates (NO3 ™) or ammonium (NH,"), often limit the net primary produc-
tivity (NPP) of terrestrial and marine ecosystems (Vitousek and Howarth 1991;
Falkowski 1997; Vitousek et al. 2002; Falkowski et al. 2008).

Biochemical transformations of N are possible because it can be at valence
ranging from reduced, —3 (as in ammonia (NH3)) to fully oxidized +5 (as in nitrate
(NO37)). The conversion between different forms of N is mainly mediated by a
range of microorganisms—which capitalize on the potential for transformations of
N among different valence states and use the energy released by changes in
reduction-oxidation (redox) potential to maintain their life processes (Rosswall
1982; Falkowski 1997). Biogeochemistry of N is also to lesser extent mediated
by long-term recycling through the geosphere (Berner 2006). Microorganisms are
essential to maintaining the balance between reduced and oxidized forms of N in
the ecosystems. Prior to human interference, the biochemistry of N was almost
entirely driven by redox reactions primarily mediated by microorganisms
(Falkowski 1997; Falkowski et al. 2008). These reactions are: (1) biological N,
fixation (BNF)—a microbially mediated reductive process that transforms N, to
NH,*, (2) nitrification—a 2—step oxidation process that oxidizes NH,* to NO;~,
and (3) denitrification—an anaerobic oxidation of organic matter (OM) which uses
NO;™ or nitrite (NO, ") as electron acceptors, ultimately releasing N,. Collectively
these microbial reactions drive the cycling of N. The BNF is carried out by
symbiotic and free living prokaryotes, which can break the triple bond of N,.
Organisms that fix N, symbiotically with legumes are collectively known as
rhizobia diazotrophs, whereas those that fix N, in the absence of legumes are
known as free-living rhizosphere diazotrophs (Russele 2008). Ammonium is
oxidized into NO;~ during nitrification. The NO3;~ produced may be reduced to
N, via denitrification or NH3 through dissimilatory NO3~ reduction (Chap. 3).
These processes form the major part of inorganic N cycle in soil. Ammonium and
NO;™ can be used by most living cells to produce organic forms of N. The latter is
mineralized and transferred again into NHj. Therefore, NH,"/NH; form a link
between organic and inorganic N cycle. The N cycle consists of transfer of N
between Earth surface reservoirs of the atmosphere, the oceans, the land, and life.
It is essential to life and is normally considered as biological cycle, which includes
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a wide variety of processes involving the uptake and release of various forms of
N by terrestrial and marine organisms and transformation of oxidation states by
bacteria. Because there is much less N stored in life (i.e., 0.03 x 10'® mol N
compared to atmospheric N—142 x 10"® mol N (Berner 2006)), transfer of N
between terrestrial or aquatic ecosystems to atmosphere have little effect on the
level of atmospheric N.

Over geologic history, most Nr has been formed by BNF. However, the discov-
ery of Haber-Bosch process for industrial creation of NH;3 from atmospheric N, and
H, during the twentieth century has replaced BNF as the dominant terrestrial
process of creating Nr. The Haber-Bosch process has facilitated the production of
agricultural fertilizers and dramatically increased global agricultural productivity
through the so-called “Green Revolution.” Without the availability of nitrogenous
fertilizers produced by the industrial Haber-Bosch process, the large increase in
food production over the twentieth century, which has sustained the increase in
global population, would not have been possible. Food and energy productions have
increased the rate of anthropogenic creation of Nr at a record pace over the past few
centuries. This has altered the N cycling by increasing both the availability and
mobility of N globally. The outcomes of these alterations are the numerous envi-
ronmental changes, including the increase in water and air pollution, enrichment of
atmospheric concentration of greenhouse gas (GHG), loss of biodiversity due to
increase in Nr to the ecosystems, increase in smog, depletion of stratospheric ozone,
deposition of acidic substances, and increase in productivity of freshwaters, marine
waters, and terrestrial ecosystems. Anthropogenic distortion of the N cycle, com-
bined with changes in phosphorus flows has shifted the state of lake and marine
ecosystems from clear to turbid water (Zillen et al. 2008). In addition, hypoxia
(defined as O, concentrations <2 mg L2 in aquatic environments) is globally a
significant problem with over 400 sites suffering from its effects (Zillen et al. 2008;
Diaz and Rosenberg 2008). Hypoxia causes severe ecosystem disturbances and
alters nutrient biogeochemical cycles in aquatic ecosystems. It also affects food
chain dynamics, fish habitats and fisheries (Bonsdorff 2006). The adverse impacts
of excessive Nr are associated with its chemical transformations as it moves within
the environment. For example, nitric oxide (NO) released from fossil fuel com-
bustion is oxidized in atmosphere to nitric acid (HNO;), and deposited into an
ecosystem where it acidifies soils, leaches into water, and cause eutrophication.
It can also be denitrified and releases nitrous oxide (N,0), a potent GHG, which
also destroys the ozone layer.

2.2 Historical Perspective of the Nitrogen Cycle

The N cycle refers to circulation of N compounds through the Earth’s atmosphere,
hydrosphere, biosphere, and pedosphere. At various points in this cycle, Nr
becomes involved in processes that can affect human health and the environment
in both positive and negative ways. The human understanding of the N cycle began
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with its discovery and functions. The element was discovered in the late eighteenth
century through the work of several chemists, most notable being Carl Wilhelm
Scheele (1742—-1786), a Swedish chemist, Laurent Lavoisier (1743-1794), a French
chemist, and Daniel Rutherford (1749-1819) a Scottish botanist. Jean Antoine
Claude Chaptal (1756-1832) of France formally named the 7th element of the
Periodic Table in 1790 as “nitrogene.” Subsequent advancements in analysis and
experimental agronomy confirmed its presence in the biosphere. Later in 1850s, it
was recognized that N was a common element in plant and animal tissues, is
essential to plant growth, is constantly cycling between organic compounds, and
is an effective fertilizer. Despite its ubiquitous presence in plants and animal
tissues, its role in vigorous plant growth and its constant cycling was not recognized
until at the beginning of the second half of the nineteenth century. In addition, its
source remained uncertain. Lightning and atmospheric deposition were thought to
be the most important sources (Smil 2001).

In 1838, Jean-Baptiste Boussingault demonstrated that legumes could
restore Nr into the soil and suggested that they must fix atmospheric N directly.
It was 50 more years before the puzzle was solved. Marcelin Berthelot
(1827-1907) was the first to suggest that something in the soil, rather than
something in leguminous plants, was carrying out the process of N fixation.
The breakthrough came later when Herman Hellgiel (1831-1895) and Herman
Wilfarth (1853-1904) demonstrated that leguminous plants grown in sterile soil
with no N addition performed poorly, but those grown in sterile medium inoculated
with loamy soil inoculum performed better. In 1888, Herman Hellriegel and
Herman Willfrath published the work on microbial communities in which they
stated that legumes themselves do not possess the ability to assimilate free N in
the air but the active participation of living soil microorganisms is absolutely
necessary. They indicated that there are symbiotic relationships between legumes
and soil microorganisms (Smil 2001).

The conversion of NH3 to NO3~ by microorganisms had been demonstrated
earlier, but it was Théofile Schloesing (1824-1919) who conducted an experi-
ment in 1877 to prove the bacterial origin of nitrification. He demonstrated that
all of the ammonia in sewage is converted into nitrate within a few days.
He further observed that addition of chloroform terminated the process. Russian
microbiologist Sergei Nikolaevich (1856—1953) isolated two nitrifiers in 1889—
Nitrosomonas and Nitrobacter responsible for nitrification. Also, Uysse Gayon
(1849-1929) and his assistants isolated two bacteria that could reduce NO; ™ to
N, and named the process denitrification. Unlike nitrification, which is domi-
nated by just a few bacteria genera, denitrification is carried by a variety of
microorganisms capable of using oxygen (O,) in NO; ™~ for their respiration as
they feed on organic substrates. The most common denitrifying genera include
Pseudomonas, Bacillus, and Alkaligenes. Discovery of the nitrification and deni-
trification towards the end of nineteenth century completed identification of key
components of the N cycle.

Over the twentieth century, the knowledge of Nr synthesis, including the Haber-
Bosch process, an industrial synthesis of NH; from nitrogen and hydrogen
transformed the world and cycling of Nr through ecosystems reservoirs and its
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environmental impact, has increased significantly. Two anthropogenic activities in
particular, which have greatly increased Nr availability, are food and energy
production. Food production creates additional Nr on purpose to increase agro-
nomic yield. However, energy production creates and mobilizes Nr as an incidental
reaction. In addition to industrial fertilizers, cultivation of legumes and paddy rice
(Oriza sativa) produces anthropogenic Nr, since legumes can self-fertilize via
symbiotic N, fixing organisms, while rice cultivation creates necessary anaerobic
environment to promote the BNF.

2.3 Global Nitrogen Inventory

About 91.3% of N in Earth’s system is in its core and the mantle, and is out of
circulation (Table 2.2). The release of N from the mantle is negligible and almost
equivalent to reincorporation of surface volatiles at subduction zones (Walker
1977). The remaining 8.7% of N is distributed in the biosphere as follows:

(i) Geologic N
About 26.04% is the geologic N, i.e., N incorporated in rocks. It includes N in
igneous rocks—where NH," is frequently present in the lattice of silicate
minerals. In some instances, N is introduced into the mineral lattice by
ammonium-rich hot spring waters (e.g., buddingtonite). The average for igneous
rocks is 25 mg N kg~ (Wedpohl 1972). The N concentration in rocks varies
based on rock formation conditions. In general, quartz contains the least NH,*
and biotite the most, feldspar falls in between the two. In sedimentary and
metamorphic rocks, NH," is the dominant form of N. In sedimentary rocks, N
is derived from organic sediments, which lost the amino groups during conver-
sion of sediments to rock, or retained by adsorption. The average N content of
sedimentary rocks is 490 mg kg~ ', but the range of concentration is broad—
70 mg kg~ ' limestones, 150 mg kg~ ' sandstones and greywackes, and
600 mg kg~ ' in shales (Wedpohl 1972). Some C-rich sedimentary rocks contain
large quantities of undestroyed organic N, which can constitute 75-85% of total
N (Holloway et al. 2001). Metamorphism generally destroys organic materials
and drives off NH," along with other volatiles. The N content of metamorphic
rocks is generally comparable with that of igneous rocks. Geologic N is fre-
quently ignored in N budgets. However, evidence indicates that weathering of
certain bedrocks can contribute significant inputs of N to marine and terrestrial
ecosystems, and this does affect the long-term accumulation of soil N (Holloway
et al. 1998, 2001). This gives rise to less known cycle of N that is much slower
than the biological N cycle, generally termed as geological N cycle (Berner
2006), with much longer N turnover times of many millions of years. The
discriminating feature of this cycle is that it involves the participation of rocks.
The principal processes involved are: (i) burial of organic N and traces of NH,"
substituting for potassium (K*) in clay minerals into sedimentary rocks, and
ultimate transformation to silicate minerals (Boyd 2001), (ii) weathering of



Table 2.2 Nitrogen inventory for the earth

Source Quantity of N (Tg) Reference Comments

Lithosphere

Core 1.3 x 108 Stevenson (1982)

Mantle 5.6 x 10'°  Wedpohl (1972)

Lithosphere total 5.613 x 10'° -

Geologic

Igneous NH; 5.8 x 105 Wedpohl (1972)

N, 7.0 x 107 Wedpohl (1972)

Sedimentary rocks 1.0 x 10° Mackenzie (2003)

Ancient sediments 7.5 x 108 Wedpohl (1972)

(NH; and organic N)

Coal 1.52 x 10° Brown and Skipsey Assuming 1.5% N
(1986)

Geologic total 14 x 10° -

Soil

Soil organic matter 1.3-1.4 x 10° Batjes (1996) Top 1 m depth

Soil litter 1.9-33 x 10° Soderlund and
Svensson (1976)

Clay fixed NH,* 2.1 x 10*

Soil total
Terrestrial biota
Plant biomass
Animal biomass
Biomass total
Atmospheric
Molecular N,
Tropospheric N,O

Tropospheric NH,
Tropospheric NO,,
Tropospheric organic N

Atmospheric total
Ocean

Molecular N,
DOM

Particulate OM

NO;~
NO,

NH,

N,O

Living biomass
Ocean Total

1.63-1.36 x 103
1.0-14 x 10*
2.0 x 102
1.1-1.4 x 10*

3.95 x 10°
1.5 x 10°

1.74
0.7
40 x 10°

24 x 107

5.3 x 10°
34 x 10°

5.7 x 10°
5.0 x 10%

7 x 10°
2.0 x 10?

5.0 x 10?
24 x 107

Stevenson (1982)

Mackenzie (2003)
Delwiche (1970)

Mackenzie (2003)

Nevison and Holland
(1997)

Rosswall (1982)

Rosswall (1983)

Soderlund and
Svensson (1976)

Kennish (1994)

Soderlund and
Svensson (1976)
Soderlund and
Svensson (1976)
Mackenzie (2003)
Soderlund and
Svensson (1976)
Soderlund and
Svensson (1976)
Soderlund and
Svensson (1976)
Mackenzie (2003)

Calculated based on
mean water
concentrations
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sedimentary organic matter and liberation of N to surface biological systems
(Holloway and Dahlgren 2002), emission of N, and other nitrogenous gases from
volcanic and metamorphic degassing (Giggenbach and Matsuo 1991). Transfer
of N between rocks and the surface reservoirs may involve conversion between
several N oxidation states.

(i) Atmospheric N5:
Approximately 73.93% is N, gas, including 99.99% of the atmospheric N and
95% of marine N. A triple bonded N, must be transformed into reactive form
to become bioavailable (Galloway 1998). The atmospheric N, concentration
of well-mixed air is 78.084% with a mass of 3.87 x 10° Tg N (Table 2.2;
Trenberth and Guillemot 1994; Schlesinger 1997).

(iii) Reactive N (Nr):
The remaining 0.03% of N is reactive or fixed N (i.e., Nr), in the atmosphere,
land, and water. The atmospheric N,O concentration is 323 ppb, with a mass
of 242 x 10° Tg N,O-N (Trenberth and Guillemot 1994; Montzka and
Reimann 2010). The terrestrial biomass N is estimated at 3.5 x 10° Tg and
soil organic matter (SOM) N ranges from 0.95 to 1.40 x 10° Tg N (Batjes
1996; Schlesinger 1997). By comparison, ~1.0 x 10* Tg N is held in plant
biomass, and ~2.0 x 103 Tg in the microbial biomass (Davidson 1994).
Therefore, on ecosystem scale, soils are the main reservoir for N. The C:N
ratio of terrestrial biomass and SOM are ~160 and 15, respectively. At any
time, the pool of inorganic N (NH,*, NO; ™, and NO, ") is rather small despite
the large annual flux through this pool, mainly due to uptake by plants and
organisms.

2.4 Nitrogen Fixation

The most abundant form in the surface of the earth is N, gas. It is the least reactive
species and is not available to most of organisms due to the strength of the triple bond
in N,, which makes this molecule practically inert. Most of N that is available to biota
has been derived from this N pool by fixation, either by lightning, free-living, and
symbiotic microbes, or by anthropogenic processes. Nitrogen fixation is the transfor-
mation of the highly abundant but biologically unavailable atmospheric N, to one of
the reactive forms—NH3, NH,*, NO,~ NO; ™, nitrogen oxides (NO, NO»), N,Os, and
N>O or organic N. The fixation of N, to reactive forms of N occurs via four major
high-energy routes: (a) lightning fixation (b) biological fixation (c) synthetic N
fertilizer production, and (d) high temperature combustion fixation.

2.4.1 Lightning

Lightning strike produces high electrical energy in the atmosphere which
overcomes the energy barrier to break the triple bond of molecular N, (N=N)
and double bonds of molecular O, (O=0), whereby the two molecules combines to
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form NO in the atmosphere. Lightning produces momentary conditions of high
pressure and temperature in the lightning channel, which causes thermal disso-
ciation of O, and N, and allow them to combine and form NO. The NO is
photochemically converted to NO, (Eq. 2.1)

N, + O, + electrical energy — 2NO — 2NO, 2.1

NOj is a collective term used to describe all oxidized products of N except N,O
(Eq. 2.2)

NOy = NOx + NO,™ + HNO; + HNO3 + HO,NO; + NO;3 + 2N,Os
+ peroxyacetyl nitrate;
NOy =NO + NO, (2.2)

These compounds have an average atmospheric residence time of <10 days
before they are deposited on the Earth’s surface either as wet deposition in preci-
pitation or dry deposition in aerosol or gas associated with particulate matter.
Lightning, therefore, introduces Nr into ecosystems, especially over the tropical
regions.

About 75-90% of the total NO, formed by lightning is NO depending on the
temperature and ozone (O3) concentration at the time of flash. However, NO reacts
quickly with Oj in the ambient air to produce NO, (Shepon et al. 2007) and the
equilibrium is quickly achieved between NO and NO, (Price et al. 1997). The NO,
produced by lightning are readily carried by convective updrafts to the upper
troposphere where its lifetime is considerably longer than in the lower troposphere
(Labrador et al. 2005). The link between lightning and nitrogen oxides was
recognized in 1820s but its role in controlling O3 concentration in troposphere
was not recognized until 1970s. Lightning NO, is closely linked with hydroxyl
(OH") radical production and, therefore, the potential to affect the atmosphere’s
oxidizing efficiency (Labrador et al. 2004).

The global rate of N fixation by lightning is not well known. Estimates of the
global lightning-produced NO, ranges from 1.0 Tg N year ' (Levine et al. 1981) to
100 Tg N year ' (Franzblau and Popp 1989). The calculated total annual deposi-
tion of N (NO,) from pre-industrial atmosphere estimates lightning fixation at
20 Tg N year ' (Lyons et al. 1990). Recent estimates ranges from 1.0 to 20.0 Tg N
year™ ' (Price et al. 1997; Ridley et al. 2004). The Emission Database for Global
Atmospheric Research (EDGAR) estimates of NO, produced by lightning is at
12.2 Tg N year ' (Olivier et al. 1998). The reasons for the large uncertainty
reported in literature are the poorly understood aspect of lightning phenomenon
itself, including the charge separation process, the amount of energy deposited per
flash, its partitioning among the cloud-to-ground, intra-cloud and inter-cloud
flashes and the aspects related to NO, such as NO molecules produced per flash
or per unit energy (Labrador et al. 2005). Estimates of lightning Nr creation are
highly uncertain. The IPCC third assessment report used estimates based on
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OxComp model, which estimated Nr at 5.0 Tg N year ', and ranging from 3.0 to
13.0 Tg N year ' (Ehhalt et al. 2001). In this chapter, a global estimate of 5.4 Tg N
year ' is used for both pre-industrial and current Nr estimates (Lelieveld and
Dentener 2000; Galloway et al. 2004). Although a small quantity, it creates NO,
high in the troposphere where it has longer residence time and more likely to
contribute to tropospheric O3 formation. It may also influence the oxidation capac-
ity of the atmosphere before it is removed via atmospheric deposition. In contrast,
the NO, emitted at the earth’s surface mainly contributes to atmospheric Nr
deposition.

2.4.2 Biological Nitrogen Fixation

The BNF is a reductive process that transforms N, to NH;. BNF is a microbially
mediated process that occurs in several types of bacteria and blue-green algae
(cyanobacteria and cyanophyta). BNF occurs when other forms of inorganic N
are unavailable in solution. The lack of inorganic N provokes physiological and
biochemical changes in organisms which gives them the ability to fix atmospheric
N,. In the case of cyanobacteria, the lack of inorganic N leads to differentiation
of specialized cells called ‘heterocysts’ while in legumes, it provokes formation
of root nodules (Boyd 2001). This biologically irreversible reaction is catalyzed
by an extremely conserved heterodimeric enzyme complex nitrogenase, which is
inhibited by O, (Postgate 1998). Nitrogenase enzyme complex consists of two
separate enzymes—dinitrogenase reductase and dinitrogenase—which are
involved in conversion of N, to NH4". Because N fixation is very expensive in
terms of energy, this capability is only an advantage when inorganic N is scarce,
and the N fixing capability lies dormant during times of plentiful N supply. The
microbes can be free-living (non-symbiotic) or in a symbiotic association with roots
of higher plants in the terrestrial ecosystems. The majority of symbiotic BNF occurs
via a root nodule symbiosis. In this relationship, the plant maintains N fixer by
acting as a C source while excreting the fixed N for the benefit of the plant.
Legumes and Rhizobium spp. are the best-known example of such a symbiotic
relationship, and play a large role in BNF in agricultural soils. Non-symbiotic N
fixation includes fixation by the true free-living N fixers as well as by autotrophic
and heterotrophic organisms not in direct symbioses with vascular plants, including
cyanobacteria symbiotic in lichens, bryophytes, or associative N, fixing systems. In
addition, actinomycetes (Frankia) can fix N as free-living microorganisms or in
symbiosis with number of non-leguminous vascular species. The free living N
fixing microorganisms are also known as rhizosphere diazotrophs—these are
most active near plant roots where decomposable C supply is high, but are not
found within living tissues. These microorganisms are ubiquitous in soils and are
highly diverse. The process uses the enzyme nitrogenase to convert N, to NH3
(Egs. 2.3 and 2.4).
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N, + 8H' + 8¢~ + 16ATP — 2NH; + H, + 16ADP + 16P; 2.3)
N, + 6H' + 6~ — 2NHj 2.4)

The reduction of N, is exergonic reaction, but it requires formidable activation
energy to break the triple bond and a catalyst to overcome the energy barrier. The
heterodimeric enzyme complex, nitrogenase catalyzes the reaction by hydrolyzing
16 ATP molecules per molecule of N, fixed (Canfield et al. 2010). The BNF can
occur in both managed and unmanaged ecosystems. In managed ecosystems,
cultivation of legumes enhances BNF. In the pristine biosphere, N fixation by
terrestrial BNF is the dominant source of newly fixed N in the terrestrial ecosystems
(Cleveland et al. 1999).

Quantification of the magnitude of natural terrestrial BNF-Nr at a large scale
is weak, mostly due to uncertainty in estimates of BNF rates at plot scale, method-
ological differences, and non-uniform spatial coverage of important N fixing
species and locational biases in its study (Cleveland et al. 1999). In the tropical
regions (i.e., Africa, Asia and South America), where BNF is likely the important
source of Nr there is a little data on terrestrial estimates of BNF rates. Estimates of
the global BNF rates are also highly uncertain, mainly because of scant relevant
data for natural vegetated ecosystems. In compilation of the rates of natural BNF,
symbiotic BNF rates for several biome types are based on few published rates at
plot scale within each particular biome (Cleveland et al. 1999). Most studies present
BNF estimates as global values based on few but broad components such as forests,
grasslands, and other (Paul and Clark 1997). Such coarse divisions average large
land areas that contain significant variation in datasets and in biome types, which
diminishes the usefulness and credibility of the data.

Cultivation—induced BNF (C-BNF) occurs in several agricultural ecosystems
including crops, pasture, and fodder legumes (Smil 1999). Total global C-BNF is
estimated at 33 Tg N year ' and ranges from 25 to 41 Tg N year ' (Burns and
Hardy 1975; Galloway et al. 1995; Smil 1999). Increase in soybean (Glycine max)
and meat production since 2000 may have increased global C-BNF. Estimates of
about 60-70 Tg N year ' are reported for leguminous crops in agricultural fields
(Herridge et al. 2008). A more conservative magnitude of global C-BNF for the
year 2005 is estimated at 40 Tg N year ' (Galloway et al. 2008), although there is
substantial uncertainty in this value and more precise data are needed.

Synthesis of the available data for native vegetated terrestrial biomes indicate
estimates of global natural BNF rate at 168.5 Tg N year ', of which about 60%
occurs in tropical rainforests, arid shrub lands, and tropical savannah (Cleveland
et al. 1999). Further, BNF on the land is estimated at 140 Tg N year ' or about
10 kg N ha™' year™ ' on earth’s surface (Burns and Hardy 1975). Asymbiotic N
fixation ranges from 1.0 to 5.0 kg N ha ™' year ' or an average of 44.0 Tg N year '
as a global total. The remainder is assumed to come from symbiotic fixation in
higher plants. However, BNF supplies only 12% of the N that is assimilated in
natural land plants each year. The remaining 88% is derived from internal recycling
and the decomposition of dead materials in soils.
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Estimates from the ocean are less reliable due to the importance of Tri-
chodesmium (cyanobacteria) and Richelia intracellularis (a diazotrophic endo-
symbiont occurring in large diatoms) as N fixers. The suggested global pelagic
BNF rate of 110.0 + 40.0 Tg N year ' is based on extrapolation of the North
Atlantic data (Gruber and Sarmiento 1997). Benthic BNF is estimated at
15.0 + 10.0 Tg N year™ ' (Capone 1983).

2.4.3 Industrial Nitrogen Fixation

In 1908, Fritz Haber discovered how NHj3, a chemically reactive, highly usable
form of N could be synthesized by reacting atmospheric N, with H, in the presence
of Fe at high pressure and temperature. Carl Bosch subsequently developed this
process on an industrial scale, for which he was awarded the Nobel Prize in 1931.
This industrial process, known as Haber-Bosch N fixation, uses natural gas methane
(CHy) to produce H,, which is then combined with N, to form gaseous NHj;
(Egs. 2.5 and 2.6) under conditions of high temperatures (500-600°C) and pressure
with metallic Fe catalyst:

CH, + 6H,0 — 3CO, + 12H, 2.5)
4N, + 12H, — 8NH; (2.6)

The resultant NH3 is refined and compounded to make the nitrogenous
fertilizers that modern agriculture depends on. Ammonia synthesis is important
because it is the primary ingredient in nitrogenous fertilizers, without which,
modern agriculture would be impossible. Virtually this process produces all of
N fixed industrially (IFA 2000). The Haber-Bosch process, sometimes called the
most important technological advancement of the twentieth century, has signifi-
cantly lowered the energy requirements and is substantially cheaper, and there-
fore, forms the basis of an alternative expanding supply of Nr. It has also boosted
the production of many expensive or rare compounds such as dyes, artificial
fibers, and has its greatest impact on production of explosives and fertilizers
(Smil 2001). Chemical fertilizers are one of the major facets of the Green
Revolution, which has resulted into many fold increases in crop yields (Mann
1999). Synthetic inorganic fertilizer N production supplies >80 Tg N year™ ' to
agricultural soils (Schlesinger and Hartley 1992; Matthews 1994; Potter et al.
2010). About 40% of the large annual increase in crop production during the
post-green revolution period is attributed to the increase in use of synthetic
fertilizer N (Brown 1999). It is estimated that in 2008, Haber-Bosch fertilizer
N supported about 48% of world population (Erisman et al. 2008). In addition,
fertilizer N is required for bioenergy and biofuel production, which is
contributing about 10% of global energy requirement, and 1.5% of fuel (Erisman
et al. 2008).



42 2 Global Nitrogen Cycle

About 80% of Nr manufactured by the Haber-Bosch process is used in the
agricultural fertilizes (Galloway et al. 2008). However, a large portion of this is
lost to the environment, where it cascades through atmospheric, terrestrial,
aquatic, and marine pools before eventually being denitrified to N, or stored as
fossil and Nr. Volatilization of NH; or leaching of NO;~ to adjacent natural
ecosystems is environmentally important. Its deposition leads to unintentional
fertilization and loss of terrestrial biodiversity (Hesterberg et al. 1996). Transfer
of Nr from terrestrial to coastal systems has led to algal blooms and decline in the
quality of surface and ground waters. In atmosphere, Nr alters the balance of
GHG, enhances tropospheric O3, decreases stratospheric Os, increases soil acidi-
fication, and stimulates formation of secondary particulate matter in the atmo-
sphere. All these have negative effects on people and the environment (Erisman
et al. 2008).

2.4.4 High Temperature Combustion

High temperature pyrolysis (>1,800°C) and pressure formed during fossil fuel
combustion, primarily via the internal combustion engines, provides the energy to
convert N, to NO through reaction with O, (Eq. 2.7):

N; + Oy + fossil energy — 2NO 2.7)

Some of NO is oxidized into NO,, and mixture of NO and NO, form NO,.
Significant NO, emissions are also derived from oxidation of fixed N compounds in
the fuel: up to 50% of fossil fuel NO, emissions can be fuel NOy especially when
heavy oil or coal is burned. Fossil fuel combustion releases about 20.0 Tg N year '
in the form of NOj globally (Muller 1992). Some of this is derived from the organic
N contained in the fuels but considered as new sources fixed to the biosphere since
this would have remained inaccessible in the earth’s crust (Galloway et al. 1995).

Van Aardene et al. (2001) estimated that 0.6 Tg N year ' was created in the form
of NO, during fossil fuel combustion in 1890, primarily from coal combustion. Based
on population and other factors such as energy requirement, it is estimated that NO,
emission from fossil fuel at the onset of industrialization in1860 was 0.3 Tg N year ™'
(Galloway et al. 2004). Most of NO, emissions occur in the form of NO, which
photochemically equilibrates with NO, within a few minutes. Estimated anthropo-
genic emissions of NO, from fossil fuel for the year 2000 were 33.0 Tg N year ', of
which, 40% originated from transportation sector (Ehhalt et al. 2001). The American
and European emissions are relatively stable but emissions from East Asia have been
increasing by nearly 4% annually (Kato and Akimoto 1992). Asian emissions from
fossil fuel will drive an overall increase in NOy emissions during the twenty-first
century (van Aardenne et al. 2001).
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2.5 Nitrogen Cycling

The global N cycle can be divided into three compartments: atmospheric, terres-
trial, and marine cycle. Terrestrial and marine ecosystems together forms biosphere
cycle (Galloway 2003). The atmospheric N cycling is the simplest because the
direct influence of the biota is limited. Thus, chemical and physical processes
primarily control the transformations in the atmosphere. In addition, the cycle of
oxidized inorganic N (NOy) is in most cases decoupled from that of the reduced N
(NH,). However, biosphere N cycling (terrestrial and aquatic ecosystems) is more
complex due to microbially mediated N transformations such as BNF, nitrification,
and denitrification. Despite the large annual flux through the inorganic pools (NH,*,
NO37), at any time, this pool in the biosphere is very small due to rapid uptake by
organisms.

2.5.1 Historical: Pre-industrial Era Nitrogen Cycling

2.5.1.1 Natural Processes

Pre-industrial input of newly fixed N to terrestrial ecosystems were lightning and
BNF. High temperatures occurring during lightning strikes produce NO in the
atmosphere from molecular O, and N,. This is subsequently oxidized to NO, and
then to HNOj;, and within few days removed from atmosphere by wet and dry
deposition, thus introducing Nr into ecosystems. The creation of Nr by lightning is
the highest in tropical terrestrial regions where convective activity is the largest
(Galloway et al. 2004). Deposition of lightning Nr occurs primarily in tropical
regions where the lightning NO, formation predominates (Bond et al. 2002). For
this budget analysis, a global estimate of 5.4 Tg N year ' is used (Table 2.3;
Galloway et al. 2004). Lightning NO, is important because it occurs high in
troposphere where it has longer atmospheric residence time and likely contributes
to tropospheric O3 formation, which contributes to the oxidizing capacity of the
atmosphere.

Based on survey of the existing literature from natural terrestrial ecosystems,
Galloway et al. (2004) estimated that prior to large anthropogenic alteration of
global N cycling during industrial era, natural terrestrial ecosystems BNF (N-BNF)
contributed 100290 Tg N year '. Of the 11.5 Mha of natural vegetated land
(Mackenzie 2003), it is estimated that 0.76 Mha had been altered by anthropogenic
action by the beginning of industrial era in 1860—including land clearing for
cultivation and conversion of forests to pastures (Houghton 1999). Therefore,
N-BNF was estimated at 120.0 Tg N year ' (Fig. 2.1). The BNF also created
40.0-140.0 Tg N year ' in marine ecosystems (Galloway 1998). However, N
fixed in marine ecosystems is not transported to terrestrial ecosystems, except in
small quantities volatilized as NH3 and subsequently deposited on the land, which is
difficult to quantify.
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Table 2.3 Global atmospheric emissions of NO, and NHj;

Historical — 1860 Contemporary
Source® NO, NH; NO, NH;
Emissions
Agriculture
Savannah burning 0.9 0.2 29 1.8
Deforestation 0.2 0.2 1.1 1.4
Agricultural soil losses 0.0 0.0 2.6
Agricultural crops - 0.2 - 4.1
Animal waste 0.9 5.9 2.4 24.3
Fertilizers - 0.0 - 9.7
Landfills - 0.1 - 3.1
Sub total 2.0 6.6 9.0 443
Energy
Fossil fuel combustion 0.3 0.0 20.4 0.1
Biofuel combustion 0.4 0.7 1.3 2.6
Transport 0.0 - 4.1 -
Industrial processes 0.0 0.0 1.5 0.2
Miscellaneous 0.7 -
Sub total 0.6 0.7 27.2 29
Natural
Lightning 5.4 - 54 -
Emissions from natural soils 29 - 2.9 -
Natural fires 1.6 1.6 0.8 0.8
Stratospheric sources 0.6 - 0.6 -
Vegetation and wild animals - 6.0 - 4.6
Ocean - 5.7 - 5.6
Subtotal 10.5 133 9.7 11.0
Emission total 13.1 20.6 45.9 58.2
Deposition total 12.8 18.8 45.8 56.7

“Emission data from van Aardenne et al 2001; Galloway et al. 2004, deposition data from
Lelieveld and Dentener 2000

2.5.1.2 Human Alteration of Nitrogen Cycle in the Pre-industrial Era

Anthropogenic activities influence the N budgets in two ways by (i) increasing the
mobilization of existing Nr, and (ii) creating new Nr. As hunter-gatherers, anthro-
pogenic impact on N cycle was limited to mobilization of existing forms of Nr (such
as biomass burning), and the extent of the impact was limited relative to the natural
processes. Anthropogenic activities that created Nr during the pre-industrial era
were mainly cultivation of legumes and fossil fuel combustion for energy, espe-
cially coal. It is estimated that fossil fuel combustion of coal generated 0.6 Tg N
yeaf1 in the form of NOy in 1890 (van Aardenne et al. 2001). Scaling back these
estimates by population and other factors such as energy demand, Galloway et al.
(2004) estimated that fossil fuel combustion in 1860 created 0.3 Tg N year™ ' in the
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Fig. 2.1 Global N cycle for the pre-industrial era showing of N in Tg year~!. C-BNF, biological
N, fixation within agroecosystem (agricultural crops), N-BNF, biological N, fixation within
natural ecosystems (Source: van Aardenne et al 2001; Galloway et al. 2004)

form of NOy, (mainly through coal combustion at the beginning of industrial era).
Advent of legume cultivation ~5,000 years. ago initiated C-BNF on earth. At the
beginning of industrial era, C-BNF was ~15.0 Tg N year ' (Galloway et al. 2004;
Fig. 2.1).

2.5.1.3 Pre-industrial Era Nitrogen Budget

The NO, and NH; emissions can result from natural processes, agronomic practices,
and energy production. For NO,, natural emissions occur from soil processes,
lightning, wild fires, and stratospheric injection. NO is the most commonly
emitted species. Once in the atmosphere, it is quickly oxidized to NO,, which is
then oxidized to HNO;, potentially reacting with NH; to form aerosol. Natural
NO, emission totals in 1860 were 10.5 Tg N year ' (Table 2.3). Energy production
contributed NO, emissions of 0.7 Tg yeaf1 , of which, fossil fuel combustion of coal
and biofuel combustion were 0.3 and 0.4 Tg N year ', respectively (Table 2.3).
Food production related NO, were 2.0 Tg year ', of which, agricultural waste
contributed 0.9 Tg N year ', slash-and-burn of forests accounted for 0.2 Tg N
year ' and savanna grass and shrubs produced 0.9 Tg N year ' (Table 2.3). The
total NO, emissions were 13.1 Tg N yeaF1 (Table 2.3; Fig. 2.1). Total NOy
deposition is estimated at 12.8 Tg year ' (Table 2.3), of which 6.6 Tg N year '
was deposited on terrestrial ecosystem and 6.2 Tg N year ' was exported to coastal
regions and oceans (Fig. 2.1).
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The NHj is produced in soils during decomposition of OM. It is emitted when
the partial pressure in the soil, water, or plant is greater than that in the atmosphere.
Other NHj; sources include savanna burning, deforestation, animal waste, landfills
and sewage disposal, wild fires and oceans. It is the common atmospheric gaseous
base. Once in the atmosphere it can be converted into aerosol in acid—base reactions
with gases such as HNO;3 (Eq. 2.8) or aerosol such as H,SO,4 (Eq. 2.9):

NH; + HNOj3; — NH4NO3(S) (2.8)
NHj(g) + H2SO04(5) — (NHy),S04) (2.9)

Once NH; is lifted above the planetary boundary layer, it can be transported to
large distances and impact receptors far in the downwind direction.

The NH; emission from energy production was 0.7 Tg N year ', which
originated from combustion of biofuels (Table 2.3). Agronomic practices released
6.6 Tg N year '. Among this, low temperature NH; emission from domestic
animals waste was the dominant fraction at 5.3 Tg N year '. Other agricultural
sources were agricultural crops, forests, and savanna, which contributed 0.2 Tg N
year™ ! each (Table 2.3). Landfills and sewage disposal contributed 0.1 Tg N year .
Natural NH; emissions included natural vegetation and wild animals, natural fires
and oceans, which emitted 6.0, 1.6 and 5.7 Tg N year ™', respectively (Table 2.3).
Total NH; emissions were 20.6 Tg N year ', of which, 14.9 Tg N year ' were
emitted from the land and 5.6 Tg N year ' was emitted from the ocean (Table 2.3;
Fig. 2.3). Among the emissions, the rapid local recycling of NH; that were
deposited within the same region for the terrestrial and ocean ecosystems were
6.0 and 5.6 Tg N year ', respectively (Fig. 2.1). Total NH; deposition was
18.8 Tg N year ' (Table 2.3). Deposition of NH; on the continents for non-local
sources was 4.8 Tg N year ', and transfer to the oceans was 2.3 Tg N year '
(Fig. 2.1).

The oxidized inorganic N species not included in NO, is N,O, which is produced
during nitrification and denitrification (Chap. 3). Because of its stability, no signifi-
cant chemical reaction takes place in the troposphere. However, once in the
stratosphere it is converted to NO by ultraviolet (UV) radiation (Eq. 2.10) viz:

N,0 + O('D) — 2NO (2.10)

The NO thus produced then destroys stratospheric ozone in a reaction that
regenerates it (Egs. 2.11, 2.12, and 2.13), viz:

NO + O3 — NO; + 0O, (2.11)
0;—0 40, (2.12)

NO, + O = NO +0, (2.13)


http://dx.doi.org/10.1007/978-94-007-5364-8_3
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Net reaction:
203 — 302 (214)

The N,O emissions in 1860 from terrestrial natural ecosystems were
6.6 Tg N,O-N year ' (Bouwman et al. 1995). Anthropogenic emissions from
animal waste, C-BNF, crop residues and biomass burning were 1.4 Tg N,O-
N year ' (Kroeze et al. 1999), and rivers contributed 0.05 Tg N,O-N year '
(Seitzinger et al. 2000). Estuaries and coastal shelves contributed 0.02 and
0.4 Tg N,O-N year ' (Seitzinger et al. 2000) and open ocean emitted
3.5 Tg N,O-N yeafl (Nevison et al. 1995) (Fig. 2.1). Thus, total emissions in
1860 were 12.0 Tg N,O-N year™ .

In 1860, the natural Nr generation in pre-industrial era was 125.4 Tg N year ',
of which, 120.0 Tg N year ' by terrestrial BNF and 5.4 Tg N year' by lightning
(Fig. 2.1). Anthropogenic Nr generation rates were 15.3 Tg N year . The C-BNF
accounted for most of anthropogenic Nr (15 Tg N year '), while coal combustion
contributed 0.3 Tg N year '. Total terrestrial Nr creation was 141 Tg N year '
(Fig. 2.1). The riverine export to estuaries, coastal waters was 27 Tg N year_l;
atmospheric deposition to the coastal waters was 1.4 Tg N. In addition, 8.0 Tg N
was emitted into the atmosphere as N,O where it was stored or transported to
stratosphere. The remaining 98.0 Tg N is either denitrified back to N, or part of it is
stored in the terrestrial ecosystems. The atmospheric N,O data recorded in ice
bubbles from the pre-industrial era dating back to O AD indicated that N,O
emissions remained constant at approximately 270-280 ppb, which implies that
Nr creation and denitrification was approximately equal and Nr was not
accumulating in pristine ecosystems prior to anthropogenic perturbations
(MacFarling Meure et al. 2000).

2.5.2 Contemporary: Post-industrial Era Nitrogen Cycling

The fundamental anthropogenic change in the contemporary global N cycle is an
increase in the transfer from the vast and unavailable forms of N to the terrestrial
ecosystem. Human activities have significantly altered the natural N cycle in the
post-industrial era through food production and energy use. The most fundamental
change in N cycling is the dramatic increase in Nr. Anthropogenic activities have
more than doubled the rate of transfer of N from highly abundant but unavailable
form—N, in the atmosphere to the available forms such as NH;*, NO3;~ and NO, ™~
(Smil 1999). The major sources of changes are: (1) mobilization and fixation during
fuel combustion, (2) industrial fixation for use as fertilizers for crop production, and
(3) BNF increase associated with increase in agriculture production of crops that fix
N symbiotically.

From 1860 to the present, food production and energy consumption increased
steadily on both absolute and per capita basis. The anthropogenic Nr generation
also increased from ~15.3 Tg N year™ ' to 156 Tg N in 1995 (Galloway et al. 2004).
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Fig. 2.2 Global population trends from 1950 to 2020 and actual global fertilizer N consumption
between 1961 and 2008. (Source: Population data-US Census Bureau, fertilizer consumption data:
FAOSTAT database)

In large part, the increase was due to rising agricultural demands for Nr, which was
sustained by the Haber-Bosch process. From 1995 to 2005, the Nr increased further
to 187.0 Tg N year ', in large part because of 20% and 26% increase in cereal and
meat production, respectively (Galloway et al. 2008). Between 1961 and 2008,
fertilizer N application to agricultural lands increased at about 1.72 Tg N year ' to
match the food demand for the world population which grew by about 72 million
year ' (Fig. 2.2). Industrial fixation of N has increased exponentially from near
zero in 1940s. Until 1970s, most of industrial N fertilizers were applied in devel-
oped countries. At present, however, the fertilizer N use in developed countries has
stabilized, but application is increasing dramatically in developing countries (Zhu
et al. 2005). The momentum of growth in human population and increase in
urbanization ensure that industrial N fixation may continue to grow even at higher
rates for decades to come because of the increase in demand for food.

The C-BNF occurred in several agricultural systems, including leguminous
crops, pasture, and leguminous fodder (Smil 1999). The C-BNF increased signifi-
cantly due to expansion of leguminous crops production and improved pastures to
meet the demand for fodder crop. The C-BNF estimate for 1995 was 31.5 Tg N
year ' (Galloway et al. 2004). The current C-BNF is estimated at 40 Tg N year ™'
(Galloway et al. 2008). The increase over the past 10 years is because of the
increase in area under soybean (Glycine max) and fodder crops.
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In addition, with the industrial revolution, fossil fuel combustion became an
increasingly important energy source for both industrial and domestic uses
(Mackenzie 2003). Primary commercial energy production by coal, natural gas,
and petroleum consumption resulted in significant increase in NO, emissions as a
waste product of energy generation and high temperature N, fixation. In 1995, NO,
emissions from fossil fuel combustion were estimated at 27.2 Tg N year ' (Gallo-
way et al. 2004). However, decrease in NO, emissions in the developed world
recently as a result of control in emissions has led to stabilization of global Nr-NO,
generation at about 25 Tg N year' from 1995 (Cofala et al. 2007). Other sources of
NOy include agriculture, natural soils, wild fires, and stratospheric deposition.

The NH; emission from anthropogenic activities increased from 7.3 Tg N in
1860 to current levels 47.2 Tg N year . Finally, NH; released from industrial use
of Nr is poorly understood. NH; from the Haber-Bosch process is used to create a
range of industrial products including nylon, plastics, resins, glues, melamine,
animal/fish/shrimp feeds supplements and explosives. About 20% of the Haber-
Bosch created Nr is utilized in industrial processes and its fate in the environment is
not well known.

The data on the anthropogenic generation of Nr have been relatively less
uncertain. However, the fate of Nr in the ecosystems is less certain. About 18%
of Nr is exported to coastal ecosystems, and its fate is not clearly understood. Some
of it is denitrified, releasing N,O and N,. About 13% deposits into the ocean from
marine atmosphere, and 4% emitted as N,O. As much as 65% either accumulates in
soils, vegetation, and ground water or denitrified into N,. However, the uncertainty
of this component is large.

2.5.2.1 Current Reactive Nitrogen Distribution and Its Fate

Once Nr molecule has been created it remains in the environment for considerable
time. The Nr can be highly mobile by virtue of its direct injection into the
atmosphere (NOy, NH, and N,O), or conversion to reduced N (NH4") to mobile
species (NO,~ and NO;™). Over time, it cascades through the environment and
drives different environmental impacts such as eutrophication, acidification in
space and time, and affects radiative forcing and therefore climate. Both natural
and anthropogenic processes emit NOy into the atmosphere. Agricultural sources
predominantly emit the alkaline NH, (i.e. the sum of NH; and NH,"). In the
analysis of the fate of Nr introduced in the global ecosystems, Smil (1999)
estimated that 50% is removed by harvested crops, 23% is leached N, 6% is
volatilized as NHj3, and 6% is released into the atmosphere as NOy and N,O.
Only 10% of Nr is denitrified and converted into inert N, within the ecosystem.
The remaining, ~90% is recycled within the ecosystems. The endpoint of cascading
is ultimately the emission of N, or N,O to the atmosphere. During the cascade, Nr
can influence GHGs exchange with the atmosphere, aerosol production, tropo-
spheric O or increase biological productivity, which require C. All these processes
have impact on global climate.
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The ultimate fate of NO, and NHj, is their removal by the wet and dry deposition
on terrestrial and aquatic ecosystems. The deposition of Nr induces cascade of
effects (Galloway et al. 2004). The vast majority of the land area of northern
hemisphere is receiving increased N deposition due to anthropogenic activity. For
example, deposition to forests ranges from 5 kg N ha™' year ' in Northern Europe
to >60 kg N ha~' year ' in central Europe, and the range for short vegetation is
about half (Dise et al. 2009). Ammonium is the dominant form of atmospheric N
input in Europe. Ammonium originates from NH; emitted primarily from animal
husbandry, while NO; ™ originates from N oxides emitted by fossil fuel combustion
and automotive exhaust. At remote sites in the southern hemisphere, wet deposition
is <1 kg N ha' year' (Vitousek et al. 1997). Total pre-industrial inputs to forests
were therefore <2 kg N ha™' year™'. The NPP of most terrestrial ecosystems are
limited by N availability and Nr deposition may enhance ecosystem productivity
(Vitousek et al. 1997) with possible consequences to the global C cycle (Prentice
et al. 2001). It also leads to imbalance in nutrients cycling leading to change of
ecosystem diversity (Bobbink et al. 1998; Phoenix et al. 2006). In fresh water and
coastal regions, Nr inputs lead to noxious algal blooms, increase in water turbidity,
shifts in food webs and loss of fish stocks (Rabalais 2002). In addition, Nr deposi-
tion in both terrestrial and marine ecosystems leads to denitrification and enhanced
emissions of N,O.

Owing to increase in Nr generation due to anthropogenic activities such as fossil
fuel combustion and agricultural practices, the global emissions of NO and NHj3
have increased by a factor of 3 since the pre-industrial era. Current global NO, and
NH; emissions from anthropogenic sources are estimated at 40 and 53.4 Tg N
year ', respectively (Dentener et al. 2006; Lamarque et al 2010). The major part of
NO, emissions (30 Tg N year™ ') originate from fossil fuel combustion, including
road transport (10 Tg year '), shipping, and aviation (6 Tg year ') and energy
sector (7.4 Tg year™ ). These emissions rapidly increased during twentieth century.
In addition, about 6.0 Tg N year ' originates from biomass burning. Soil emissions
of NO, are also affected by use of fertilizers, and therefore, difficult to separate
between natural and anthropogenically-perturbed component from soils. Region-
ally, the emission increases have been more substantial especially in North Amer-
ica, Europe, and Asia where increases by up to a factor of 10 have been reported
during the last century (van Aardenne et al. 2001). Further increases of emissions
and deposition are predicted by 2050 and 2100 (Galloway et al. 2004; Lamarque
et al. 2005; Dentener et al. 2006), in particular in developing countries, especially
the most important sources of NOX, that is transport and power production. How-
ever, landmasses and ocean in the southern hemisphere are less impacted by human
activity. However, this will likely change as population grows along with the
increase in demand for food. Much of the knowledge on N dynamics is from the
temperate regions. Yet, the tropical regions are predicted to experience the most
dramatic increase in Nr during the first half of the twenty-first century (Zhu et al.
2005) because of rapid urbanization and intensification of agriculture. Tropical
ecosystems generally P and cation deficient, but relatively N-rich compared to
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temperate ecosystems (Matson et al. 1999). Thus, responses in these ecosystems
may be different compared to those in the temperate regions, and result in rapid N
losses into water and air, soil cation depletion, and reduced C uptake.

Most of the Nr produced by human activities in NH; form is less mobile; it could
be absorbed by the soil surface (e.g., NH4*). However, once nitrified, it becomes
highly mobile (i.e., NO37) and is easily transported into surface waters. It is
estimated that ~20 Tg of dissolved N and 20 Tg of particulate N from anthropogenic
sources are transported by rivers into coastal ecosystems (Galloway et al. 1995).
Modeling estimates suggest that riverine dissolved inorganic N discharge to coastal
ecosystems is 16 Tg year ', or nearly 11% of the anthropogenic N produced
(Seitzinger and Kroeze 1998). Most of the transport occurs in rivers draining East
and South Asia. There are three possible pathways of N discharged into coastal
waters: (1) storage in the sediments, (2) transport into the open ocean, and (3)
denitrification and conversion into N, and N,O. For the North Atlantic Ocean, a
region from which most of the research data are generated, the riverine N is almost
entirely denitrified in the coastal and shelves regions (Nixon et al. 1996; Seitzinger
and Giblin 1996). On global basis, however, data are too sparse to discern the fate of
N transported into coastal waters.

A large proportion of anthropogenic Nr remains within the terrestrial
ecosystems. The possible fate of this component is: (1) storage in long-term
reservoirs, including soil OM, ground water, and biomass, and (2) denitrification
into N, and N,O. Forested ecosystems are accumulating N, as is evidenced by the
observations of N saturation syndrome (Stoddard 1994; Aber et al. 1998; Lovett
et al. 2000; Corre and Lamersdorf 2004), defined as a condition of plants and soil
biotic and abiotic processes to accumulate N that exceeds the biotic demand (Aber
et al. 1998). While there is a substantial potential for N storage in the groundwater,
biomass and soil OM, there is also a large potential for significant increase in NO3 ™~
concentration of streams and other surface waters, increased denitrification and
increased N,O emissions (Liu and Greaver 2009).

2.5.2.2 Contemporary Nitrogen Budget

The contemporary NO, emission estimate is at 45.9 Tg N year ', of which,
9.7 Tg N year ' is from natural sources, while 36.2 Tg N year ' (79%) is anthro-
pogenic. Natural sources include lightning, emissions from natural soils, natural
wild fires, and stratospheric sources at 5.4, 2.9, 0.8, and 0.6 Tg N year ', respec-
tively (Table 2.3). Anthropogenic source of NO, include biofuel combustion at
1.3 Tg N year ', fossil fuel combustion, at 20.4 Tg N year™ ', transportation at

4.1 Tg N year ', of which ships and aircraft contribute 3.6 and 0.5 Tg N year ',

respectively (Table 2.3). Industrial NO, emission estimate is 1.5 Tg N year '.
Agriculture Nr-NO, is 9.0 Tg N year™ ', which consists of agricultural waste, forest
clearing and burning, savanna grass and shrub clearing and burning and emissions

from fertilized agricultural soils at 2.4, 1.1, 2.9, and 2.6 Tg N year ' (Table 2.3).
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Fig. 2.3 Contemporary global N cycle showing of N in Tg year~'. C-BNF, biological N, fixation
within agroecosystem (agricultural crops), N-BNF, biological N, fixation within natural
ecosystems (Source: Galloway et al. 2004, 2008)

All NO, emissions are of the terrestrial sources. Total NO, deposition is 45.8 Tg
N year ', 24.8 Tg N year ' to the continents and 21.0 Tg N year ' to oceans
(Table 2.3; Fig. 2.3).

The contemporary NH; emissions are 58.2 Tg N year ', of which, anthropo-
genic emissions are 47.2 Tg N year ' or 81%. Natural NH; sources include
vegetation and wild animals at 4.6 Tg N year ' and ocean emissions at 5.6 Tg
N year™'. Rapid re-deposition within the same regions effectively removes natural
NH; emissions (green dotted lines in Fig. 2.3) from the ocean. Agriculture is the
dominant anthropogenic source, contributing 44.3 Tg N year ' or 94% of the
anthropogenic sources. The components of agricultural emissions are low tempera-
ture NH; emission from domestic animal waste at 22.9 Tg N year ' and fertilizers
at 9.7 Tg N year~'. Other agricultural sources include combustion of agriculture
waste, forests, savannas, and crops emission at 1.4, 1.4, 1.8 and 4.0 Tg N yearfl,
respectively. Sewage and landfill emission estimate is 3.1Tg N year™' (Table 2.3).
Total NH; deposition is 56.7 Tg N year ', of which, 38.7 Tg N year™ ! is deposited
into the terrestrial ecosystems and 18.0 Tg N year ! into the oceans. The NH;
which is rapidly re-deposited within the same region of the terrestrial ecosystems
(mostly forest) is estimated at 4.6 Tg N year™ ' (Fig. 2.3).

Global N,O emissions increased from 12 Tg N,O-N year ' in 1860 to about 19.4
Tg N,O-N year™ ' in 2010 (Fig. 2.3). Emissions from terrestrial soils were estimated
at 8.0 Tg N,O-N year ' in 1860 and increased to 13.9 Tg N,O-N year ' in 2010,
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primarily due to increase in N use in agricultural production systems (Denman et al.
2007). The N,O emissions from estuaries and coastal shelves also increased from
0.4 to 1.7 Tg N,O-N year ' due to indirect agricultural effects (Seitzinger et al.
2000; Fig. 2.3). Davidson (2009) updated the global N,O emission to 19.8 Tg, N,O-
N year™ ' that is higher than the IPCC fourth assessment report based on estimate
that 2.0% of manure N is converted to N,O. The findings have important implica-
tion that projected increase in N fertilizer use to support the demand for human food
production and higher per capita meat consumption is likely to increase N,O
emissions.

Current BNF by natural terrestrial ecosystems is estimated at 107 Tg year ',
lightning is generating an additional 5.4 Tg N year '. Anthropogenic activities-
mainly agricultural and energy production are generating 156 Tg N year '. River-
ine export of Nr to coastal areas increased from 27 Tg N year ' in 1860 to 48 Tg
N year™'. Currently, 268 Tg N year ' of new Nr is introduced into the terrestrial
ecosystems, 81 Tg N year ' is transferred to marine environment via atmospheric
deposition and riverine export, and 13.9 Tg N year ' is emitted into the atmosphere
as N,O. Among the remaining 175 Tg N year ', about 113.0 Tg N year ' is
denitrified into N,. About 40% of European Nr input is denitrified (van Egmond
et al. 2002). Country estimates include about 40% for the Netherlands (Kroeze et al.
2003) and 32% for USA (Howarth et al. 2002). However, the quantity of Nr that is
denitrified into N, remains the largest uncertainty in the N cycling due to scarcity of
reliable field measurements (Galloway et al. 2004; Boyer et al. 2006). About 60.0
Tg N year ' of Nr is accumulating in the terrestrial ecosystems.

Research efforts on marine BNF has focused on planktonic cyanobacterium
Trichodesmium spp., (Capone et al. 1997; Karl et al. 2002), although now a variety
of marine cyanobacteria and other bacteria are known to fix N, biologically in
marine environment (Mulholland 2007; Carpenter and Capone 2008). Based on
direct rate measurements, Trichodesmium accounts for a quarter to half of geo-
chemically derived estimates of marine N, fixation (Mahaffey et al. 2005).
Estimated pelagic marine N, fixation ranging from 87.0 to 200.0 Tg N year '
have been reported (Gruber and Sarmiento 1997; Deutsch et al. 2001; Brandes and
Devol 2002; Karl et al. 2002; Lee et al. 2002; Galloway et al. 2004). Because many
direct estimates of global pelagic BNF are based on highly spatially, temporally and
physiologically limited and variable data and since most of existing geochemical
estimates rely on stoichiometric relationships of nutrient standing stocks without
consideration of the imbalances between rate estimates of C and N, fixation
(Mulholland 2007), the uncertainty associated with pelagic BNF is high. For this
budget, a conservative value of 121.5 Tg N year ' is used, with an assumption that
this value does not vary over time.

In addition, marine ecosystem is currently receiving riverine input of 48 Tg
N year ', atmospheric deposition of NOy and NHj3 of 33 Tg N year '. The Nr
losses are primarily from denitrification to N, at 150-450 Tg N year™' (Codispoti
et al. 2001). Estimated particulate OM storage into coastal shelves and ocean is 15
and 0.8 Tg N year ', respectively (Fig. 2.3). The estimated residence time of Nr
in the ocean is 1,500-5,000 years (Codispoti et al. 2001). The atmospheric
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deposition and riverine inputs of Nr are the two major connection points between
terrestrial and oceans. Their importance as sources of Nr to the oceans is increasing
with time, as illustrated by 1,860 N budget compared to current N budget.

2.5.2.3 Questions Pertaining to Increased Reactive Nitrogen
in Terrestrial and Aquatic Ecosystems

The fate of anthropogenic Nr input into the terrestrial ecosystems is relatively well
understood and has low uncertainty. However, the fate of Nr into other ecosystems,
including aquatic and atmospheric systems is not well known. It is estimated that
18% of Nr added into the terrestrial ecosystems is exported to rivers, estuaries and
coastal waters and is denitrified; 13% is deposited in oceans from marine atmo-
sphere, and 4% is emitted as N,O (Galloway et al. 2004). Therefore, 65% of Nr
added into the terrestrial ecosystem either accumulates in soils, vegetation, and
groundwater or denitrified into N,. The denitrification rates in soils are not well
understood, as a result, the quantity of Nr stored in the terrestrial ecosystems is
uncertain. The Nr input into terrestrial ecosystems continues to rise, and the impacts
of increase in Nr input to terrestrial ecosystems are not fully understood. There is a
possibility that as the terrestrial ecosystems becomes saturated with Nr, more of it
will be exported into coastal waters, or more may be denitrified, increasing risks of
global warming. The most direct effect of increased Nr to the environment is
through the formation of N,O, which is responsible for anthropogenic radiative
forcing. Pathways and impact of Nr are also influenced by its chemical form, a
factor which highlights the need for a better understanding of the fate of oxidized
versus reduced forms of N.

N is affected by and affects the climate, and the net contributions of anthropo-
genic Nr to climate change are vigorously debated (Sutton et al. 2007). The Nr
increases radiative forcing in the troposphere, principally by the production of N,O
and tropospheric Oj3. In contrast, it can also have a cooling effect, largely through
tropospheric aerosols and stratospheric O3 decline (Denman et al. 2007). In addi-
tion, Nr can interact with the C cycle with the global effects on atmospheric CO,
and CH,4 (Hungate et al. 2003; Gruber and Galloway 2008). Elevated levels of Nr
deposition may stimulate plant growth in N limited ecosystems, and increase CO,
uptake. The terrestrial sink of CO, is influenced by increased Nr availability. The C
and N cycles are linked through the ecosystem C:N ratio. Uptake of atmospheric
CO, is therefore, limited by N availability. Effects of increase in N on C storage
need to be assessed, however. The acceleration of N cycling because of global
warming is one of the mechanisms to further increase N availability to the ecosys-
tem. This mechanism works through faster decomposition of organic matter and
associated N mineralization rates.

An increase in Nr in the atmosphere influences oxidation capacity, radiation
balance, and acidity. Many of these effects are specific to individual N compounds,
(e.g., oxidative effects of NOy, radiative balance of N0, acidification of some NOj,
and acid neutralizing capacity of NH,). However, the biogeochemistry of Nr is
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intriguing because under appropriate conditions, almost any species of Nr can be
converted into any other form of Nr. Therefore, one atom of N can have cascading
impacts. For example, NO emitted from fossil fuel combustion can change the
oxidative capacity of the atmosphere, increase the acidity of aerosols, change the
radiative properties of the atmosphere, increase the acidity of precipitation and
ecosystems, and enhance the NPP of the ecosystems etc. These cascading effects
can continue as the same atoms are converted from one species into another until
they are either stored in a long-term reservoir or are denitrified into N,. Such
cascading effects of Nr make its anthropogenic increase of a great interest to
biogeochemists, environmentalists, agriculturalists, and atmospheric scientists as
well as policy makers.

Effects of Nr input into tropical regions in terrestrial and aquatic ecosystems
must be quantified. Due to BNF, P, and cations deficiency, many tropical
ecosystems tend to be relatively N-rich, suggesting that increase in Nr may lead
to much different response compared to that in the temperate regions, probably
leading to more N,O emissions (Matson et al. 1999).

Rapidly growing biofuel development may create yet new and rapidly changing
dimensions of the anthropogenic influence on the global N cycle. In addition to
increased emissions of NO, and NH,, the increase in use of biofuel to reduce the
dependence of fossil fuel as energy source may increase the use of fertilizer N to
meet the new demand for fuel crops for use in energy feedstock. Production of
biofuel may increase release of Nr into an ecosystem, accentuating contribution to
change in the N cycle. It may also lead to increase in N,O emissions from fertilizers
and combusted biomass, which may cancel out the savings in CO, emissions due to
change from fossil fuel use into biofuel (Crutzen et al. 2008). It can also lead to
tropospheric O3 production. Therefore, before recommending for changes in the
energy policy in favor of agro-biofuel, there is a need for better analysis to quantify
the true emissions saving based on global warming potential of CO, and N,O.

The increasing population and increase in per capita food and energy consump-
tion will lead to a continued increase in Nr generation and N mobilization in the
future because of use of Nr for agricultural production (Fig. 2.2), and increase in
energy demand to match the population growth. It is possible to slow down the
increase in fertilizer N use by increase in N fertilizer use efficiency, since crops do
not utilize about 50% of fertilizer N applied (Smil 1999). There are several
interventions to improve N use efficiency and minimize the cascading effects of
Nr (Smil 1999). These include: (i) choice of appropriate fertilizing compounds
based on soil testing, (ii) maintenance of proper nutrient ratios, and (iii) attention to
timing and placement of N fertilizer. In addition, other indirect approaches which
can reduce the need for synthetic fertilizers or increase the efficiency of N use are:
(1) frequent planting of leguminous crops and optimization of conditions to favor
BNF organisms, (ii) maximizing the recycling of organic wastes, (iii) integrated use
of organic and synthetic fertilizers, (iv) improving soil management by reducing
soil erosion, (v) maintaining adequate soil moisture, and (vi) controlling crop pests
(Smil 1999).
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2.6 Conclusions

Nitrogen is the important element that controls the productivity and functioning of
terrestrial and marine ecosystems. Human activities continue to transform global N
cycle at a record pace, reflecting growing demand for reactive N in agriculture and
industry and increased combustion of fossil fuels. From the 1860 to the current, the
anthropogenic reactive N generation increased dramatically from 15 Tg N year™ ' to
current levels at about 187 Tg N year . The major driving factor for this growth is
the increased agricultural demand for food to match with the population growth.
The Nr generation trend is still accelerating, and is unlikely to change in the
foreseeable future, because of growing demand of food for growing global popula-
tion. N is influenced by and influences climate. Reactive N can directly increase
radiative forcing in the troposphere through the production of N,O and tropospheric
O3, but Nr can also have cooling effect through tropospheric aerosol formation
and decreasing of stratospheric O3. In addition, N has strong interaction with C,
and elevated Nr deposition may stimulate plant growth in N-limited ecosystems,
thereby increasing CO, sequestration. Further research is needed to evaluate the
overall consequences of increased Nr to the ecosystem. Other aspects of N cycling
alteration, which need further research, include: (i) the ultimate fate of Nr in both
terrestrial and marine ecosystem need to be refined, (ii) effects increasing Nr on
human health.

Suggested Study Questions

1. What is the fate and consequences of the Nr introduced into the global
environments?

2. Explain why global cycles of N and C are coupled.

3. The global N cycle can be compartmentalized into atmosphere, terrestrial and
marine cycling. Describe each cycle, emphasizing the interconnections between
the compartments.

4. Describe the mechanisms responsible for transferring Nr from biosphere to the
atmosphere.

5. The global N cycle plays significant role in understanding global N,O emissions.
Explain.

6. Is the Haber-Bosch process a mixed blessing? Explain.
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Formation and Release of Nitrous Oxide
from Terrestrial and Aquatic Ecosystems
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Abstract Soil nitrogen (N) is in a constant state of flux, moving and changing
chemical forms. Nitrification and denitrification are the main processes to remove
reactive N (Nr) from the environment. Both are predominantly microbial processes
that provide energy to specialized groups of microorganisms. Nitrification oxidizes
reduced N, generally NH; or NH," to NO3 ™~ via nitrite under aerobic conditions.
Denitrification is the process under which oxidized N is reduced back into N, under
anaerobic conditions. Autotrophic nitrification and heterotrophic denitrification
are the major N,O forming processes in terrestrial and aquatic forming in terrestrial
and aquatic ecosystems. Major factors regulating nitrification and denitrification
are the availability of reactive N, the availability of reductant (mostly labile organic
carbon compounds), and oxygen concentration. These three factors are in turn
governed by many other factors such as water content, pH, porosity, and the presence
of inhibitory compounds, which may act to cause accumulation of ionic (nitrite) or
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gaseous (nitric oxide, nitrous oxide) intermediates. It has been estimated that soils
under terrestrial ecosystems denitrify ~124 Tg N year~' or about 35-40% of total
land based reactive N. Arable soils receiving high inputs of N are hot spots for
denitrification and dominant sources of anthropogenic N,O emissions.

Keywords Nitrification * Denitrification ¢ Dissimilatory nitrate reduction to
ammonium e Nitrate reductase » Nitrite reductase, nitrous oxide reductase

Abbreviations

ATP adenosine triphosphate

AMO ammonia monooxygenase

HAO hydroxylamine oxidoreductase

NADPH nicotinamide adenine dinucleotide phosphate oxidase
OM organic matter

SOM soil organic matter

DNRA dissimilatory nitrate reduction to ammonium
CEC cation exchange capacity

SocC soil organic carbon

AOB ammonia oxidizing bacteria

WHO World Health Organization of the United Nations
US EPA U.S. Environmental Protection Agency
NT no tillage

3.1 Introduction

Global N,O production is largely due to microbial processes. Microbial trans-
formations of nitrification and denitrification contribute about 70% of the annual
N,O budgets worldwide (Mosier 1998; Godde and Conrad 2000). The transfor-
mation processes may occur simultaneously within different microsites of the
same soil. Knowledge of the underlying processes and microorganisms commu-
nity structure is important to better understand the regulation processes, improve
the global estimates of N,O with a view of developing more targeted manage-
ment practices for mitigation of N,O. Traditionally, autotrophic nitrification
and heterotrophic denitrification are major N,O forming processes in both terres-
trial and marine ecosystems. However, these are not the sole production path-
ways of N,O. Other pathways includes heterotrophic nitrification, commonly
carried out by fungi (Odu and Adeoye 1970), aerobic denitrification by hetero-
trophic nitrifiers (Robertson and Kuenen 1990) and nitrifier denitrification,
i.e. denitrification by autotrophic NH; oxidizing bacteria (Ritchie and Nicholas
1972; Wrage et al. 2001). Other processes which may produce N,O are hetero-
trophic nitrification (Papen et al. 1989; Laughlin et al. 2008), fungal denitrification,
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Fig. 3.1 Major pathways for N,O formation as outlined in this book (Modified from Kool et al.
2009)

where N,O is the final product, since many fungi lack the N,O-reductase enzyme
to further reduce N,O to N, (Laughlin and Stevens 2002). Co-denitrification
(Laughlin and Stevens 2002) by both bacteria and fungi and dissimilatory nitrate
reduction to ammonia (DNRA) (Bleakley and Tiedje 1982) may also produce N,O
as one of their byproducts. Major microbial pathways for N,O production are
presented in Fig. 3.1. In addition, chemodenitrification, which is a non-biological
reaction of the intermediate products of nitrification with organic or inorganic
compounds in soils (Chalk and Smith 1983; Tiedje 1988), may also produce small
quantities of N>O.

Bacteria produce N,O through nitrification and denitrification processes — which
are key transformation processes within the natural N cycle (Chap. 2). These
processes are generally accepted as principal sources of N,O in soils, but almost
all microbial processes that involve oxidation or reduction of N through +1 or +2
oxidation state may at least yield trace amounts of N,O (Conrad 1990; Smith et al.
2001; Freney 1997). Nitrification is the main source of N,O under aerobic
conditions, while denitrification dominates under anoxic conditions. In nitrification,
bacteria oxidize N through a 2-step oxidation process. Two groups of nitrifying
bacteria are responsible: those that oxidize ammonium (NH4") to nitrite (NO,”)
and those that oxidize NO, ™ to nitrate (NO53 ™). In this process, N,O is produced as
a byproduct or as an alternate product of ammonium oxidation. Nitrous oxide and
NO are minor byproducts of the transformation under O, limited conditions when
nitrifiers use NO,~ as terminal electron acceptors. In denitrification bacteria reduce
oxidized inorganic forms of N under anoxic/suboxic conditions. This process
may form N,O as intermediate byproduct, or it may consume N,O. Therefore, the
process of denitrification can be either a source or a sink of N,O, depending on
environmental conditions such as oxygen availability, reactive N availability, pH,
and temperature (Sorai et al. 2007). Production of N,O has also been demonstrated
among bacteria that respires nitrate to nitrite and those that dissimilate nitrite to
ammonium (DNRA) (Stevens et al. 1998; Xiong et al. 2007). A smaller quantity is
also formed by chemodenitrification (van Cleemput 1998) and fungal transformation
(Laughlin and Stevens 2002).
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Nitrous oxide is a by-product of aerobic nitrification and an obligate intermediate
in the denitrification pathway, and is emitted by both nitrifiers and denitrifiers.
Production and consumption of N,O is moderated by oxygen partial pressure; nitrifi-
cation is additionally controlled by the concentration of NH,*, while denitrification is
also controlled by availability of carbon (C) and NO3;~ (Conrad 1995). Denitrification
is the main biological process responsible for returning fixed N to the atmosphere
as N,, thus closing the N cycle (Philippot et al. 2009). This reduction of soluble N
to gaseous N represents a loss for agriculture, since it can deplete NOj5™ in the soil,
an essential plant nutrient. The denitrification N,O/N, product ratio is variable, and
N,O may even be the dominant end product. However, denitrification also provides
a valuable ecosystem service by mediating N removal from NO;3;~ polluted waters
in sediments and other water-saturated soils (Mosier 1998). Denitrifiers can be sinks
for N,O, and the sink activity appears to be stimulated by low availability of mineral
N (Chapuis-Lardy et al. 2007; Conen and Neftel 2007). Whether soils are a net source
or sinks for the atmospheric N,O depends on the environmental factors such as O,
partial pressure, which regulates consumption and production (Philippot et al. 2009).
But most soils are a net N,O source (Conrad 1996). Flushes of N,O can occur when
previously well- aerated soils becomes moistened or saturated from precipitation or
irrigation, or when frozen soils thaw during snowmelt.

3.2 Nitrification

Nitrification is the biological oxidation of reduced N, generally in the form of
ammonia (NH3) or ammonium (NH,") to nitrite (NO,~) and ultimately to nitrate
(NOj3 7). It is mediated by chemoautotrophic bacteria belonging to family Nitrobac-
teriaceae, which derive their energy from oxidation of either NH,* or NO, ™. The
NH," ions are released from ammonification reactions of soil organic matter
(SOM), organic forms of N fertilizers or added as NH3/NH," inorganic fertilizers.
Since the rate of conversion of NO, ™~ to NO5 ™ is faster than the conversion of NH,*
to NO,, it is unlikely that NO, ~, which is toxic to plants, accumulates under most
soil and climatic conditions. Nitrification links the most oxidized (NH3) and most
reduced (NO3 ) forms of N redox cycle and helps to determine the overall
distribution of these important nutrients in the ecosystems (Ward 2008). The
nitrification process produces hydrogen ions (H') thereby reducing the pH
(Eq. 3.4). Application of stable isotope approaches to distinguish between nitrifica-
tion and denitrification has provide the greater understanding of the potential of
nitrification as a source of N,O, with the evidence that under certain conditions
ammonia oxidizing bacteria can significantly contribute to N,O emissions from
soils (Kool et al. 2009; Shaw et al. 2006; Bateman and Baggs 2005).

In soils, nitrification determines the form of N present and therefore how N is
absorbed, utilized or dispersed into the environment, and has large implications for
plant productivity and environmental quality. Nitrate is also susceptible to denitri-
fication, but it is highly available to plants and is often the major uptake form of N.
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The NH,* and NO, ™ rarely occur at significant concentrations in the oxygenated
habitats, including the majority of agricultural soils, since it is rapidly converted
into NO;~ which may accumulate in the soil solution and water column to a high
concentration. The rapid conversion of NH4" to NO;~ in the soil limits the
effectiveness of much of the applied N fertilizers. Nearly 90% of all added N
fertilizers are applied in the NH,* form, which is mostly nitrified within 4 weeks
after application (Sahrawat 1982).

In freshwater and marine ecosystems, NH," is also rapidly recycled between
heterotrophic and N, fixing organisms and photosynthetic community which
utilizes it as a source of N. The NH,* cations have a tendency to bind electrostati-
cally with negatively charged surfaces of soil and functional groups of soil SOM.
This binding is sufficient to limit N losses by leaching. However, its conversion
to anions (NO,~ or NO; ) makes N highly mobile, providing a higher potential
for N to be leached beyond the root zone. Therefore, nitrification influences the
movement of N through generally negatively charged soil matrix and determine
the fate of N in soil. The NO;3 ™ is more likely to move rapidly by mass flow to plant
roots, leach out of root zone or denitrified (Norton 2008). However, NO;~
accumulates in deep ocean and seasonally in deep waters of lakes where there is
no demand for inorganic N by phytoplankton (Ward 2008). Therefore, nitrification
strongly influences the fate of N in the soil and aquatic environments. Nitrification
also produces nitrogenous gases (NO and N,O) important in greenhouse effect and
ozone atmospheric chemistry (Godde and Conrad 2000). Nitrification therefore,
lowers the effectiveness of N fertilization and can have serious environmental
implications when excess N enters the natural environments (Jarvis 1996).

The nitrification process is carried out by nitrifying autotrophic and heterotro-
phic bacteria and NH; oxidizing archaea, which are ubiquitous components of all
soil microorganism populations. There are two functionally distinct groups of
nitrifiers: (1) NH; oxidizing bacteria and archaea, and (2) NO, ™~ oxidizing bacteria.
A new group of NHj; oxidizing nitrifiers of Archaeal origin utilizing similar
pathway to that known in NH; oxidizing bacteria was recently discovered and
verified by cultivation (Konneke et al. 2005; Schleper et al. 2005). It is now
estimated that ammonia oxidizing archaea are abundant in marine (Wuchter et al.
2006) and also prevalent in soils (Leininger et al. 2006). The major sources of
reduced forms of soil N (NH3/NH,") are excretion and mineralization of organic
matter (OM) derived from animal and plants, and application of ammonia-based
fertilizers. In aquatic ecosystems, NH,* generally originates from internal cycling
and atmospheric deposition. Nitrifiers have slow turnover rates and possess the
ability to survive long periods in a state of dormancy (Belser 1979). Other bacterial
species such as Nitrocystus and Nitrospira, and also some heterotrophic fungi
groups, such as Aspergillus flavus can also carry out nitrification in some
ecosystems (Subbarao et al. 2006).

Nitrification is controlled by the O, partial pressure, NH3/NH,* concentration
and pH (Tiedje 1988). In soils, these factors are affected by presence of plant roots.
The O, partial pressure can be altered by respiration of roots and root-associated
microorganisms. Roots consumption of water and penetration creates channels
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Fig. 3.2 Pathways for chemoautotrophic nitrification. Dashed lines represent the unconfirmed
pathways

(macro/biopores) for gaseous transfer. Plants also release readily available organic
compounds in the soil solution through rhizodeposition, which become major
source of microbial nutrients in the rhizosphere.

3.2.1 Autotrophic Nitrification

Chemoautotrophic nitrifiers are aerobes that synthesize their cell constituents from
CO,. The driving force for CO, reduction is the production of adenosine triphos-
phate (ATP) during oxidation of NH," to NO,~ or NO,~ to NO;~. Pathways for
chemoautotrophic nitrification, N,O and NO production are presented in Fig. 3.2.

3.2.1.1 Ammonia Oxidation

Most of the aerobic nitrification that occurs in natural habitats is performed
by obligate autotrophic bacteria and archaea and in some cases mixotrophic
(i.e., microorganisms that can use combination of energy — autotrophic and
heterotrophic) (Norton 2008; Ward 2008). Most of the existing knowledge of
autotrophic NH; oxidation was derived from studies on cultivated strains of genus
Nitrosomonas which oxidizes NH; to NO,™ (Chain et al. 2003) and Nitrobacter
which oxidizes NO, . Chemoautotrophic nitrifiers are aerobes that synthesize
their cell constituents from CO,. The driving force for CO, reduction is the
production of adenosine triphosphate (ATP) during oxidation of NH4" to NO,~
or NO,  to NO; . Chemoautotrophic bacteria or archaea responsible for
oxidizing NH; to NO,~ gains metabolic energy from this process. Ammonia
oxidizing bacteria are highly specialized for their chemolithotrophic metabolism
and lacks gene encoding catabolic pathway for the use of organic substrate (Chain
et al. 2003) although small quantities of pyruvate and amino acids may be
incorporated into their biomass (Prosser 1989). The oxidation of NH;z to NO,™
requires two unique enzymes — ammonia monooxygenase (AMO) and hydro-
xylamine oxidoreductase (HAO) (Arp et al. 2002). AMO is the major protein
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found in the intracytoplasmic membranes of all autotrophic ammonia oxidizing
bacteria. It is required for all NH3 oxidizing organisms (Rotthauwe et al. 1997,
Norton et al. 2002). This molecule and the gene that encode it, is sometimes the
markers for this physiological group of organisms (Norton 2008). Discovery of its
gene encoding in archaea was the basis for the discovery and subsequently
isolation of NHs-oxidizing archaea (Konneke et al. 2005). HAO is a periplasmic
enzyme anchored in the membrane (Arp et al. 2002).

The bacteria responsible for NO,~ oxidation gains energy from the process and
may assimilate C either autotrophically or heterotrophically. The nitrite oxidizing
bacteria identified in soils or waste water system belong to genera Nitrobacter or
Nitrospira (Bartosch et al. 2002). Nitrobacter winogradsky and N. hamburgesis
have been the model organisms for the biochemistry in the nitrite oxidizing
bacteria. Nitrite is oxidized by the membrane bound nitrite oxidoreductase
enzyme, with O, coming from H,O (Spieck et al. 1996). The majority of energy
produced through NH; and NO, ™~ oxidation is used for the fixation of CO, via the
Calvin cycle involving the ribose biphosphatase carboxylase/oxygenase enzyme
(Prosser 1989).

The cultured autotrophic nitrifiers depend on CO, as their major C source and C
fixation is carried out under the Calvin Cycle. It is estimated that CO, fixation
accounts for nearly 80% of the energy budget of an autotroph (Forrest and Walker
1971; Kelly 1978). The use of NH,* or NO, ™ as a sole source of reducing power for
autotrophic growth is less efficient. About 35 mol. of NH,* or 100 mol. of NO,~
must be oxidized to support fixation of single mole of CO,. Therefore, nitrification
is a low-yield energy source, which accounts for slow growth of nitrifiers even
under optimum conditions (Wood 1986).

Oxidation of NH; to NO, ™ occurs in two steps. In the first step, NHj3 is oxidized
to hydroxylamine (Eq. 3.1), and in the second step hydroxylamine is oxidized to
NO,". Oxidation of NH; to hydroxylamine is facilitated by AMO, a copper-
containing enzyme that is a membrane-bound protein (Basu et al. 2003). This
reaction is endergonic and requires O, and a source of reducing equivalents.
Gaseous NHj is required as its substrate as demonstrated by pH dependence of
the reaction rate (Suzuki et al. 1974; Ward 1986). In AMO catalyzed reaction, one
atom of O from O, is reduced with two electrons from the substrate (NH5) with the
insertion of O atom into substrate (i.e., formation of NH,OH). Synthesis and
activity of AMO enzyme in the Nitrosomonas europea respond directly to NHj;
concentration (Stein et al. 1997).

The transformation of NH; to NO, ™ occurs according to Eq. 3.1, 3.2, 3.3 and 3.4,

NH; + O, + 2H" + 2~ — NH,OH + H,0 3.1)
NH,OH + H,0 — NO,™ + SH" + 4e™ (3.2)
4H' + 0, — H,0 (3.3)

2NH; + O, — NO,™ + H,0 + 2H" (3.4)
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Intermediate product hydroxylamine is further oxidized by HAO to NO,~
(Eq. 3.2). Molecular O, from water is consumed by terminal cytochrome oxidase
as a result of electron transport, and generates ATP for cellular metabolism
(Eq. 3.3). The overall reaction of NH; oxidation process consumes molecular O,
and produces H" and NO,~ (Eq. 3.4). It is an energy yielding reaction, which
produces sufficient ATP to support reverse electron transport for CO, fixation.
Hydroxylamine oxidation yields 4 electrons, two of them are shunted back to AMO
for activation of NH3 (Ward 2008). The remaining two electrons are available for
cells reducing reaction needs (i.e., generation of NADPH). Depending on
conditions and O, concentrations, nitric oxide (NO) nitrous oxide (N,O) or molec-
ular nitrogen (N,) can be produced as secondary products in the autotrophic NH;
oxidation by both terrestrial and marine ecosystems (Zart and Bock 1998; Schmidt
et al. 2004). Ammonia oxidizing archaea do not possess the hydroxylamine
reductase gene, so the pathway for ammonia oxidation is different from that
outlined for bacteria. The only cultured ammonia oxidizing archaca—
Nitrostipumilus maritimus depends on CO, as its only C source, and presence
of low levels of organic C has an inhibitory effect. The pathway for CO, fixation
in archaea is currently unknown (Ward 2008).

3.2.1.2 Nitrite Oxidation

The biochemistry of NO, oxidation involves two electrons transfer with no
intermediates. Nitrite oxidoreductase enzyme facilitates the transfer of O,. The
additional O, atom in NO3 ™ is derived from water (Eq. 3.5) and molecular O, that is
involved in net reaction (Eq. 3.7) results from electron transport involving cyto-
chrome oxidase (Eq. 3.6).

NO,” + H,O — NO3™ + 2H" 3.5
4H' + 0, — H,0 (3.6)
NO;” +0; — NO3~ 3.7

The energy yield of NO,  oxidation is lower than that of NH; oxidation
necessitating the oxidation of large quantities of NO, ™ in order to fix small quantity
of CO,. Overall, therefore, the biochemical impact of nitrification is much greater
on N cycle than on the C cycle. No bacteria have been found that can convert NH;
to NO; ™ directly (Hooper et al. 1997). Recent evidence suggests that archaea of the
phylum Crenarchaeota are also capable of NH; oxidation, which contain genes
encoding key enzymes of this process and are widespread in soil environments
(Treusch et al. 2005; Leininger et al. 2006).

The production of N,O by autotrophic NH,* oxidizers results from reductive
process in which the organisms use NO, ™~ as an electron acceptor, especially when
0O, is limiting (Poth and Focht 1985). This process allows organisms to conserve O,
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for the oxidation of NH,*, from which they gain energy for growth and regenera-
tion, and avoiding the potential accumulation of toxic levels of NO, . For the
autotrophic nitrifying bacteria such as Nitrosomonas spp., N,O can be either the
product of ammonia and hydroxylamine oxidation or it may result from nitrite
reduction under anaerobic conditions, which is referred to as nitrifiers denitrifica-
tion (Poth and Focht 1985). Thiosphaera pantothrapha and Alcaligenes fecalis
are special organisms that can accomplish both nitrification and denitrification and
generate N,O in aerobic conditions (Robertson and Tiedje 1987). Nitrosomonas
europea can also produce N,O during the oxidation of NH,* or NH,OH to NO,~
(Yoshida and Alexander 1971).

Both the organisms NH,* and NO, ™~ oxidizers are found together in the soil. As a
result, NO, ™ never accumulates in the soil except under the conditions of low pH
which inhibits NO,~ oxidizers. Although decreased O, and increase in acidity
enhance the production of N,O but these factors also retard the oxidation of
NH,*. Therefore, it is difficult to predict the net effect of decreased O, and
increased acidity on N,O production. The optimum temperature for nitrifiers
activity ranges from 2 to 40°C. The overall nitrification process is controlled
primarily by NH,* and O, concentrations Since O, supply is moderated by soil
moisture, the effect of soil water content on N transformation probably reflects its
impact on O, diffusion in the normal soil moisture ranges.

3.2.1.3 Taxonomy of Bacteria and Archaea Involved in Autotrophic
Nitrification

The classic nitrifying species distinctions are based on cell shape and arrangement
of internal membranes (Watson et al. 1986; Koops and Moller 1992). However,
these have been superseded by the evolutionary relationships deduced from ribo-
somal sequences. Based on molecular sequencing data, NH3 oxidizing bacteria fall
into two principal sub divisions of major phylum in the Proteobacteria —
Gammaproteobacteria and Betaproteobacteria which occurs in a wide range of
ecosystems (Table 3.1). The Betaproteobacteria subdivision containing genus
Nitrospira and Nitrosomonas is the most extensively studied (Purkhold et al. 2003).

Current taxonomy is based on ribosomal sequences, and phylogeny of nitrifying
bacteria and archaea fall under phylum Crenarchaeota (Table 3.1). Although low
numbers of a few other NH,* oxidizing chemoautotrophs are also present in many
soils, Nitrobacter is the only genus known to be involved in the oxidation of NO,™
to NO; . Thus, it is surprising that this ion is promptly oxidized and rarely
accumulates in soil. The notable exceptions include tropical savannah soils
(Johansson and Sanhueza 1988) and seasonally dry tropical forest soils (Davidson
et al. 1991) that accumulate NO, ™~ during dry season. The O, is obligatory for the
chemoautotrophic oxidation of either NH4* or NO,”, and both reactions are
coupled to electron transport phosphorylation, thereby providing the energy
required for growth and regeneration of the responsible organisms. All members
of family Nitrobacteriaceae are aerobes that synthesize their cell constituents from
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Table 3.1 Selected strains of chemolithotrophic nitrifiers and their habitats

Compound Genus Species Habitat
Ammonium to nitrite Nitrosomonas europea Soil, water, sewage
communis Soil
cryotolerans Marine
eutropha Sewage
halophila Salt or soda lakes
marina Marine
nitrosa Eutrophic
oligotrapha Freshwater
ureae Soils, freshwater
Nitrosospira multiformis Soil
Nitrosospira briensis Soil
Nitrosospira tenuis Soil
Nitrosococcus mobilis Soil
Nitrosococcus oceani Marne
Nitrosocpumilus maritimus Marine
Nitrite to nitrate Nitrobacter winogradskyi Soil, water
hambugensis soil
vulgaris soil
alkalicus Alkaline soil
Nitrospina gracillis Marine
Nitrococus mobilis Marine
Nitrospira marina Marine
Nitrospira moscoviensis Heating pipes

CO, by way of the Calvin reductive pentose phosphate cycle. The relatively narrow
species diversity of the chemoautotrophs responsible for nitrification in soil is
thought to render the process unusually susceptible to external influences (Haynes
1995).

3.2.1.4 Controls of Nitrification Rates in Environment

Soil texture and structure influence N mineralization by affecting the aeration
status, distribution of organic matter, physical distribution of organic material,
physical chemical and biological properties (Strong et al. 1999). The availability
of NH,4™ to nitrifiers in soil depends on NH," fixation capacity of clay minerals and
the presence of other competing cations on the exchange sites (Wang et al. 2003). In
addition, O, levels, temperature, and moisture content are critical factors that affect
nitrifier activity, making nitrification a complex process in soils.

(a) Substrate availability
Ammonia oxidizing bacteria are widely distributed in soils and require only
CO,, O,, and NH," to grow and multiply. In soils, CO, is generally available,
and O, supply is usually in adequate supply in well-drained conditions, except
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for brief intermittent periods, and few anaerobic environments such as
sediments, bogs and sludge. Therefore, NH,* availability is the factor that
most frequently limits the overall rate of nitrification. Ammonia inhibition
has been observed at 2.0-5.0 mM NH," concentrations in agricultural soils
(Shi and Norton 2000); and at approximately 5 mM NH,* for ammonia-
sensitive ammonia oxidizing bacteria isolated from sewage sludge (Suwa
et al. 1994; Norton 2008). Because N,O is the result of the reductive process,
its importance as a product of nitrification increases with decrease in O,
availability. However, whether the increased importance on N,O as a product
translates to higher yields of N,O production depends on how much the overall
process rate is reduced by the limited availability of O,.

Oxygen and water potential

O, affects nitrification through its roles both as substrate for AMO and as the
terminal electron acceptor from cytochrome C oxidase. Oxygen availability is
controlled by the interaction of O, consumption and diffusion from the soil
surface through the air filled pores spaces. Sufficient O, diffuses into most of
soils that are at field capacity or drier to maintain nitrification, although
microsites lacking O, may frequently occur inside soil aggregates. Nitrification
rates generally decline in soils that remain wetter than field capacity for several
days. In addition, higher clay contents may also inhibit nitrification, mainly due
to higher water potential (Schjonning et al. 2003). Some ammonia oxidizing
bacteria have the ability to use NO,  as an alternative electron acceptor when
O, is limiting. Low O, availability may repress nitrite oxidizer activity before
ammonia oxidation and result in the accumulation of NO,~ (Laanbroek and
Gerards 1993).

In soils at field capacity and drier moisture regimes, water availability
impacts nitrification rates through direct effect on cell physiology and meta-
bolic activity and through indirect effects on substrate availability (Stark and
Firestone 1995).

Temperature

The optimum temperature for nitrification is environmental-specific. The opti-
mum temperatures for nitrification in pure cultures range from 25 to 35°C
(Focht and Verstraete 1977). Nitrification in soils shows similar temperature
optimum at 25-35°C. Soils from temperate climates and nitrifiers isolated from
temperate regions have optimum temperatures close to 25°C, while those from
tropical climates have optimum temperatures for nitrification around 35°C
(Myers 1975). Although nitrifier activity in soils is low at temperatures <15°C,
soil nitrifier activity continues even under winter season soil temperatures
(2-10°C; Cookson et al. 2002) and as low as 0°C (Focht and Verstraete 1977,
Koops et al. 1991).

Acidity and alkalinity

Both ammonia and NO, ™ oxidation are considered optimal at neutral to slightly
alkaline soil pH values. Growth rates and activity are significantly reduced
outside the relatively narrow pH range around the optimum for the organism
(Prosser 1989). However, autotrophic nitrification have been confirmed in soils
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with pH values from 3.0 (De Boer and Kowalchuk 2001) to 10.0 (Sorokin et al.
2001). Generally, nitrification is rapid in soils with pH > 6.0, but slower in
soils with pH < 5.0. The effect of acidity on NH; oxidation is related to the
exponential decrease in NHj availability with decreasing pH (pKa of NHs/
NH,* is 9.25). Under acidic conditions ammonia occurs as NH, ", thus it is not
suitable as substrate for AMO (Suzuki et al. 1974). Nevertheless nitrification
proceeds in soils with a pH < 4.0 (Vitousek et al. 1982). Several theories have
been proposed to explain the nitrification in acidic soils including existence of
acid-tolerant strains, microsites of relatively higher pH, syntrophic associations
with mineralizing organisms, and protection via aggregate formation (Kowalchuk
and Stephen 2001).
(e) Carbon to nitrogen ratio and soil organic matter

Nitrification is influenced by the availability of NH,* to the nitrifiers in soils.
The C:N ratio (i.e., quality of SOM) determines the heterotrophic bacterial
populations and their ability to compete with the nitrifiers for NH,*. Nitrifiers
are poor competitors for C and N compared with heterotrophic bacteria; thus a
high C:N ratio in soils usually leads to microbial immobilization of the NH,*-N,
effectively suppressing nitrification (Focht and Verstraete 1977; Sahrawat
1996). Most arable soils have a C:N ratios of about 10 where nitrification
proceeds at a normal rate and immobilization of NH,*-N formed from mineral-
ization is limited (Vitousek et al. 2002). Under forest and grassland soils,
however, where SOM often have C:N ratios >100, microbial immobilization
of NH,*-N is common (Vitousek et al. 1982; Vitousek et al. 2002).

3.2.1.5 Soil Factors Influencing Nitrification

Nitrification is a biological process which can be influenced by soil physical factors
including texture and structure, soil chemical factors such as pH, cation exchange
capacity (CEC) and SOM concentration. Soil texture and structure influence nitrifi-
cation by affecting the aeration status, physical distribution of SOM, and accessi-
bility of NH4" to nitrifiers (physical protection) (Strong et al. 1999). Plants modify
soil physical and chemical environment as they grow. Environmental factors such
as temperature, moisture content, aeration (O, and CO, concentrations) also play a
significant role in nitrification. In soil system, moisture and aeration are inversely
related. Therefore, it is difficult to differentiate the extent of their relative roles in
nitrification. O, concentration is reduced at higher soil moisture, since most of pore
spaces are filled with water. Also, high soil moisture restricts diffusion of air into
the soil. In addition, plants can modify both soil physical, biological and chemical
environment as they grow. Plants can change soil organic C (SOC) content,
nutrients availability, aeration and moisture content from time to time. Nitrification
releases protons which acidifies the soil. Therefore, natural buffering capacity of
soil could influence nitrification rate. Low soil pH reduces the rate of nitrification
(De Boer and Kowalchuk 2001).
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3.2.2 Heterotrophic Nitrification

Heterotrophic nitrification is defined as the oxidation of reduced N compounds
(including organic N) producing NO,™~ or NO;3 . It is catalyzed by a variety of
microorganisms including fungi, actinomycetes, and heterotrophic bacteria, using a
wide variety of metabolic pathways (Prosser 1989), and can be significant in some
forest soils (Killham 1990). In some organisms, the mechanism is similar to that in
autotrophic ammonia oxidizers and is also linked in some strains to aerobic
denitrification. The second mechanism, termed as fungal nitrification, is linked to
lignin degradation and involves reaction of reduced organic compounds with
hydroxyl radicals produced in the presence of hydrogen peroxide and superoxide.
There is little evidence that heterotrophs gain energy or other benefit such as growth
of organisms from heterotrophic nitrification (Prosser 1989; Jetten et al. 1997), and
cellular rates of heterotrophic nitrification activity are significantly lower than that
of autotrophs. However, the process is important in acid soils or where C:N ratios
and heterotrophy biomass are high (Killham 1990; Prosser 2005).

3.2.3 Chemolithotrophic Ammonia Oxidation

The chemolithoautotrophic bacteria or archaea responsible for the oxidation of
ammonia or ammonium to nitrite gain metabolic energy from this oxidation
process. The ammonia oxidizing bacteria (AOB) then use this energy for the
biosynthesis of all their cellular requirements from CO, and inorganic nutrients.
The AOB have been identified from genera Nitrosomonas, Nitrospira and
Nitrosococcus. The AOB are characteristically autotrophs although small amounts
of organic C (pyruvate and amino acids) may be incorporated into their biomass
(Prosser 1989). These bacteria are highly specialized for their chemolithotrophic
metabolism, which is consistent with their lack of genes encoding catabolic
pathways for the use of organic substrates (Chain et al. 2003). These organisms
are characterized by intracytoplasmic membrane containing the system responsible
for oxidation and energy capture.

3.3 Denitrification

Denitrification is the reduction of nitrate (NO3 ™) or nitrite (NO, ) to the gases nitric
oxide (NO) N,0, and di-nitrogen (N,), which is considered to occur under anaero-
bic condition (Morley et al. 2008). It is the last step in the N cycle, where fixed N is
returned to the atmospheric pool of N,. Denitrification is a microbial respiratory
process in which NO3;~ or NO, ™ substitute for O, as an alternative terminal electron
acceptor when O, supply is limited for aerobic respiration. It is a heterotrophic



76 3 Formation and Release of Nitrous Oxide from Terrestrial and Aquatic Ecosystems

NH,*+ NO5"
FERTILIZERS FERTILIZERS

|

MINERALIZATION

ORGANIC N NITRIFICATION o
MATTER | s
IMMOBILIZATION \ |

C
2 & b
% & g
<<\\ /Q ,-1[.;

PLANTS LEACHING,

DENITRIFICATION

Fig. 3.3 An overview of the key processes and transformations influencing N in soils (Modified
from Norton 2008)

process in which N oxides serve as the terminal electron acceptor for organic C
metabolism (Codispoti et al. 2001). It consists of sequential reduction of NO3 ™, and
the ultimate end product of denitrification is N,, with various N-oxides as interme-
diate (Fig. 3.3). In much broader sense, however, from biogeochemical perspective,
any process that reduces nitrogenous compounds to gaseous nitrogen (N,) as the
end-products can be considered as denitrification (Devol 2008). Thus, metabolism
processes such as autotrophic, anammox, and inorganic reactions between metal
oxides and ammonium that may produce N, would be denitrifying process. Deni-
trification was discovered in the second half of the nineteenth century by several
researchers: (1) observation of systematic disappearance of NO;~ from water by
R.A. Smith in 1867, and (2) bacteria responsible for NO3;~ loss from soil were
identified by E. Meusel in 1875. In 1882, Gayon and Dupetit introduced the term
denitrification, and isolated pure cultures of denitrifying bacteria in 1886 (Coyne
2008). Substantial progress has been made since 1990s to understand biochemistry
and genetic of denitrification. Some of it has been summarized in number of
comprehensive reviews (Zumft 1997; Philippot 2002; Philippot et al. 2002, 2007).

It is estimated that soils of terrestrial ecosystems denitrify approximately 124 Tg
N yearfl, which is about 35-40% of total N from land-based reactive N (Nr)
sources (Seitzinger et al. 2006). Agricultural fie