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Distikstofoxide (Eng. nitrous oxide), N 2 0, lachgas, een kleurloos gas dat als narcosemiddel
wordt gebruikt. Lachgas wordt o.a. bereid door verhitting van natriumnitraat met
ammoniumchloride. Het komt in geringe concentraties in de atmosfeer voor. In 1799 werd
ontdekt dat lachgas dempend werkt ophet bewustzijn, entotbewusteloosheid en ongevoeligheid
voor pijnprikkels kan voeren. Denaam lachgas slaat opdebeginfase van denarcosetoestand die
op een alcoholroes lijkt. Lachgas is een bruikbaar gas bij de totaalanesthesie, voor operaties en
andere ingrepen (De Grote Oosthoek Encyclopedie en Woordenboek, Oosthoek's Uitgeverij bv,
Utrecht).
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JUPITER ET LE METAYER
Jupiter eutjadis une ferme à donner.
Mercure en fit l'annonce, et gens se présentèrent,
Firent des offres, écoutèrent :
Ce ne fut pas sans bien tourner ;
L'un alléguoit que l'héritage
Étoit frayant et rude, et l'autre un autre si.
Pendant qu'ils marchandoient ainsi,
Un d'eux, le plus hardi, mai non le plus sage.
Promit d'en rendre tant, pourvu que Jupiter
Le laissât disposer de l'air,
Lui donnât saison à sa guise,
Qu'il eût du chaud, du froid, du beau temps, de la bise,
Enfin du sec et du mouillé,
Aussitôt qu'il auroit bâillé.
Jupiter y consent. Contrat passé; notre homme
Tranche du roi des airs, pleut, vente, et fait en somme
Un climat pour lui seul : ses plus proches voisins
Ne s'en sentoient non plus que les Américains.
Ce fut leur avantage :ils eurent bonne année,
Pleine moisson, pleine vinée.
Monsieur le Receveur fut très-mal partagé.
L'an suivant, voilà tout changé :
Il ajuste d'une autre sorte
La temperature des deux.
Son champ ne s'en trouve pas mieux;
Celui de ses voisins fructifie et rapporte.
Que fait-il? Il recourt au monarque des Dieux,
Il confesse son imprudence.
Jupiter en usa comme un maître fort doux.
Concluons que la Providence
Sait ce qu'il nous faut mieux que nous (VI, iv).

La Fontaine (1668)

Voor mijn vader
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FOREWORD
In recent years we have become increasingly aware of how strongly the physical and chemical
properties of the Earth's atmosphere are influenced by fluxes of trace gases from natural and
anthropogenic sources.One of these gasesis nitrous oxide (N20), or laughing-gas. Itplays arole
in the atmospheric radiative balance and in the stratospheric ozone chemistry. Many major and
minor natural and anthropogenic sources of nitrous oxide have been identified, yet there is
considerable uncertainty in the source strengths.Part of theuncertainty arises from thepaucity of
measurements of N 2 0 fluxes. Another problem is to extrapolate local measurements to larger
scales. Perhaps all biological processes involving oxidation or reduction of nitrogen through the
+1 or +2 oxidation state yield trace amounts of nitrous oxide. Several industrial processes have
alsobeenidentified assources of nitrousoxide.Anincreaseof nitrogen inputstothe environment
through increased biological and industrial nitrogenfixation,for examplein theform of synthetic
nitrogen fertilizers, will eventually lead to increased nitrous oxide injection into the atmosphere.
This study concentrated on the nitrous oxide emissions from soils. However, for validation of
source estimates an atmospheric transport model was used, which in turn required inclusion of
estimatesfor allknown sourcesintheglobalinventory.Theresultsofthisstudyform only another
step towards a better understanding of the global distribution of sources of nitrous oxide. The
research wascarried outintheperiod 1990-1994.Thechaptersarenotpresented in chronological
order. Chapter 2, describing a simple model for N 2 0 production in soils, is the result of a short
period in 1990 as guest-researcher at NASA-Goddard Institute for Space Studies. Chapter 3
describes results of the data collection and analysis done in the period 1990-1994. Chapter 4
presents the emission inventories that were compiled in 1992-1994 in the framework of the
EDGAR and IMAGEprojects atRIVM.Chapter 5wasprepared incollaboration withDouwevan
Dam of the Soil Science and Geology Department of the Wageningen Agricultural University in
1994. Chapter 6is theresult of acollaborative study with John Taylor of the Australian National
University in Canberra, Australia, in the period 1992-1994.
Most of the chapters presented in this thesis have been published before, or will be published
inthenearfuture. Whererelevant,theliteraturereference of eachchapter, theco-authors andtheir
affiliation are printed on the page opposite the chapter's title page.
The preliminary inventory described in this dissertation is a contribution the Global Emission
Inventories Activity (GELA),aproject of theGlobalAtmospheric Chemistry Programme (IGAC).
Wageningen, December 1994.
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SUMMARY
Aglobal inventory with l°xl°resolution wascompiled ofemissions of nitrous oxide (N20) tothe
atmosphere, including emissions from soils under natural vegetation, fertilized agricultural land,
grasslands and animal excreta, biomass burning, forest clearing, oceans, fossil fuel and biofuel
combustion, and industrial sources.
Asimple global model of theproduction potential of N 2 0 in soilsunder naturalvegetation was
developed to analyze the relative importance of five major controls on N 2 0 production: (i) input
of organic matter, (ii) soilfertility, (iii) soilmoisture status, (iv)temperature; and (v) soil oxygen
status. Indices for the controls were derived from global gridded (1° x 1°resolution) data bases
of soil type and texture, normalized difference vegetation index (NDVI) and climate. The model
explains close to 60% of the variability found in measurements reported at about 30 sites in six
different ecosystems throughout the world. The model results confirm conclusions from earlier
studies that the major natural source regions of N 2 0 are in the tropics.
Literature data on N 2 0 flux measurements from agricultural fields show that the fertilizerinduced N 2 0 emission ishigher for measurements covering longerperiodsthan for measurements
which represent short periods. A method to estimate the total annual direct N 2 0 emission from
fertilized fields was based on measurements covering periods of one year: N 2 ON emission =1
kgNha'yr"1plus 1.25 ± 1%oftheamountof fertilizer Napplied (kgNha'yr'1).Thisrelationship
was used to compile a global 1°x 1°resolution inventory of emissions of N 2 0 from fertilized
arable land.
The inventory of N 2 0 emission from animal excreta was based on estimates of nitrogen (N)
excretion byvariouscategories of domestic animals.Theestimated global amountof Nin animal
excreta (-100x 10'2gNyr"1)suggeststhatthe associated N 2 0 emission maybe of the sameorder
of magnitude as that caused by the use of synthetic N fertilizer (~80 x 1012g N yr'1).
Toillustrate thedifficulty todescribethecycling ofNinecosystems,Nbudgets werecompiled
for adeforestation sequence inthe AtlanticZoneof CostaRica.After forest clearing animportant
part of the soil organic N is mineralized. Part of the nitrate formed by nitrification of the
mineralized N is lost via leaching, while most of the N loss occurs through denitrification. After
a period of 3to 5years most of the easily decomposable material is lost, and denitrification and
N 2 0 fluxes decrease with time to levels lower than in the undisturbed forest. The global estimate
of enhanced soil N 2 0 emission from denitrification following tropical forest clearing, accounting
for this decline of N 2 0 fluxes along with ageing of the clearing,indicates that deforestation isan
important global source.
Global 1°x 1°resolution inventories werealsocompiled for N 2 0 emissionsfrom fossil fuel and
fuelwood combustion, and industrial N 2 0 sources. For N 2 0 emissions from oceans and biomass
burning, inventories from the literature were used. The complete inventory of annual N 2 0
emissions including all sources, was compared with source estimates inferred from inverse
modeling.The N 2 0 inventories areingeneral agreement with inversemodeling results. However,
there are major uncertainties, particularly in the tropics. The comparison between the emission
inventory and the source estimates from inverse modelling, resulted in improved understanding
of some sources:
- TheoceanicN 2 0emission maybehigherthanpreviousestimates;the0°N-30°Nlatitudinal zone
and the Antarctic ocean show much higher N 2 0 fluxes than the mean global oceanic flux.
- Most of the N 2 0 from arable lands and grasslands including effects of synthetic fertilizers and
animal excretacomesfrom thenorthern hemisphere.Inputsof Nto soilsfrom Ndepositionand
from N fixation by leguminous crops are of the same order of magnitude as synthetic N
fertilizer use. Their associated N 2 0 release may also be similar in magnitude.
- Fossil-fuel combustion and industrial N 2 0 sources are dominant in the 30°N-90°N zone, while
N 2 0 from fuelwood combustion is mainly produced in the 0°N-30°N zone.
- Themajor part oftheN 2 0 emittedfromcoastal marine andfreshwater systemsprobably stems
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from the northern hemisphere.
Global monthly estimates of N 2 0 emissions were used to prescribe a three-dimensional
atmospheric transport model. The simulated northern hemispheric N 2 0 surface concentration was
~1 ppb higher than in the southern hemisphere. This is in general agreement with atmospheric
observations.Themodeled N 2 0 concentrations over strong sourceregionsin continental interiors
were up to 5 ppb higher than those over oceans. Predicted concentrations for the northern
hemisphere were somewhat higher in summer than in winter, in agreement with the seasonality
of N 2 0 emissions. However, the atmospheric N 2 0 concentration measurements show no seasonal
variation in the northern hemisphere. The small seasonality in modeled atmospheric N 2 0
concentrations for the southern hemisphere ismoreconsistent with measurements. Inconsistencies
betweenpredicted andobserved atmosphericN 2 0 concentrationsmaybecaused byoverestimation
of the seasonality in the northern hemisphere. The global N 2 0 inventory used does not account
for soil N 2 0 consumption in temperate N-limited ecosystems and observed episodic emissions in
temperate ecosystems during winter, early spring and autumn. Thesepotential errors and possible
underestimation of N 2 0 emissions from combustion in winter may exaggerate the simulated
seasonal trends.
Another possible reason for the inconsistencies found between predicted and measured N 2 0
concentrations is that seasonal trends in atmospheric N 2 0 concentrations remain unobserved,
because of the remote location of most monitoring stations. In addition, the precision of N 2 0
measurements is not adequate for resolving seasonal trends.
The major part of the atmospheric N 2 0 increase stems from sources related to human food
production. Agrowing world population will inevitably lead tomore food demand. Moreover, an
increasing portion of the synthetic fertilizers is used to increase animal production. At present,
close to 40% of the global cereal production and 25% of the production of root and tuber crops
isfed toanimals.Animportant globalreduction of N 2 0 emission associated with food production
could be achieved by a shift-away from animal production, by more efficient agricultural useof
N, and by advanced fertilization techniques.
Solutions to reduce N 2 0 emission from fossil fuel combustion include technical options (e.g.
development of new catalysts) and energy saving. Several industrial and chemical processes
generateN 2 0, butsofar onlytheN 2 0production from nitricand adipic acidproduction havebeen
quantified. The global N 2 0 emission from adipic acid production is currently decreasing as the
major producers have agreed to reduce N 2 0 emissions.

Chapter 1

GENERAL INTRODUCTION
1.1.BACKGROUND
The climate of the Earth iscontrolled bytheradiative balance of the atmosphere. On along term
basis theenergy of incomingradiation is balanced bythatof outgoing radiation. Abouthalf of the
incoming solar radiation is absorbed at the Earth's surface. The Earth gives off radiant energy
known as thermal radiation or planetary infrared radiation. A few trace gases in the Earth's
atmosphere - "greenhouse gases"- have an important physical property that has thepotential to
make our planet habitable: they absorb radiant energy at infrared wavelengths much more
efficiently thanthey absorbradiant energy atsolar wavelengths, and thustrapradiantheatemitted
from theEarth's surface before it canescapeinto space.Themostimportant greenhouse gasesare
watervapor,carbon dioxide (COj)and trace amountsof methane(CH4),ozone(0 3 ), nitrous oxide
(N20) and other trace gases. This trapping of energy is very efficient: only 5% of the outward
directed long wave radiation can escape from Earth's surface into space. The remainder is
absorbed by the atmospheric greenhouse gases and clouds, and 90% of the absorbed radiation is
radiated back to the Earth's surface. This atmosphere-surface cycling is the "greenhouse" effect,
causing the earth's surface to be about 33°C warmer than would otherwise be the case (Graedel
and Crutzen, 1993). Water vapor and C0 2 account for respectively 60 - 70% and 25% of the
'natural' greenhouse effect.
Perturbations to the energy balance alter climate by creating radiative forcing of climate. The
energy balancecan beperturbed byvariation in solar radiation, variationsintheearth's orbit,and
changes in the greenhouse effect. Currently there is concern over a possible enhancement of the
greenhouseeffect caused byincreasing concentrations of atmospheric trace gases.Tocomparethe
effects of the different gases on the greenhouse effect, an index has been developed that is
commonly referred toas theGlobal Warming Potential (GWP).TheGWPcombines the capacity
of a gas to absorb infrared radiation, its residence time in the atmosphere and a time frame over
which climatic changes are evaluated. Estimates of GWPs for some atmospheric trace gases are
presented in Table 1.

Table 1. Global warming potential (GWP) and other properties of C0 2 , CH4 and N 2 0
Gas

Concentration!

Annual
increasef

Lifetime
(yr)

C0 2
CH,
N20

355 ppmv
1.72 ppmv
310ppbv

1.8 ppmv
10-13 ppbv
0.8 ppbv

120
12-17
120

Relative
absorption
capacity!
1
58
206

GWP§

Sign of
indirect
effects

1
24.511
320

none
positive
uncertain

Compiled from Shine et al. (1990), Isaksen et al. (1992), and IPCC (1994).
t ppmv = parts per million by volume; ppbv = parts per billion by volume.
X Per unit mass change from present concentrations, relative to C0 2 .
§ Direct Global Warming Potential following addition of 1kg of each gas, relative to C0 2 for a 100year time horizon.
U Including the direct effect of CH, andindirect effects duetotheproduction of tropospheric ozone and
stratospheric water vapor.
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1.2. NITROUS OXIDE IN THE ATMOSPHERE
Although N 2 0 occurs in the atmosphere in minute quantities compared to C0 2 and water vapor,
itscontribution to the greenhouse effect isconsiderable. This iscaused byitslong residence time
and high relative absorption capacity per unit mass (Table 1).The direct contribution of N 2 0 to
radiativeforcing of climatemay haveincreased from 4%over theperiod 1950-1990to6%during
1980-1990 (Kroeze, 1993) and it may progressively increase to 10% in the coming decades
(Dickinson and Cicerone, 1986).
In the troposphere considerable amounts of N 2 0 may be formed by photochemical NH3
oxidation (Dentener, 1993).Mostof thisN 2 0 formation isrelated tohigh NH3and NOx emissions
from tropical biomass burning. Nitrous oxide may also be formed in exhaust gases from
combustion processes(Khalil andRasmussen, 1992),andotherbyprocessessuchaslightningand
corona processes around high voltage eletrical transmission lines. To date no reliable global
estimates for these processes have been published (see section 1.3).
In the troposphere N 2 0 is stable and thus inert. It is carried into the stratosphere where it is
removed by photolysis and reaction with excited oxygen atoms, 0(XD), as shown by reaction
equations (1) - (3) from Warneck (1988). The O('D) is mainly produced by photolysis of ozone
(03).
N 2 0 +hv ^ N 2 + OCD)
(1)
O('D) + N 2 0 -> N2 + 0 2
(2)
O('D) + N 2 0 -> NO + NO
(3)
About 90%of thedestruction of N 2 0 is byphotolysis according toreaction (1) (Minschwaner et
al., 1993).Therestof theN 2 0 isremoved byreactions (2)(4%oftheN20) and (3)(6%) (Crutzen
and Schmaichl, 1983). Oxidation of N 2 0 according to reaction (3) is the major source of NO in
the stratospherebetween 20and40km altitude,and NOplaysan importantroleinthe destruction
of stratospheric ozone (Crutzen, 1970). Hence, increases in N 2 0 input in the stratosphere may
result in ozone loss. Banin et al. (1984) speculated that an increase by 10%of atmospheric N 2 0
may result in a loss of the average ozone column by 1.5%. However, stratospheric NO may also
mitigatechlorine-catalyzed ozonedestruction bysequesteringharmful CIOintothestablereservoir
speciesC10N02(Isaksen andStordal, 1986).Theindirectclimaticeffects ofN 2 0 areyetuncertain
(Table 1).There may be mutual influences of stratospheric ozone depletion and global warming.
However, it is likely that theeffect onclimate of stratospheric ozone depletion caused by N 2 0 is
relatively unimportant (Isaksen et al., 1992).
Analysisof antarcticicecoresamplessuggeststhattheatmospheric N 2 0 concentration hasrisen
from about 270 ppbv 400 years ago to about 293 ppbv in the beginning of the 20th century
(Zardini et al., 1988) and to 310 ppbv now (Khalil and Rasmussen, 1992). Records from longer
periods indicate that the atmospheric N 2 0 concentration was at least 30% lower during the last
Glacial Maximum than during the Holocene epoch, and that present-day N 2 0 concentrations are
unprecedentedinthepast45000years(LeuenbergerandSiegenthaler, 1992).Theatmospheric N 2 0
concentration started toincreaserapidly duringthiscentury, butan accelerated increase may have
started onlyafter 1940(Stauffer andNeftel, 1988).TheN 2 0 concentration mayevenbeincreasing
at a faster rate in recent years than during the middle 1970s (Khalil and Rasmussen, 1992).The
observed increase of atmospheric N 2 0 during the 1980s was0.25-0.31%yr"1(Prinn et al., 1990).
However,thetrendsoverthelastdecadeareextremelyvariable.Over 3-yearperiodsincreaserates
have ranged from 0.5 ± 0.2 ppbv yr"1 to 1.2 ± 0.1 ppbv yr"1, averaging 0.8 ± 0.2 ppbv yr"1 over
1977-1988 (Khalil and Rasmussen, 1992).In 1992 the increase was about half that in the 1980s
(Swanson et al., 1993). This was perhaps a result of the observed global cooling caused by
aerosols emitted by Mt. Pinatubo in 1991 (Dutton and Christy, 1992). The cooling may have
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caused lower N 2 0 production in soils1 and oceans (J. Elkins, personal communication). The
growth of atmospheric N 2 0 started increasing again from late 1993 (J. Elkins, personal
communication).
The atmospheric burden of N 2 0 is about 1500 Tg N20-N (Minschwaner et al., 1993). The
annual increase of atmospheric N 2 0 during the 1980sof 0.25-0.31% wascaused byan imbalance
of sources over sinks of 3 - 4.5 Tg N20-N yr"1, accounting for 30% or more of the total source
of 13- 16Tg N20-N yr-1 (Minschwaner et al, 1993;Khalil and Rasmussen, 1992).
The stratospheric destruction by reactions (1), (2) and (3) removes 10.5 ± 3 Tg N20-N yr'1
(McElroy and Wofsy, 1986) to 12.2 ± 3.7 Tg N20-N yr1 (Minschwaner et al., 1993). The
atmospheric lifetime ofN 2 0 based onthesedestruction rates and theatmospheric burden amounts
to respectively 100 - 200 and 120 ± 40 years. These estimates do not account for other possible
removal processes, such as uptake of N 2 0 by soils and aquatic ecosystems.
1.3. SEARCH FOR N 2 0 SOURCES AND SINKS
Probably mostof theN 2 0 in theearth'satmosphereisfrom microbiologicalprocessesin soilsand
aquatic systems.In soilsthemajor sources ofN 2 0 aregenerally accepted tobedenitrification and
nitrification (Williamsetal., 1992).Insubsurface environmentsdenitrification isthemajor source
of N 2 0 (Rice and Rogers, 1993).Kim and Craig (1990) suggested that nitrifying bacteria are the
dominant N 2 0 source in the oceans, based on isotopic ratios of N 2 0. However, Yoshida et al.
(1990) suggested that nitrification is the primary source in near surface ocean waters, but
denitrification wasperhaps the primary source of N 2 0 at depth in the oxygen minimum zone.In
rivers, streams, lakes, coastal marine systems and continental shelves most N 2 0 stems from the
sediments, primarily produced by denitrification with minor amounts coming from nitrification.
Nitrification and denitrification and N 2 0 production also occur in the water column of these
aquatic systems (Seitzinger, 1990).
Banin et al. (1984) noted that under reducing conditions with no other available source of N,
soils may act as sinks for N 2 0. Uptake of N 2 0 by the ocean surface has also been observed (see
Nevison, 1994). Due to lack of knowledge of the conditions at which soils and aquatic systems
act as sinks for N 2 0, and the parameters affecting the influx when they do so, is too limited to
evaluate their importance at the global scale.
Itisnotcertain whatcausestheincreaseof atmospheric N 2 0. TheN 2 0 emissionfrom fossil fuel
combustion and biomassburning haslong been considered the major cause.Recently Muzio and
Kramlich (1988) discovered that when mixtures of flue gases such asinpower planteffluent, are
stored,reactionsoccurin thepresence of S0 2 , NOx andH 2 0 thatcanproduce substantial amounts
of N 2 0. All past work on N 2 0 from coal combustion had relied on stored samples and became
suspect Based onnew analyses Khalil andRasmussen (1992)concluded thatdirectN 2 0 emission
from stationary fossil fuel combustion contributes less than 1%of theglobal source.However, as
yet unknown amounts of N 2 0 may beformed in smoke plumes and during catalytic reduction of
NOx. The recent history of global "budgets" of emissions of N 2 0 illustrates the change in views
before and after the discovery of the sampling artifact (Table 2).
Recently, Khalil and Rasmussen (1992) listed a great number of source candidates, including
agricultural soils, natural soils, aquatic sources, biomass burning, land use changes, fossil fuel
combustion, automobiles, industrial and other sources (Table 2). The major sources in most N 2 0
budgets are formed by soils under natural vegetation, followed by oceans and agricultural soils.
1
E. Kreileman, unpublished calculations with themodel discussed in chapters 2 and4, showing a 0.4Tg N 2 0-N
decrease in global soil emissions associated with the cooling observed by Dutton and Christy (1992) and later
observations from unpublished data provided byJ.Elkins.Tg=teragram; 1Tg= 1012g.
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Table 2.Comparison of global N 2 0 estimates presented between 1984 and
1992 in TgN 2 0-N yr"1.NK= indicated by authors as unqualified potential
source
Source

Soils under natural
vegetation
Cultivated soils
Grasslands
Animal waste
Biomass burning
Land usechanges
Oceans
Fossil fuel combustion
Industry
Mobile sources
Aquifers
Sewage
Waste water treatment
Global warming
Atmosph. formation^:
Trash incineration
Total

Reference t
1

2

3

4

5

2.6-25
1.6-5.3

3.5-11.5
3.5-5.9
8.1

3-9
0.5-2.5

2.7-7.7
0-3

7.6
0.3-2

1-2

0.5-0.9

0.2-1

1-10
1-2

1-3
3-5

1-2
0.2-0.6
1-3
1-3

1.4-2.6
0.1-0.3
0.5-0.9
0.2-0.6

0.2-0.6
0.1-2
0.4
1.9
0-0.1
0.4
0.1-1.3
0.5-1.3
0.2-1.9

1-2
0-0.6
NK
NK

0-21
9-67

9-22

7-21

10-18

13-16

t 1= Banin et al. (1984),estimate for 1970s; 2= McElroy andWofsy (1986);
3 = Seiler andConrad (1986);4 = Watson et al. (1992); 5= Khalil andRasmussen
(1992)
| including excited species chemistry (20TgN 2 0-N yr'1),N 2 0 formation during
lightning (<0.01 Tg yr"1),and corona processes in theatmosphere surrounding high
voltage electrical transmission lines (0-0.5 Tgyr'1)

Most anthropogenic sources areminor, andprecise estimates of emissions will probably notbe
known for a long time (Khalil andRasmussen, 1992). Industrial sources include the production
of adipic acid, primarily used for nylon 6,6polyamide, andtheproduction of nitric acid, mainly
used for fertilizers and other intermediate products including adipic acid. Additional, yet
unidentified industrial processes, mayalso generate N 2 0.
Formation of N 2 0 in theatmosphere wasbelieved to bea significant source by some authors
(Baninetal., 1984),though laterignored byothers (Seilerand Conrad, 1987; Watsonetal., 1992).
In themostrecent budget atmospheric chemistry islisted again without quantification.
Recently global warming hasalso been mentioned asapotential N 2 0 source (Table 2).Other
known minor sources notlisted inTable 2include fresh water andcoastal marine waters, effects
ofNdeposition onsoilN 2 0 emission,theproduction anduseofexplosives,medicalandindustrial
use of N 2 0, anduseof N 2 0 as aerosol propellant (Granli andB0ckman, 1994).
Individual sources may be of great local or regional importance. For example, worldwide
production of adipic acid occurs in a limited number ofplants, while deforestation and biomass
burning areofparticular regional importance in thetropics.
Several studies have recently reported that isotopic ratios can be used to determine the
mechanism ofN 2 0 production. Wahlen andYoshinari (1985) showed that I8 0/ 16 0 isotopic ratios
ofN 2 0 canbesensitively measured, andfound that8180valuesforN 2 0 derived from nitrification
are lower than those for N 2 0 from denitrification. Assuming that these isotopic differences are
uniform among different systems, several authorsclaim thattheprocess offormation ofN 2 0can
bedetermined (YoshidaandMatsuo, 1983; YoshinariandWahlen, 1985; Yoshida, 1988).Nitrous
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oxidein soilandgroundwater maybesignificantly depleted in Nand Orelativetotropospheric
N 2 0 (Ueda, 1991; Kim and Craig, 1993).In surface ocean waters down to 600 m depth N 2 0 is
depleted in both heavy isotopes, but at greater depth N 2 0 is enriched in 15N and 18 0. Coal plant
and engine exhaust have been shown tobeenriched in 18 0 relative toN 2 0 inthe troposphere and
in soiland groundwater (Kim andCraig, 1990; 1993; Wahlen andYoshinari, 1985;Yoshinariand
Wahlen, 1985).The N 2 0 from the stratospheric backflux to the troposphere may beheavier than
tropospheric N 2 0. However, Kim and Craig (1993)concluded that at present the isotopic ratios
of N 2 0 in the atmosphere have not been sufficiently investigated to be used to identify and
quantify N 2 0 sources.
1.4. PURPOSE AND OUTLINE OFTHIS STUDY
The aim of this study is to develop and validate a global inventory of emissions of N 2 0 - with
emphasis on the soil-borne sources. The inventory must describe both the spatial and temporal
patternsofemissionstoallowforvalidation withthree-dimensional atmospheric transportmodels.
Seasonality in the atmospheric N 2 0 concentrations has been observed (Khalil and Rasmussen,
1983). Spatial and temporal distributions of emissions may be used in forward runs with threedimensionalatmospherictransportmodelstopredictatmosphericN 2 0concentrations.Comparison
of predicted and observed seasonal patterns in the atmospheric N 2 0 concentration may lead to
betterunderstanding of thesourcedistributions.Inversemodeling techniquesmaybeused to infer
regional source distributions.
It is difficult to verify source estimatesin N 2 0 budgets.The stratospheric N 2 0 destruction and
the atmospheric increase are relatively well known, but these constraints can be satisfied on the
basisof different assumptions for theN 2 0 sources.Thereisconsiderable uncertainty in all source
estimates (Table 2).The uncertainty arises from the paucity of measurements of N 2 0 fluxes and
the difficulty in making extrapolations. For the anthropogenic sources political, economic and
cultural factors cause major uncertainties in making extrapolations.For biogenic fluxes from soil
and aquatic systems, extrapolation of flux measurement data to larger scales is difficult, because
of the extreme spatial and temporal heterogeneity of regulating factors of N 2 0 production,
consumption andemissioninthesesystems.Forexample,mostestimatesofemissionsfrom soils,
themajor globalN 2 0 source,weremadeonethebasisofafew measurements thatweremultiplied
bythe land area of the globe orthe extent of aparticular ecosystem. Trace gasfluxes from water
surfaces cannot be directly measured. Generally, fluxes from oceans are modeled from N 2 0
supersaturation and the water-air gas transfer coefficient. Measurements of N 2 0 supersaturation
in the surface water of oceans represent only a minor part of the area covered by the world's
oceans.
Matson et al. (1989) recommended to stratify ecosystems and to make geographically explicit
descriptions ofregulating factors of N 2 0 emission in ecosystems toimprovetheunderstanding of
the variability within ecosystems. Since both denitrification and nitrification play a role in
terrestrial and aquatic systems, it is obvious that N 2 0 fluxes are strongly linked to the nitrogen
cycle. Therefore, one way of studying the global sources of N 2 0 is by describing the global
nitrogen cycle. For example, in terrestrial systems there may be fluxes of nitrogen from various
sources, including mineral fertilizers, animal excreta, biological Nfixation,Nmineralization and
deposition. Quantification of most of these fluxes requires description of completely different
biological, chemical, physical and atmospheric processes. System losses of nitrogen include
denitrification, volatilization,run-off and leaching.Evenfor intensively studied sitesit is difficult
to estimate the individual loss-components, and the spatial and temporal variability is extremely
high. Knowledge of the local hydrology is required to estimate the fluxes of nitrogen from the
subsoil to aquifers, via aquifers to surface waters and to deeper ground water. Denitrification in
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these subsurface environments occurs, but the fate of the N 2 0 formed is not well known (Rice and
Rogers, 1993). Geographically explicit calculations being a requirement, a comprehensive and
descriptive model of the global N cycle is an impossible goal as yet.
Therefore, in this study individual sources of N 2 0 were described in a simple way. First a
geographically explicit global model will be presented of N 2 0 production in soils under natural
vegetation, the major single global source (chapter 2).This Txl" resolution model is based on the
current understanding of the factors regulating N 2 0 production. It is simple, because it needs to
be applicable at the global scale. The direct emission of N 2 0 to the atmosphere from mineral
fertilizer use and nitrogen inputs from animal excreta will be discussed on the basis of the
measurements published in the past decades in chapter 3.
During the work itbecame clear that validation of emission inventories necessitates the inclusion
of estimates for all sources or at least the major ones. Chapter 4 describes estimates for the major
known sources of N 2 0, and a comparison of emission estimates with inverse modelling results
from literature. Chapter 5 discusses the difficulty of describing the cycling of N through soils. The
example taken is for the Atlantic Zone in Costa Rica, where enhanced N 2 0 fluxes were observed
in recently cleared fields. The results of the comparison made in chapter 4 form a priori estimates
that are validated with a three-dimensional atmospheric transport model in chapter 6.
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Chapter 2

GLOBAL ANALYSIS OFTHEPOTENTIAL FOR N 2 0 PRODUCTION IN
NATURAL SOILS
Abstract. A simpleglobalmodeloftheproductionpotentialofnitrousoxide(N20)innaturalsoilsisdeveloped
toanalyzetherelativeimportance,bothgeographicallyandseasonally,ofthedifferent controlsonN20production
attheglobalscale.FivemajorcontrolsonN20productionareincluded: (1)inputoforganicmatter, (2)soilfertility,
(3)soilmoisturestatus,(4)temperature,and(S) soiloxygenstatus. Indicesforthecontrolsarederivedfromglobal
gridded(l°xl°resolution)databasesofsoiltype,soiltexture,NDVIandclimate. Themodelexplainscloseto60%
ofthevariabilityfoundinmeasurementsreportedatabout30sitesinsixdifferent ecosystemsthroughouttheworld.
Although this result is reasonable for global analyses, thecorrelation is considered insufficient to makeglobal
estimatesofnitrousoxideemissionwithconfidence.Themodelconfirmsconclusionsfrom earlierstudiesthat the
majorsourceregionsofnitrousoxideareinthetropics.
2.1. INTRODUCTION
Nitrousoxide(N20) ispresentintheatmosphereintracequantities.Itsconcentration in 1990was
about 310 parts per billion by volume (ppbv), about 1000 times less than that of C0 2 , and it is
increasingattherateofabout0.8ppbvy'1(Watsonetal., 1992).Theseeminglysmallgrowthrate,
about 0.25% y*1,is the result of a large imbalance (about 30%) between the sources and sinks
(Prinn et al., 1990; Khalil and Rasmussen, 1992). Despite its low abundance in the atmosphere,
N 2 0 plays an important role. Its long lifetime of ~132 years (Isaksen et al., 1992) means the
system has a long memory of its emission history. Theradiative forcing of N 2 0 is,molecule for
molecule, about 200 times that of C0 2 (Isaksen et al., 1992). In the stratosphere the principal
mechanism for N 2 0 destruction is by photolysis; in addition, N 2 0 is destroyed by reaction with
excited oxygen atoms (Crutzen, 1976).Thelatterreaction isthelargestsourceof stratosphericNO
(nitric oxide), initiating a complex set of gas phase reactions that lead to catalytic ozone
destruction.
Neither the sources nor the causes for the increase in N 2 0 are well known. It is generally
accepted that the most important source is natural soils, seconded by emissions from the oceans
(Seiler and Conrad, 1987) although there is significant uncertainty regarding the distribution and
magnitude of the sources themselves. For some time it was thought that, like C0 2 , the primary
cause for the increasing concentration was combustion of fossil fuels, in particular, coalburning
power plantsproducing electricity (Haoet al., 1987).However, identification of an artifact in the
flask sampling procedure ruled out combustion (including biomass burning) as the major cause
ofthetrend (MuzioandKramlich, 1988).Minorsourcesidentified sofarincludeagricultural fields
amended with nitrogenous fertilizers, animal manure, aquifers, sewage, industry, automobiles,
biomassburning,landclearing,andtrashincineration (Watsonetal., 1992;KhalilandRasmussen,
1992). It is not clear if these sources can account for the secular trend.
In soils and aquatic systems, microbial processes are responsible for both the production and
consumption of atmospheric nitrous oxide and nitric oxide. In vitro experiments demonstrate
significant N 2 0production bybothdenitrifiers (Firestoneet al., 1980)and nitrifiers (Yoshida and
Alexander, 1970;Blackmeret al., 1980;Lipschultz etal., 1981;Poth and Focht, 1985).Recently,
it was observed that N 2 0 may also be formed by other processes (Robertson and Tiedje, 1987;
Tiedje, 1988),butthe significance of theseprocesses onaglobal scale,andtheirmechanismsand
regulators, are poorly known.
Denitrification comprisesthegroupofprocesseswherebynitrogenousoxides,principally nitrate
(N03~) and nitrite (N0 2 _ ), are reduced to dinitrogen gases (N2), nitrous oxide and nitric oxide
(FirestoneandDavidson, 1989).Itoccursunderoxygen-limited conditions;understrictlyanaerobic
conditions,nitrousoxideand nitric oxidemay also serve aselectron acceptors.Severalprocesses,
including abiotic ones, all match this definition (Firestone and Davidson, 1989). Under natural
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conditions,thenitrate availablefor denitrification dependsontherate ofnitrification (Myrold and
Tiedje, 1985;Tiedje, 1988).Withrelatively highnitratesupply,denitrification isrelated primarily
to the amount of available organic compounds (Ottow et al., 1985) and N 2 0 production shows a
strong positive correlation with both C0 2 evolution and available carbon (Eaton and Patriquin,
1989).
In nitrification, ammonia (NH4+)is oxidized tonitrite (N02~~)or nitrate (N03—). In natural soil
ecosystems,theammoniacomesmainlyfrom decomposition andmineralization oforganicmatter.
Nitrogen inputs to natural ecosystems come from N deposition and biological dinitrogen fixation
(Boring et al., 1988). Major regulators of nitrification are temperature, oxygen, nutrient
availability, carbon and nitrifiable N sources.Under oxygen-limited conditions, nitrifiers can use
N02~~as a terminal electron acceptor to avoid accumulation of the toxic N0 2 ~, whereby N 2 0 is
produced (Poth and Focht, 1985).While denitrification is inhibited by oxygen, nitrification is an
aerobic process.Therefore denitrification in constantly anaerobic systems islow sinceunder such
conditions, nitrification is blocked by lack of oxygen (Sahrawat and Keeney, 1986; Bowden,
1986).
There is considerable controversy about the relative importance of nitrification and
denitrification for N 2 0 production. Manyresearchers have suggested that nitrification isthe major
sourceofN 2 0 in "aerobic"agriculturalsoils(Rydenetal., 1978;Breitenbecketal., 1980; Bremner
and Blackmer, 1981; Klemedtsson et al., 1988) and in natural semiarid "well aerated" soils
(Anderson et al., 1988; Parton et al., 1988). In peat sediments (Gordon et al., 1986), certain
tropicalforests (Livingston etal., 1988;Kelleretal., 1988;Robertson andTiedje, 1988)and some
temperate forests (Eaton and Patriquin, 1989),denitrification may be themajor process involved.
Apparently, nitrification is a relatively constant process across ecosystems while denitrification
rates are temporally and spatially variable (Firestone and Davidson, 1989).
Estimates of the annual N 2 0 release from natural soils illustrate the uncertainty about this
source. The ranges are 7-16 Tg (Tg = 1012g) (Bowden, 1986), 3-25 Tg (Banin, 1986), 3-9 Tg
(Seiler and Conrad, 1987),and 2.8-7.7 Tg (Watson etal., 1992).Mostofthese studiesrely onone
or a few flux measurements, multiplied by areas of broad vegetation groups, to derive global
emissions.These "representative measurement" approaches cannotexplain theextreme variability
of fluxes observed both in space and time. Fluxes of N 2 0 from temperate grasslands have been
modeled extensively (e.g., Parton et al., 1988); a model based on rainfall events and detailed
description of microbiological and physical soil processes was developed by Li et al. (1992).
Whileconceptualmodelsof nitrification anddenitrification exist (e.g.,Robertson, 1989;Firestone
and Davidson, 1989; Davidson, 1991), extrapolation from site-specific measurements or models
to regional or global emissions is a considerable challenge. Schimel et al. (1988) and Matson et
al. (1989) stressed the need for stratification of ecosystems to describe the variability of
environmental conditions responsible for N 2 0 fluxes: Matson and Vitousek (1990) stratified
tropical forests primarily on the basis of soil fertility. Such approaches lead to better-justified
regional estimates of N 2 0 emissions.
The global scale of the modeling presented here makes description of soilprocesses a difficult
task. It is necessary to identify the major controls, and to describe and quantify their relative
importance in a simple way. Our working hypothesis is that, since N 2 0 canbe produced by both
nitrifiers anddenitrifiers, thepotentialfor N 2 0 production inupland soilsunder natural conditions
is related to the amount of nitrogen cycling through the soil-plant-microbial biomass system
(Matson and Vitousek, 1987; Firestone and Davidson, 1989), hence to the N mineralization,
nitrification, and denitrification rates (Matson and Vitousek, 1987; Robertson and Tiedje, 1984;
Martikainen, 1985).In this "processpipe" or "holein thepipe"concept (Firestone and Davidson,
1989; Davidson, 1991) the size of the holes or leaks in the pipe through which N 2 0 and NO
escape is determined by factors that control the partitioning of the reacting N species to N 2 0 or
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morereduced/oxidizedproducts. Therate atwhich Nmovesthrough theprocesspipe determines
theimportance of theleaks.Thismeansthatlowdenitrification rateslead tolowtracegasrelease,
regardless of the relative proportions of end products (Firestone and Davidson, 1989; Davidson,
1991).
We present a simple global model to analyze the geographic and seasonal variations of the
variouscontrolsof N 2 0 production and theirrelativeimportance inthetotalannualemission.The
focus is natural ecosystems, the largest single source term in the present-day N 2 0 budget Given
thepaucityof availableflux measurements,animmediate goalistotestthe simplemodel of N 2 0
fluxes and to identify gaps where measurements and analyses are needed to reduce uncertainties
about this source term.
Themajor controls onN 2 0 emissions in the model arediscussed in section 2.The synthesisof
these regulators into a simple schematic model for determining the N 2 0 emission potential is
described in section 3. The one-dimensional model is applied at every l°xl° gridbox globally.
Modeled distribution of N 2 0 production potential and its sensitivity to thecontrolling factors are
presented in sections 4.1 to 4.3. Regression relationships between modeled and observed N 2 0
emission values are presented in section 4.4, yielding an equation to translate the modeled nondimensional N 2 0 potentials into dimensional fluxes (section 4.5). Global data sets of surface
climate, soil properties, and satellite observations of the normalized difference vegetation index
(NDVI), used to derive the geographic variation of the controls used in the model, are discussed
in the appendix.
2.2. MAJOR CONTROLLING FACTORS OF N 2 0 PRODUCTION IN SOILS
The global model of N 2 0 production potential is based on the hypothesis that N 2 0 fluxes are
directly related totherate of nitrogen cycling through the soil-plant-microbial system. Hence we
need to describe general patterns of decomposition and Nmineralization, and, given the amount
of N available in the soil, the major determinants of nitrification and denitrification.
Climate, vegetation, and soil are fundamentally interrelated to determine the ecosystem that
develops in aparticular area. The parent rock and soil type determine the type of vegetation via
nutrient availability. Sites with low nutrient availability select for species with low nutrient
demands producing low-quality litter which decomposes slowly and further reduces nutrient
availability (Anderson, 1992). Soil properties are also molded by the vegetation, particularly the
amountandnatureoforganicmatterformed duringdecomposition ofplantdetritus.Soilscanhave
low fertility for various reasons. Low pH causes low solubility of a number of major and minor
traceelementswhilethesolubility of otherelements(e.g.,aluminum)increases.Highly weathered
soils of the tropics (e.g.,Ferralsols and Acrisols) usually contain less phosphorous than younger,
less weathered soils of the temperate regions; they may even show P-fixation (Jordan, 1985;
Duxbury et al., 1989; Driessen and Dudal, 1991).
Decomposition rates (Jordan, 1985) and mineralization processes are closely related to soil
fertility because of feedbacks between litter quality,decomposition ratesand nutrient availability
(Adams et al., 1970; Zimka and Stachurski, 1976; Miller, 1981; Vitousek, 1982). In general,
concentrations of all major nutrients,including nitrogen, in aboveground and belowground forest
biomass are markedly higher in fertile soils than in poor ones (Vitousek and Sanford, 1986).
Decomposition and mineralization rates are determined also by litter properties, most notably
ligninconcentration andC/Nratios.Withlowligninconcentrations(~10-15%)decompositionrates
canbepredicted from nitrogen concentrationsorC/Nratios, whilewithhighlignin concentrations
the lignin/N ratio or initial lignin determines decomposition (Anderson, 1992).The C/N ratio of
organicmaterialsuppliedtothesoilinfluences theamountofNimmobilized inmicrobialbiomass.
This influences N availability which in turn may affect nitrification and denitrification activities
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and products of denitrification (see Ottow, 1985).The low C/N ratio in tropical forests leads to
rapid and morecomplete decomposition of organic matter inputs (Duxbury et al., 1989) and high
N mineralization rates in these soils (Vitousek and Sanford, 1986).
Soil moisture and temperature control soil processes at all levels and are important factors
governing the speed of organic matter decomposition. Because of year-round high temperatures,
soil processes in the humid tropics can remain active throughout the year, and annual nutrient
cycling can befaster than in regions wherecold or drought interrupts theseprocesses.Jenkinson
and Ayanaba (1977) estimated that decomposition rates in the tropics are four times those in
temperate zones, while decomposition in mediterranean regions has been found to be twice that
intemperate climates(Oades, 1988).Measurementsof soilorganicmatter stocksandleaf litterfall
suggest that decomposition rates mimic global patterns of temperature and moisture. Post et al.
(1985) noted that the C/N ratio is generally lower in warm climates. This is consistent with the
observation that tropical forests generally cycle 2-4 times more nitrogen between soil and
vegetation thandomosttemperateecosystems (Vitousek, 1984;Jordan, 1985).However,thismay
becaused byecosystemcharacteristicsotherthantemperature.Apparently,nitrogenisnotlimiting
growthinthesetropical systemsbutothernutrients,suchasphosphorousinstronglyleached soils,
maybelimiting (Vitousek, 1984).Becauseofnitrogenlimitation,temperateforests generally have
higher C/N ratios in litter and slower N mineralization rates than do tropical forests (Robertson
andTiedje, 1984;Jordan, 1985;Vitousek and Sanford, 1986;Vitousek andMatson, 1988).Fluxes
in temperate forests are much lower than those in most tropical environments, which may be
explained by lower N availability and less favorable moisture and temperature conditions.
Soil-water content is the balance of inputs from rainfall, leaching and capillary rise, and
consumption by plants. It has been shown to influence N 2 0 emissions from well-drained soils
(Mosier and Parton, 1985; Klemedtsson et al., 1988; Groffman and Tiedje, 1988). Aerobic
microbial activity increases with soil-water content until water displaces air and restricts oxygen
diffusion sothatmaximumrates of microbial respiration, nitrification and mineralization occur at
the highest water content at which soil aeration remains nonlimiting. This critical water content
is strongly dependent on soil texture. In general, microbial activity peaks at 60-80% of field
capacity(Linn andDoran, 1984),theamountofwaterheldatsoil-waterpotentials ofabout 10kPa
(10kPa =0.1 bars).Nitrification and associated N 2 0 production also show maximum activity at
60-80% of field capacity (Greaves and Carter, 1920; Davidson, 1991).
Optimum conditions for denitrification may occur at water contents from 80%to over 100%of
field capacity (Linn and Doran, 1984; Klemedtsson et al., 1988). There is, however, a clear
hystereticeffect wherebyrespiration anddenitrification ratesslowlydecreasemonotonicallyduring
thedryingphase (Groffman andTiedje, 1988).Soilsclosetosaturation show lowN 2 0 production
(Davidson, 1991) because N 2 0 diffusion may be limited (Sahrawat and Keeney, 1986;Keller et
al., 1986)resultingin agreaterfraction ofN 2 0reduced toN2.UptakeofN 2 0 from theatmosphere
by wet soils may occur under very wet conditions (Ryden, 1981, 1983;Letey et al., 1981;Smith
et al., 1983; Keller et al., 1986).
Wetting of dry soils causespulses in N mineralization, nitrification and N 2 0 fluxes (Denmead
et al., 1979; Letey et al., 1981;Mulvaney and Kurtz, 1984; Sextone et al., 1985; Mosier et al.,
1981, 1986;Parton et al., 1988;Vitousek et al., 1990).Letey et al. (1981) showed thatreleaseof
N 2 0 from thesoiltotheatmosphereisenhanced byalternatedrying andwetting of soilsalthough
peaks in N 2 0 production may decline with subsequent wetting events.
Overall denitrification activity is strongly stimulated at low oxygen pressures (Colbourn and
Harper, 1987;Firestone and Davidson, 1989) but associated N 2 0 fluxes are low under anaerobic
conditions (e.g., Terry et al., 1981;Davidson, 1991).Oxygen status of soils is controlled by the
interplay between water inputs, oxygen supply, and oxygen consumption. Soil-water content is
crucial as oxygen diffuses 104slower in water than in air (Nye and Tinker, 1977).
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Soil oxygen is consumed by root respiration and microbial activity. Oxygen consumption by
microorganisms is driven by the supply of carbon and, under dry conditions, by water as a
stimulator of metabolic activity. Denitrification is often found in "hot spots" created by
decomposing organic matter which generates anaerobic microsites (Dowdell and Smith, 1974;
Duxbury et al., 1982; Parkin, 1987; Schmidt et al., 1988).This phenomenon may explain some
of the high spatial variability of soil denitrification commonly observed (Ryden et al., 1978;
Rolstonetal., 1978;Breitenbeck etal., 1980;Bremneretal., 1980;Mosieretal, 1981; Folorunso
and Rolston, 1984; Colbourn et al., 1984; Goodroad and Keeney, 1985; Colbourn and Harper,
1987).
A strong relationship exists between soil texture and denitrification activity (Groffman and
Tiedje, 1989).Fine-textured soilshavemorecapillaryporeswithin aggregatesthandosandysoils,
thereby holding soil water more tightly. As a result, anaerobic conditions may be more easily
reached and maintained for longerperiods within aggregatesin fine-textured soilsthan incoarsetextured soils. Soil-drainage characteristics also influence denitrification activity (Colbourn and
Harper, 1987; Groffman and Tiedje, 1989) by affecting soil aeration.
Studies ontheeffect of temperature onN 2 0 fluxes show Qi„valuesof 5at 10°Cto 1.5 at 30°C
(Mosier and Parton, 1985),2.8 between 15° and 25°C (Denmead et al., 1979),2.28 between 10°
and 20°C, 1.99 from 20° to 30°C and 1.35 at 30° to 40°C (Blackmer et al., 1982). Temperature
maynotcontrol thereleaseofN 2 0 inecosystemswheresoilnitrogentemporarily accumulatesdue
to wet-dry cycles or freeze-thaw cycles (Anderson and Poth, 1989). Denitrification during early
spring and autumn in temperate climates may account for a significant portion of the annual N 2 0
released (Keeneyetal., 1979;Goodroad andKeeney, 1984a;Schmidtetal., 1988;Christensenand
Tiedje, 1990).
SoilpHalso hasamarked effect ontheproducts ofdenitrification. Denitrification ratesarelow
under acidconditions and morerapid under slightly alkalineconditions,buttheN 2 0 fraction may
be larger at low soil pH (Focht, 1974; Goodroad and Keeney, 1984b; Martikainen, 1985;Eaton
andPatriquin, 1989;Brumme andBeese, 1992),particularly withanadequatenitratesupply.This
is commonly attributed to the sensitivity of N 2 0 reductase to proton activity (Alexander, 1977).
Simply lowering soil pH does not always increase the N 2 0 ratio suggesting that the soil and its
resident organisms, rather than pH per se, determine the N 2 0 fraction (Ottow et al., 1985). This
may be due tothe observed apparent adaptation of strains of denitrifiers tolow pH (Parkin et al.,
1985).
2.3. MODEL DESCRIPTION
Thefollowing parameterswereselected ascontrolvariablesintheN 2 0model:(1)inputoforganic
matter (CARBON); (2) soil fertility (FERT); (3) temperature effect on organic matter
decomposition and nitrogen mineralization (SOD); (4) soil-water availability affecting
decomposition, mineralization and nitrification (H20); and (5) soil-oxygen limitation affecting
denitrification (02).
We assume that organic matter input is proportional to litter amount which in turn is
proportional to net primary productivity of the vegetation. The mobilization rate of nitrogen in
organic matter is proportional to the rate of decomposition and mineralization as determined by
soil temperature, soil moisture and soil fertility. We recognize that composition of the organic
material is also an important determinant of decomposition rate. However, there is no global
dataset or proxy dataset for lignin content or C/N ratios in litter, and so we have not included
these controls explicitly. As C/Nratio may be related to temperature (Post et al., 1985) and soil
fertility (Vitousek and Sanford, 1986),theireffect ondecomposition andmineralization ratesmay
be indirectly captured by temperature (SOD) and fertility (FERT) factors.
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Plate 3.Distribution of soil characteristics derived from thesoil database.Texture class (upperpanel) determines the
soil storage capacity (SSC; middle panel). Refer to Table 2 for descriptions of numbered texture classes and soil
storage capacity. Drainage indices (lower panel) for soil units are listed in Table 1.

Emission ofN20 front soils under natural vegetation

Plate 4. Distribution of annual sums of monthly indices for soil organic matter decomposition for the reference case
(SOD1; upper panel), soil-water availability (H20; middle panel) and soil-oxygen limitation (02; lower panel).

19

20

Global inventory of emissions of nitrous oxide

SoilpH has also been identified as aregulator for N 2 0 production. Because globaldata on soil
pH is lacking, this soil property is not included as a separate factor in this study. Instead, we
assume that soil pH and soil fertility are closely related and hence complementary.
A central part of the model is a description of soil-water regulation of nitrification /
denitrification. Weuseabucketmodelofwaterbalance,whichincludesvariationsinsoildrainage
and topsoil texture and determines monthly water status of the topsoil. If the soil-water status is
high, there is high water availability and low oxygen availability - conditions favorable for
denitrification. The model is described below and illustrated schematically in Figure 1.Three of
the five regulators vary monthly: SOD,H20 and 02. The remaining two, FERT and CARBON,
are constant through the year.
Becauseofthelackof quantitativerelationships between N 2 0 fluxes andthevariouscontrolling
parameters for soil types on a global scale, our strategy was to first translate ideas about relative
importance into ranked nondimensional indices. The indices range from 0 to 10 or from 1to 5,
with high numbers signifying importance for N 2 0 production. Such translations may be
straightforward for numeric data such as temperature. For control factors such as soil fertility, a
subjective ranking of soil units was carried out. The suite of control indices were then combined
to form indices for N 2 0 fluxes.
Thefocus of themodelrequiresdatawhich areglobalindomain and which spanatleast ayear.
Thefinest spatialresolution oftheprimarydata setsusedis 1°latitudeby 1°longitude,about 110
kmx 110kmattheequator.For thesereasons,themodelcannotresolveepisodic effluxes of N 2 0
after rainstorms, localized "hot spots" and high spring and autumn emissions in temperate
ecosystems which are often reported. The importance of such high-frequency, local events in the
global budget has not been established.
Theprimary gridded data bases on climate, soiltype, soiltexture,and vegetation arediscussed
in the appendix. The global distribution of soil groups is shown in Plate 1.
- Input of organicmatter (CARBON).Under natural conditions, litterfall and root decay are the
major sources of carbon and nitrogen to the soil. Most ecosystems have abundant surface litter
throughout the year. Therefore the seasonal variation of C and N mobilization in the litter is
governed more by decomposition ratesrather than by seasonal variations in litterfall. We assume
that the geographic pattern of annual litterfall is the same as that of annual net primary
productivity (NPP). NPP is the result of soil and environmental conditions, and for many
temperate ecosystems also the result of nitrogen availability. Hence NPP may only be correlated
indirectly to nitrogen.
The satellite-derived normalized difference vegetation index (NDVI; see appendix) has been
shown tobeagoodcorrelatefor NPP (Gowardetal., 1986;Boxetal., 1989).Theannualintegral
of the NDVI, rather than monthly NDVI values, is used because litterfall is asynchronous with
productivity and with nitrogen mineralization and nitrogen may be immobilized in microbial
biomass before it is liberated.
Monthly NDVI composites for 1984 are gridded at 1°resolution for the globe,and summed to
producetheannualintegral.MonthlyNDVIvaluesrangefrom -0.1to0.5,andannualtotalsrange
from -0.1to4.0.Forconsistency withotherfactors used inthestudy,theNDVItotalsarerescaled
torangefrom 0to 10,for theindex CARBON (Plate2).Useof theNDVIcaptures the variability
of NPP at the same resolution as that of the soil data.
- Soilfertility (FERT). In this study, soil fertility is the inherent capability of soil material to
supply nutrients to plantroots (see Sanchez, 1976;Brady, 1976).This definition excludes soil N
availability which is a combined result of vegetation, climate, and soil. With this definition,
mineralization ofnitrogen isindirectly determined by thecombination of CARBON, FERT,SOD
and H20.
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Figure1.SchematicdiagramofthemodelofN20production.Doubleborderedboxesdenote
nondimensional indices.
Soil characteristics important for inherent fertility are soil pH, cation exchange capacity, base
saturation, and amounts of weatherable minerals; in some cases P fixation also plays a role.The
scale for soil fertility is adapted from Food and Agriculture Organization (FAO) (1981) for the
major FAO/Unesco soilgroups (Table 1);indicesfor someindividualsoilunitswithingroupsvary
due to their diagnostic horizons or properties. For example,Nitosols (Table 1,soil group 12)are
highly fertile soils common to the tropics.Within the group of Nitosols, the dystric Nitosols are
assigned a lower index because their base saturation is less than 49% of the cation exchange
capacity (FAO/Unesco, 1974-1981).In general, leached soils in wet climates have lower fertility
than soils with a less pronounced downward flow of water over the year. Ferralsols (soil group
13) are strongly leached soils with variable charge characteristics, dominated by kaolinite and
hydrated oxides of alumina and iron; their fertility is low due to low cation exchange capacity,
the presence of alumina at the exchange complex, low content of weatherable minerals and
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phosphorous fixation. Podzols (soil group 2) are also infertile, generally because of low cation
exchange capacity, low content of weatherable minerals and alumina saturation.
The global distribution of soil fertility index (FERT) is shown in Plate 2. Globally, soils are
characterized predominantly bymoderately lowfertility: soilscovering slightly morethan half the
ice-free land area have fertility indices of two. About one quarter of the land is of intermediate
fertility, while the other fertility classes account for <10% each.
- Temperatureeffect on rate of soilorganicmatterdecomposition andN mineralization (SOD).
Rates of decomposition and nitrogen mineralization are regulated by a number of soil factors
including temperature, moisture, fertility, and texture. All these factors, except soil temperature,
arerepresented in thefactors H20 and FERT.Lacking aglobal data set on soil temperatures,we
use monthly climatologies of surface air temperature (Shea, 1986); this might introduce timing
errors of upto 1-2 months particularly in middle to high latitudes. In this study, we investigated
three temperature dependencies for SOD.The three SOD functions are shown in Figure 2.
Thefirst (SOD1)isanexponentialfunction obtainedfor semiaridgrasslands(MosierandParton,
1985; Parton et al., 1988) describing the temperature effect on N 2 0 fluxes: SOD1 = 10 at T =
50"C, and SOD1 = 0 for T < 0°C, with a rapid increase between 10° and 30°C. The second
equation (SOD2) is a quadratic function adapted from Parton et al. (1987) describing
decomposition of soil organic matter ingrasslands. Theoptimum (SOD2= 10)isatT=33°C.To
avoid negative values, SOD2 is set to zero at T < 0°C and at T > 49°C. The third relationship
(SOD3) is a set of linear functions for four broad ecosystem groups: broadleaf vegetation,
needleleaf vegetation, grassland, and tropical vegetation. The functions are derived from
observations of C0 2 evolution from soils and mean monthly temperature (Fung et al., 1987):
SOD3= 10atT = 50°C.The different slopes of the four functions reflect thedifferences in litter
composition for the broad biome groups. For comparable temperature ranges, grassland, with a
highfraction ofeasilydecomposable detritalmaterial,hasafaster relativedecomposition ratethan
that of needleleaf woody vegetation.
Differences between theSOD1andSOD2functions areminor:themostmarkeddifferences are
expected in temperate climates with mild winters. At temperatures between 0° and 10°C, SOD2
yields thelowestvalues;inthat temperaturerange,SOD3givesmuch highervalues thantheother
functions. The three functions give similar results for the tropics. The SOD1 equation yields the
best correlation with the measurement data (see Section 4.4). For that reason, SOD1 was chosen
as the reference case. The global distribution of SOD1 is shown in Plate 4 (annual total of the
monthly values).
-Soilwaterandsoiloxygen.Akey todetermining moistureconditionsfor decomposition and for
distinguishing the pathways of nitrification versus denitrification is the degree of saturation and
aerobicity ofthe soilwhich aredetermined bythe soil watercontent (SWC) anditsrelation tothe
maximumamountofwaterheld inthesoil(soil water storagecapacity, SSC),andbysoildrainage
properties. Topsoils are the primary sites for N 2 0 production since maximum microbial activity
andthemostintensiverooting occurinthissoillayer.Nitrification maydominateintheupper few
millimeters (Seiler and Conrad, 1981) while denitrification may dominate below, particularly
during periods of high water content (Goodroad and Keeney, 1985).
Therefore, we consider the topsoil, i.e. upper 30 cm of soil, as the zone of N 2 0 production.
Some physical properties in zones below 30 cm, that influence water and air movement in the
topsoil, are included in the soil drainage characteristics.
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Figure 2. Index of the rates of soil organic matter decomposition and N mineralization (SOD) as
a function of temperature. SOD1 (reference) is taken from Mosier and Parton (1985) and Parton
et al. (1988); SOD2 from Parton et al. (1987); SOD3 from Fung et al. (1987).

-Soilwaterstoragecapacity(SSC).Soil water storagecapacity isthe maximum amount of water
held inthe upper 30cm of the soil atfield capacity (soil water potential of 10kPa =0.1bar),i.e.
when internal drainage and redistribution have ceased. In reality, redistribution of water after
wetting is continuous and the field capacity is reached after prolonged periods if at all.
Nevertheless, for the scale and purpose of this study, the above definition of SSC is appropriate.
SSC values are listed in Table 2. For most soils, water storage capacity is derived from soil
texture based onaverage soilphysical characteristics of major textureclasses (Euroconsult, 1989;
Landon, 1984).Theglobaldistributions of soil texture and SSCare shown in Plate 3.For several
soilswithspecialphysicalpropertiesinfluencingfieldcapacity,alternativewaterstoragecapacities
areassigned regardless of soil texture.Thesearediscussed in somedetail, sincethesoilsinvolved
cover about 30% of the ice-free land surface of the Earth.
Vertisols(Table 1)arecrackingclaysoilsdominated bymontmorillonitic clayswithswell-shrink
properties. Their water storage capacity may be lower than expected on the basis of their clay
contentbecause itisusuallydifficult towetthese soils.After theinitialrain,infiltration ratesmay
decrease as the clay swells and closes the cracks (see Blokhuis, 1991). On the basis of these
characteristics, Vertisols are assigned a low storage capacity similar to coarse- and mediumtextured soils.Inaddition,soilunitswithverticpropertiesareassigned SSCvaluessimilartothose
of medium-textured soils.
Because particle size distributions of Andosols and Ferralsols are not easily determined
(Dijkerman, 1991),texture information from the FAO/Unesco maps may be less reliable than for
other soil groups. In Ferralsols, positively charged hydrated oxides and negatively charged
kaolinite form stable aggregates with many biopores resulting in water retention characteristics
similar to those of sands or medium-textured soils, although some Ferralsols are fine-textured.
Ferralsolsareassigned awater-storagecapacity of 80mm,equaltothatof medium-textured soils.
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Table 2. Soil water storage capacity (SSC) of the upper 30cm
Texture
Class
1
2
6
3
3
3
4
5

Soil Texture
coarse
coarse/medium
organic
coarse/fine
coarse/medium/fine
medium
medium/fine
fine
Soil Type §
Rendzinas
Lithosols
Rankers
Vertisols
vertic Cambisols
Ferralsols
vertic Luvisols
Andosols

ssct

5*
yt
(mm) (no dim) (no dim)
40
60
60
80
80
80
100
120

15
9
18
9
9
9
9
6

0
0
0
0
0
0
0.1
0.1

8*
It
(mm) (no dim) (no dim)

ssct
15
15
15
60
80
80
80
120

15
15
15
6
9
9
9
9

0
0
0
0.1
0.1
0
0.1
0

t SSC is shown for major texture classes (Zobler, 1986)
and for some soil types (FAO/Unesco, 1974-1981) with
limited soil depth or clay minerals having specific soilmoisture retention characteristics. Based on Landon (1984)
and Euroconsult (1989).
% y and 5 are used in Equation (2) in the computation of
transpiration and soil evaporation from the soil- water
content; 8 expresses the intercept of the soil- water
extraction curve ß.
§ A full list of soil units and their fertility and drainage
indices is presented in Table 1.

Andosols are soils formed in volcanic ash, commonly with high aggregate stability. Water
availability in Andosols is generally not lower, and is often higher, than in other mineral soil
materials (VanReeuwijk, 1991),which may not bereflected bytheir texture.Therefore Andosols
are assigned a topsoil storage capacity of 120mm, equal to SSC values for fine textures.
Leptosols, shallow soils with a depth of ~10 cm or less, are assigned a low storage capacity of
15mm since their shallowness is assumed to exert primary influence on water storage.
- Soil water budget model. The monthly change in soil moisture is the difference between the
supply, anddemand of moistureatthe surface. Supply is governed mainly byprecipitation, while
demand is governed by evaporation from soils and transpiration byplants.
Several soil moisture models are used in general circulation models, ranging from the simple
bucket model of Manabe (1969), where SSC is uniformly 15cm, to the simple biosphere model
(SiB)of Sellersetal.(1986)andthecomplex biosphere-atmosphere scheme(BATS)ofDickinson
et al. (1986) which take into account differential effects of biomes on soil-water balance. The
recent models distinguish soil evaporation from plant evaporation and transpiration, as well as
model explicitly vertical profiles of soil moisture. We note that in a bucket model where supply
and demand are independent of soil moisture itself, the solution to the soil moisture equation is
not uniquely determined; it is dependent on the initial soil water content assumed unless SWC=
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0 or SWC = SSC (runoff) sometime during the year.
We employed a simple soil-moisture model whose solution does not depend on an arbitrarily
chosen initialcondition. Weadapted theMintz and Serafini (1981)modelfor calculating monthly
soil-water content. In this model, net supply is the difference between monthly precipitation (Pm)
and evaporation from wetcanopies (EI,,,),whiledemand isthesum of transpiration through plants
and evaporation from soils (ETSm).
SWCm = SWCV, + (Pm - E U - ETSm

(1)

Potential évapotranspiration (PEm), maximum moisture demand by the atmosphere, is calculated
from the surface air temperature according to Thornthwaite (1948). Mean monthly surface air
temperatures (Tm) and precipitation (Pm) are obtained from Shea (1986). Three moisture regimes
are considered, depending on the relation between precipitation and potential évapotranspiration:
Pffl = 0
Pm < PEm
Pm > PEm

EI. = 0
ETSm = PEm x ßm x a
E ^ = Pm
ETSm = (PEm - P J x ßm x a
E ^ = PEm
ETSm = 0

(2)

where: a = 0.4 and
ßm = 1-e-TrtßWC«., + (P m -EIJ/2)/SSC-S]
The coefficient a expresses the ratio of the amount of water extracted from the topsoil to that
extracted from the full rooting zone. The function ß describes maximum water extraction as a
function of soil water content and soil characteristics. It is calculated for 50% of the monthly
addition, (Pm -El^/2, to arrive atthe mean monthly water extraction. Itsparameter ydepends on
topsoiltextureandmineralogy, while8representsthewaterunavailable toplants,i.e.theintercept
of the water extraction curve ß. The values of 8 and y(Table 2) are based on Hillel (1980).For
clays,y= 6, resulting in a strong decrease in water extraction below SWC/SSC about 50%.Due
tothe selected value of 8for clays,water extraction at SWC/SSC < 10%isreduced. In sandsand
medium-textured soils, ß sharply decreases at values of SWC/SSC of about 40% and 20%,
respectively. Because SWC is a function of ß, the monthly equilibrium SWC is achieved
independently of the initial water content at the start of the simulation.
- Effects of Soil Drainage (DRNG). In the calculation of soil-water content above, drainage
properties are not considered. Drainage is a soil property that determines the removal of excess
water from the soil,andis anindicator of soil aeration. Soildrainage indices areused to estimate
soil-water status and are prescribed for soil units on the basis of several soil properties including
thepresence of impermeable and lesspermeable horizons (Table 1).Theglobaldistribution ofthe
drainage index (DRNG) is shown in Plate 3. We recognize that the soil data base may not
represent the local spatial variations in drainage (see appendix), particularly for small areas of
hydromorphic soils which may be important for N 2 0 fluxes.
Very poorly drained soils (DRNG = 5) include those soil groups strongly influenced by
groundwater such as the Gleysols and Histosols, as well as soils with permafrost within 200 cm
of the soil surface (gelic soil units). Soils with somewhat impeded drainage and moderately
restricted aeration (DRNG =4) include gleyic Solonetz and soils with plinthite;plinthic Acrisols
and plinthic Ferralsols are wet tropical soils, usually with fluctuating water tables, and withfirm
plinthic subsurface layers within 50-125 cm of the surface that are iron-rich and humus-poor.
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Gleyic Solonetz are compact soils with hydromorphic properties and clay in the subsoil. The
intermediate class (DRNG=3) indicates impeded drainage and restricted aeration; it encompasses
gleyic soil units (in which only the subsoil is influenced by groundwater or with a seasonally
perched water table within the profile), Planosols (a slowly permeable subsoil), Vertisols (soils
with swell/shrinkage properties and montmorillonitic clays dominating the clay fraction) and the
nongleyic Solonetz (compact alkaline soils with anatric horizon). About 20%of theland surface,
with a drainage index of 2, comprises soils with an increase in clay content in the subsoil (argic
horizon),(FAO/Unesco, 1988).Waterstagnationandanaerobicconditionsmayoccurinthesesoils
during periods of high precipitation. About two thirds of the land lacks the above properties and
is considered freely drained (DRNG=1). The effects of drainage on soil oxygen limitation and
water availability are difficult to quantify. The drainage indices are used to estimate soil water
status.
- Soil-WaterStatus (SWS). Soil-water status of the topsoil is scaled on the basis of soil-water
content and drainage as shown in Table 3.Although it is difficult to combine drainage and soilwater status at their intermediate values in the index, we note several points: (1) distinguishing
saturation levels <20% is not important; (2) we increase the SWS scale linearly up to the
saturation; (3) we fill in the rest of the table by assuming that N 2 0 production likely asymptotes
at high saturation and poor drainage. While it is clear that the highest SWS rank of 10should be
assigned toapoorlydrained soilwhenthemonthly soil-watercontentapproaches storagecapacity,
the SWSscale issomewhat arbitrary.Itrepresents afirst attemptatquantifying our understanding
of the effects of soil drainage characteristics on soil oxygen and soil moisture.
-Effectsofwaterstatusandoxygenstatusondecomposition, nitrificationanddenitrification. Two
factors arederived todescribe theseeffects: water availability (H20) and oxygen limitation (02).
H20 describes the influence of soil water on decomposition, mineralization and nitrification
processes.Ingeneral,watercontentsof 60-80%offield capacity arefavorable for theseprocesses
whilenearly saturated andanaerobic soilshavelowH20values(LinnandDoran, 1984;Davidson,
1991). H20 (Table 4) is based on the soil-water status of the previous and current months.
Wetting of dry soils is assumed to be more favorable, and drying soils less favorable, than are
conditions of constant water content (Groffman and Tiedje, 1988).
Although wedo not attempt to simulatethereported pulses inN 2 0 production after the wetting
of dry soils,wehypothesize thatpulses of N 2 0 attheonset of awet season give ahigher average
monthly N 2 0 flux than in wet months preceded by moist conditions.
The regulator 02 expresses effects of soil-oxygen status on denitrification. It is obtained from
the soil-water status of the previous and current months (Table 5) and includes the effect of
wetting and drying of soils.Oxygen limitation at soil-water contents of 60-80%istreated asmost
favorable for N 2 0 production by nitrification while denitrification is more prominent at water
contents of >80%. In general, high levels of wetness result in greater oxygen limitation; wetting
of dry soils is assigned higher 02 indices than constantly wet or moist soils.The information in
H20 and 02 is very similar at SWC values between 7 and 9. Under saturated conditions, low
H20 counteracts high 02 values reflecting the simultaneous occurrence of conditions favorable
for denitrification (02), and unfavorable for NH4+ oxidation by nitrification. In one sensitivity
experiment, only thecurrent month determines H20 and 02; in that case the H20 and 02 scales
arethediagonalsinTables4and5,respectively. Annual sumsof monthlyH20 and02 areshown
in Plate 4.
- N20 production (N20). The controls on N 2 0 fluxes identified above are combined to yield
monthly nondimensional N 2 0 indices at 1°resolution for the globe. We recognize that the five
factors chosen arenotindependent.Inparticular, CARBON, scaledfrom theannualintegralofthe
NDVI, captures geographic variations in temperature, soil moisture, and soil fertility.
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Table 3. Scaled soil-water status (SWS) as a function of soil
drainage (DRNG; see Table 1) and modeled soil-water
content/soil-water storage capacity (SWC/SSC; see Table 2)
SWC/SSC,

Drainage Scale (DRNG)

%

1
2
3
4
5
6
7
8
9
10

0-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100
surplus
(>100%)

1

2

3

4

5

1
2
3
4
5
6
6
7
7
8

1
2
3
4
5
6
7
7
8
9

1
2
3
4
5
6
7
8
9
10

1
2
4
5
6
7
8
9
10
10

2
3
5
7
8
9
9
10
10
10

Table 4. Scaled soil water availability (H20) for the
reference case and experiments 1-5 and 7.
5WS in Current Month
SWS in
Preceding
Month 1

2

3

4

5

6

7

8

1
2
3
4
5
6
7
8
9
10

2
1
1
1
1
1
1
1
1
1

4
3
2
2
2
2
2
2
2
2

6
5
4
4
4
4
4
4
3
3

9
8
7
7
6
6
6
5
4
4

10
9
8
8
7
7
7
6
6
5

10
10
9
8
7
7
7
6
6
6

10
10
10
8
7
6
6
5
4
4

1
I

9 10
6
6
5
4
3
2
2
2
2
2

1
1
1
1
1
1
1
1
1
1

H20 is a function of soil-water status (SWS, see Table 3)
of the current month and of the preceding month. The H20
scale corresponding to SWS in the current month only, used
in experiment 6, is given by the underlined numbers on the
diagonal of the table (see Table 5).

There are many ways to combine the factors. Lacking information about relative importance, we
assume that all five controlling factors are of equal importance, i.e. the maximum fertility factor
has the same effect as the maximum oxygen limitation factor as far as N 2 0 production is
concerned. Hence, although FERTis scaled from 1to 5 because of our inability to discriminate
further, FERT is multiplied by two (FERT*) to normalize to the other factors.
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Table 5. Scaled oxygen limitation (02) for the reference case
and experiments 1-5 and 7.
SWS in Current Month
SWS in
Preceding I
Month
1
2
3
4
5
6
7
8
9
10

[

2

3

4

5

6

7

8

9

10

1

1
1
1
1
1
1
1
1
1
1

4
4
3
3
2
1
1
1
1
1

6
6
5
4
3
2
2
2
2
2

8
8
7
6
5
4
3
3
3
3

10
10
9
8
7
6
5
4
4
4

10
10
10
9
8
7
6
5
5
5

10
10
10
10
9
8
7
6
6
6

10
10
10
10
10
9
8
7
7
7

i

1
1
1
1

[
[

1
1

1
1

1
1

0 2 is a function of the soil-water status (SWS, see Table 3)
of the current month and of the preceding month. The 0 2
scale used in experiment 6, which is a function of SWS in
the current month only, is given by the underlined numbers
on the diagonal of the table.

We model the nondimensional monthly N 2 0 production as the geometric mean of the five
controlling factors. In this way, a low value for one of the factors automatically lowers the N 2 0
production index.For example,values of 1 and 9for twofactors aregiven less weight than 5and
5, which yields the same arithmetic mean.
It isdifficult torank the above regulators apriori sincethe influences of theseregulators varies
amonghabitats(Tiedje, 1988).Therefore themonthlynondimensional N 2 0production index,N20
is calculated for the reference case as:
N20 = (02 x H20 x SOD x FERT* x CARBON) " 5
where N20, 02, H20, and SOD are indices calculated monthly, and FERT* and CARBON are
site characteristics constant for every month. Under conditions where soil processes are inactive
(months in which mean surface temperatures < 0°C), N20 is set to zero. N20 is also set to zero
for monthsinwhich themonthlyprecipitation <5.0 mmandthe soil-water contentis< 1%.When
thereisrainfall (P>0)and the water budgetequationpredicts adry soilattheend of thatmonth
(SWC = 0), the soil has not been dry throughout the month. In that case the indices for 02 and
H20 are low, giving low N20.
2.4. RESULTS AND DISCUSSION
The model wasrun globally at 1°resolution for 12months. Model results for thereference case
are discussed in section 4.1;sensitivity experiments analyzing therelative importance of the five
factors arediscussed in 4.2, and results for selected sites aredescribed in section 4.3.Results are
compared with measurements in section 4.4 and used to estimate a global flux in section 4.5.

(3)
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2.4.1. GlobalResultsfor theReferenceCase
The mean annual sum of N20 and its standard deviation (expressed as percentage of the mean)
is presented for the reference case and the experiments for the 23 soil groups (Table 6). The
standard deviation reflects the variation in annual sums over the areal extent of each soil group.
Note that the SOD1 function is used in all cases. The results for the soil groups are presented
separately for the tropics (Table 6a; within 30° of the equator) and the extratropics (Table 6b;
poleward of30°latitude).Theannual sumofmonthly N 2 0 indicesfor thereference caseisshown
in Plate 5; the latitudinal and seasonal distribution of N20 is shown in Figure 3. Since the index
can range from 0 to 10 in any month, the potential annual maximum is 120, although the actual
maximum is84.Theresultsfor thereference casesuggestthatthewettropicsand subtropicshave
the highest levels of N 2 0 production. Mediterranean regions have intermediate values and soils
in cold temperate and boreal regions, as well as deserts, have the lowest potential for N 2 0
production.
The most important soil group, in terms of areal extent and nitrous oxide production, is the
Ferralsols (Table 1, group 13;Table 6a, group 13A). Because of their occurrence in somewhat
drier climates, Acrisols (group 11) show slightly lower N20 than do Ferralsols, while the fertile
Nitosols (group 12) have higher values than Ferralsols. The extensive subtropical and tropical
Luvisols (Table 6a,group 5A) also exhibit high N 2 0 potential. Other soils with high N20 levels,
butoccupyingminorareas,aretropical Podzols (group2A),Vertisols(group 16),Andosols(group
17),Fluvisols (group 19)and Gleysols (group 20).The subtropical Phaeozems and Kastanozems
(groups 7A and 9A, respectively), occurring mainly in South America, exhibit high N 2 0 indices
but their global effect is moderated by their small areas.Their temperate counterparts (Table 6b,
groups 7B and 9B) show much lower N20 levels. Another soil group of significant area is the
shallowLeptosols (group21).ThemodelpredictsthattemperateLeptosols,whencovered bytheir
naturalforest vegetation,haveverylowN 2 0production,whiletropicalLeptosolsareintermediate.
About 15%of the Earth's ice-free land area is covered by desert soils (group 14) which have
low potential for N 2 0 production mainly due to precipitation limitation. Tropical organic soils
(group 23) show much higher N20 values than their temperate counterparts.
Generally where N20 is low, percent standard deviations are high, although the absolute
standard deviation may be low. The low annual N20 values of temperate areas have higher
percent standard deviations than do the tropics even when occupied by the same soil. Highest
standard deviations are found in both tropical and temperate extents of groups 14 (desert soils),
15(saline and alkaline soils), 18(sand soils),21 (shallow soils),and 22(weakly developed soils),
(Table 1,Plate 1).Percent standarddeviationsaresmallfor thetemperateandtropical distributions
of Vertisols (group 16).
Temporalvariability (notshowninTable6)isexpectedly highfor temperate soilgroupsbecause
ofeffects from seasonaltemperature andmoistureregimes.Veryhighintra-annualvariabilitiesare
also found for soils in semiarid and arid climates (soil groups 14-15) in both the tropics and
temperate zonespresumably duetoprecipitationfluctuations. N 2 0 indicesvaryseasonallyfor soils
conditioned by parent material (groups 16-18) and for soils conditioned by their physiographic
position (groups 19-22) but this variability is probably induced by the occurrence of these soils
over a broad climatic range. Tropical and subtropical soils of wet climates (groups 11-13), show
muted variations in N20 during the year.
Figure 3showsthe seasonality ofN 2 0 potential modeled in this study.Expectedly, the seasonal
variation is greatest for temperate climates of the northern hemisphere; the seasonal variation in
temperate climates of the southern hemisphere is about half that in the north. Tropical soils are
active nitrous oxide sources throughout most of the year. Moreover, monthly N20 values are
higher for most of the tropics than for temperate climates; annual N20 sums can be a factor 3-4
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Table6a.Mean and standard deviation'ofmodeledN20 by soilgroupinthetropicsand subtropics
for the reference case and seven sensitivity experiments
Soil
Group

2A
3A
5A
7A
9A

10A
IIA
12A
13A
14A
15A
16A
17A
18A
19A
20A
21A
22A
23A

Area
106ha

15
95

546
15
75

290
736
204
1113
1008

84

281
49

696
132
162
752
330
39

REF

El

E2

E3

E4

E5

E6

E7

50

48

49

52

52

61

50

60

(19)

(21)

(21)

(25)

(22)

(20)

(20)

(33)

38

35

33

39

41

45

38

69

(28)

(34)

(29)

(30)

(28)

(29)

(28)

(34)

44

41

43

38

49

44

43

54

(26)

(33)

(25)

(32)

(25)

(26)

(27)

(43)

53

56

51

45

56

48

53

73

(21)

(30)

(19)

(28)

(17)

(28)

(22)

(33)

39

38

36

31

48

31

38

60

(35)

(43)

(36)

(44)

(30)

(38)

(36)

(42)

53

53

53

49

58

50

53

61

(25)

(29)

(25)

(30)

(22)

(28)

(26)

(37)

52

52

50

50

54

56

52

74

(15)

(18)

(16)

(18)

(17)

(17)

(15)

(25)

58

56

57

52

64

52

57

66

(18)

(23)

(16)

(22)

(16)

(17)

(19)

(29)

56

52

51

60

59

58

56

82

(16)

(16)

(16)

(16)

(15)

(13)

(17)

(18)

12

10

12

10

14

14

12

11

(87)

(105)

(86)

(93)

(90)

(80)

(86)

(134)

24

19

25

25

25

29

24

26

(41)

(59)

(35)

(46)

(39)

(53)

(41)

(87)

39

36

42

35

41

36

37

35

(19)

(21)

(16)

(22)

(18)

(28)

(19)

(52)

53

54

53

46

59

48

53

59

(29)

(3D

(30)

(36)

(27)

(33)

(29)

(29)

25

22

24

27

28

31

25

34

(50)

(60)

(45)

(60)

(46)

(47)

(50)

(77)

48

47

49

43

52

45

47

51

(39)

(44)

(38)

(44)

(37)

(43)

(40)

(49)

45

42

44

43

45

55

45

64

(21)

(22)

(20)

(24)

(21)

(22)

(21)

(38)

23

21

21

21

24

26

22

27

(78)

(89)

(76)

(86)

(78)

(74)

(78)

(106)

18

15

19

17

21

22

18

(65)

(75)

(58)

(71)

(62)

(59)

(64)

16
(107)

43

38

39

45

38

66

43

64

(17)

(16)

(17)

(17)

(21)

(16)

(17)

(33)

f Standard deviations are in parentheses, an(
index of each soil group for each experiment.

higher in the tropics than in temperate zones. These broad-scale patterns from a simple model
agree with variations in decomposition rates and amounts of carbon and nitrogen cycling through
soils in tropical and temperate climates (Jenkinson and Ayanaba, 1977; Vitousek, 1984).
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Table 6b. Like Table 6a, but for temperate and subpolar latitudes
Soil
Group

IB

Area
106ha

674

REF

3
(106)

2B
3B
4B
5B
6B
7B
8B
9B

10B
IIB
12B

478
46

251
404
27

138
225
417
468
166

5

14B
15B
16B
17B
18B
19B
20B
21B
22B
23B

3
868
148
33
62
25

114
250
1521

117
133

9
(42)

E2

3
(106)

E3

2
(117)

E4

3
(102)

E5

3
(99)

E6

3
(106)

E7

7
(61)

10

25

9

9

10

12

10

22

(64)

(45)

(72)

(79)

(62)

(62)

(62)

(60)

29

36

26

30

29

35

29

57

(29)

(24)

(26)

(33)

(26)

(3D

(29)

(36)

10

21

10

9

11

10

11

21

(32)

(28)

(33)

(36)

(33)

(30)

(33)

(33)

22

37

21

19

24

20

23

40

(48)

(35)

(47)

(49)

(45)

(44)

(45)

(45)

11

22

11

10

13

11

12

23

(24)

(18)

(23)

(23)

(19)

(22)

(25)

(20)

31

48

30

25

34

27

32

52

(48)

(33)

(44)

(53)

(42)

(48)

(46)

(43)

15

25

16

11

17

13

15

21

(23)

(29)

(22)

(24)

(20)

(23)

(24)

(30)

15

25

17

11

18

14

16

21

(43)

(46)

(35)

(47)

(42)

(35)

(42)

(69)

21

38

21

18

23

19

22

36

(63)

(52)

(62)

(69)

(62)

(58)

(62)

(62)

36

54

32

34

37

36

36

72

(27)

(13)

(29)

(30)

(26)

(32)

(27)

(20)

52

45

47

53

44

52

79

(26)

(26)

(26)

(29)

(22)

(23)

49

66
(9)
56

43

48

46

50

76

(12)

(10)

(14)

(16)

(15)

(11)

(18)

16

15

15

(43)

(45)

(75)

(23)

13B

El

15

19

16

12

48
(8)
16

(46)

(54)

(48)

(57)

(49)

16

19

17

16

16

16

16

19

(58)

(56)

(52)

(64)

(52)

(71)

(58)

(102)

38

45

37

34

37

37

37

54

(22)

(16)

(18)

(26)

(18)

(30)

(23)

(45)

23

50

23

20

24

20

24

43

(65)

(34)

(62)

(70)

(63)

(67)

(65)

(62)

18

25

18

17

19

21

19

25

(55)

(39)

(51)

(63)

(57)

(48)

(51)

(74)

16

25

16

12

17

14

15

21

(82)

(67)

(79)

(93)

(79)

(73)

(80)

(86)

14

24

13

11

13

14

14

24

(77)

(58)

(83)

(88)

(72)

(85)

(76)

(77)

9

18

8

(86)

(67)

(92)

7
(101)

9

11

9

16

(81)

(78)

(86)

(83)

18

27

18

15

20

18

18

24

(50)

(40)

(50)

(58)

(48)

(45)

(48)

(58)

7

15

7

7

7

9

7

17

(58)

(42)

(61)

(60)

(51)

(56)

(58)

(48)
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Figure 3. Seasonal and latitudinal distribution of the N 2 0 production potential (N20). The zonal means
are calculated over land areas.

2.4.2. Sensitivity Experiments
Characteristics of the sensitivity experiments are briefly described in Table 7. Annual N 2 0
production potential for the sensitivity experiments are shown in Table 6.
- Experiment1 ( - SOD). In temperate climates, this experiment yields much higher values for
annual N20 than those of the reference case by removing temperature limitations in autumn,
winter and spring (Table 6b). In the tropics, the experiment gives somewhat lower N20 values
(e.g., Table 6a, soil groups 12A and 13A) than the reference case. The role of SOD is also
expressed by differences in the variability between the reference case and experiment 1. The
spatial variability asexpressed by thepercent standard deviation decreases considerably for most
extratropical soils when SODisexcluded (except for the semiarid Kastanozemsand desert soilsTable 6b, groups 9B and 14B,respectively). For most tropical soil groups,the percent standard
deviation is higher in experiment 1than in the reference case.
- Experiment 2 ( - CARBON).For nearly all tropical and temperate soils, this experiment yields
N20 values lower than those of the reference case. Results differ from the reference case most
markedly in the wet tropics and subtropics, particularly for the Ferralsols (group 13). Over the
distribution of these soils, exclusion of CARBON causes an average decline of 5 in the annual
mean N 2 0potential.InthisexperimenthigherN20 valuesarecalculated for temperate soilgroups
8B and 9B (steppe soils), 14B and 15B (desert soils) and for some minor tropical soil groups
(15A, 16A, and 22A). The effect of excluding CARBON is minor in semiarid, arid, and steppe
areas because other factors limit N 2 0 production. In the desert sojls (group 14) and temperate
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steppe soils,N20 is low in both thereference case and experiment 2dueto moisture limitations.
Theresultsofexperiments 1 and 2indicatethat SODandCARBON aredrivingN 2 0 production
in wetand moisttropics.Inputof organic matterplays alessimportantroleintemperateclimates,
because the annual N20 is primarily determined by low temperatures in winter; and in dry
climates,where soilmoisture isthemajor regulator.Theseobservations agreewiththe suggestion
that carbon nowhere really prevents denitrification (Tiedje, 1988).
Excluding CARBONdecreasesthespatialvariability formosttemperate andtropical soilgroups
conditioned bytheirparentmaterial (soil groups 15-18),buthasnomajor effect onthevariability
in tropical soils in wet climates (Table 6a, groups 11A-13A). Exclusion of CARBON decreases
the variability over tropical shallow soils (group 21A), whereas the variability increases for
temperatezonedistributionsofthesesoils(group2IB).Inthemajor climate-conditioned temperate
soils (groups 3B-9B) exclusion of the organic input lowers spatial variability.
- Experiment3 ( -FERT). Exclusion of soil fertility strongly reduces the annual N20 for most
highly fertile soils in temperate and tropical zones, for example, the Phaeozems, Chernozems,
Kastanozems,andNitosols(groups7,8,9and 12,respectively) andincreasesN20 for the infertile
tropical soils (group 2A, 3A, 13A, 15A, 18A, and 23A in Table 6a). For other temperate and
tropical soils with intermediate soil fertility, the effect of experiment 3 is minor. Excluding soil
fertility increases the standard deviation for most temperate and tropical soil groups due to the
simplicity of the fertility scale in which the same index is associated with most soil units within
each group.However, within landscapes, soil fertility may be amajor cause of variability in N 2 0
fluxes (Table 8; Livingston et al, 1988;Matson et al. 1990).
- Experiment4 ( -02). The 02 factor provides information not included inthe other four factors
over the wholerange of temperate and tropical ecosystems. Under wetconditions, high 02 raises
the levels of expected denitrification. Similar conditions produce low H20 values simulating
blockage of nitrification. Hence, because of the partial overlap of the scales of 02 and H20,
important effects on overalllevels of N20 inthisexperiment arefound onlyin well-drained soils.
Noeffect, oradecreaserelativetothereference case,isfound for thepoorly-drained Gleysolsand
Histosols (soil groups 20 and 23, respectively). Where aerobic conditions prevail, 02 depresses
the N 2 0 index (Table 5). In most tropical and temperate soils, annual N20 calculated in exp. 4
is higher and variability is lower than in the reference case, consistent with Tiedje (1988), who
concluded that in aerobic systems, oxygen is the principal factor limiting denitrification.
- Experiment5 ( -soilvariability -CARBON). Inexperiment 5,CARBON is excluded and for all
soils FERT = 3,DRNG = 1(well drained) and texture is fine (high soil-water storage capacity).
This eliminates variability produced by soil and vegetation differences and isolates the spatial
variability caused byclimate.Theresultscan best becompared with experiment 2(-CARBON).
Smoothingsoildifferences increasesspatialstandarddeviationsfor abouthalf ofthetemperatesoil
types (Table 6b, groups 3B, 7B, 8B, 11-13B, 15-17B, 20B) and for most tropical soil groups
(Table 6a). Tropical soils showing lower variability in this experiment are groups 12A-14A and
21A-23A. What this means can best be illustrated for the Ferralsols (group 13A), the major
tropical soil group.These soils occur inrelatively uniform climates so soil differences contribute
tothevariability.Thehighspatialvariability within soilgroups 15A-Bto22A-B,soilsconditioned
byfactors other than climate,reflects the distribution of these soils over different climatic zones.
As in the reference case and experiment 1,the percent standard deviation among temperate soil
groups is higher than in most of the equivalent tropical soils.
- Experiment6 (notconsidering soilwaterandoxygenofthepreviousmonth).Effects of wetting
and drying are excluded in this experiment; H20 and 02 indices are given by the diagonals in
Tables 4 and 5, respectively. The overall effect of considering water status only of the current
month is minor and effects do not show patterns specific to soil groups or clusters.
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Table 7. List of Experiments to Evaluate the Sensitivity of the N 2 0 Production Index to Different Controls.
Experiment

Description

Reference case:

All 5 factors are used; S0D1 is from Mosier and Parton (1985).
N20 = H02)" 5 x (H20)1'5 x (SOD),/s x (FERT*)"5 x (CARBON)"5

Experiment 1( - SOD)

iy

As reference case, but SOD is excluded.
N20 = H02)" 4 x (H20)" 4 x (FERT*)"4 x (CARBON)1'4
ly

Experiment 2 ( - CARBON)

As reference case, but CARBON is excluded.

Experiment 3 ( - FERT)

N20 = H02)" 4 x (H20)" 4 x (SOD)"4 x (FERT*)"*
iy
As reference case, but FERT* is excluded.
N20 = 5X02)"4 x (H20)" 4 x (SOD)"4 x (CARBON)"4

Experiment 4 ( - 02)

ly

As reference case, but 0 2 is excluded.
N20 = HH20)" 4 x (SOD)"4 x (FERT*)"4 x (CARBON)"4

Experiment 5 ( - soil variability)

Experiment 6 (H20 and 0 2 of
current month only)
Experiment 7 (only CARBON)

1y

As reference case, but CARBON is excluded and the soil parameters
are equal for all soils: FERT = 3, DRNG =1,and texture is fine. This
experiment studies the effect of climate on the variability of N20.
N20 = H02) 1 ' 4 x (H20)" 4 x (SOD)"*x (FERT*)1'*
iy
As reference case, but soil-water and oxygen status in the preceding
month is not considered. H20 and 0 2 are the diagonals of Table 4
and 5, respectively.
CARBON is used to predict N20.
N20 = HCARBON)
iy

FERT* = 2 x FERT, the fertility index from Table 1. See text for explanation.

However, seasonal N20 patterns exhibit a response. Results for selected sites (section 4.3)
illustrate cases in which monthly N 2 0 indices are equal to those of the reference case (e.g., the
Brazilian site).However, in sites with marked seasonality ofrainfall, experiment 6exhibits lower
N20 values atthe onsetof thewet season and highervaluesattheendof the growingperiod.The
net result is no, or only minor, differences in the annual sum. For most soil groups conditioned
byclimate, spatialvariability declines slightlyin temperateregions (Table6b,groups2B,5B, 7B,
9B, 10B, 12B-14B) and increases in the tropics (Table 6a).
- Experiment 7 (only CARBON). Using CARBON as the sole predictor of N 2 0 production
generally yields higher values than the reference case. Exceptions are tropical desert soils,
Vertisols and Regosols (groups 14A, 16A, and 22A, respectively). N20 increases are largest in
temperate soils and in soils of the wet tropics. Standard deviations in experiment 7 are generally
elevated for the tropical soils. Among temperate soil groups, variability is both higher and lower
than in the reference case suggesting no clear relation with climate. The CARBON factor
represents organic matter inputs and not N inputs. In addition, CARBON includes much but not
allinformation neededtocharacterizeconditionsresponsibleforN 2 0production.Inparticular,soil
aeration (drainageandsoilwetness),soil-water availability,andpossibly soilfertility, areprobably
not captured by the NDVI. Another problem of the underlying NDVI data is that NPP is
overestimated in a number of ecosystems, particularly needleleaved forests and vegetation types
with a strong seasonalpattern in growth (Box et al., 1989).The broad spatialpatterns and overall
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levelsofCARBONare,however,verysimilartothedistribution ofN20valuesfrom the reference
case.
2.4.3.Resultsfor Selected Sites
We selected four sites to discuss more fully. They are distributed throughout a range of climatic
and ecological regimes and include locations representative of globally important soil groups, as
well as regimes dominated by various factors in the model, for example, water balance,
temperature, soil fertility.
One site represents a semiarid temperate climate, the second a humid temperate site, and two
tropical sitesinclude aseasonalclimate and aper-humid climate.Inthefollowing discussions,the
threefunctions describing soil organic matter decomposition (SOD)discussed above are referred
to in abbreviated form as follows: SOD1, Mosier (from Mosier and Parton, 1985; Parton et al.,
1988); SOD2,Parton (from Parton et al., 1987); SOD3, Fung (from Fung et al., 1987).The base
or reference case is the Mosier function, SOD1 (Figure 2).
- Colorado, TemperateAridNorthAmerica. Thefirst siteasemiaridgrasslandregionin Colorado
in the western US (Figure 4a) occupied by shortgrass prairie with no woody cover. The rescaled
NDVI sum representing carbon supply is only 3.4 which lies in the low end of the scale for this
index, consistent with the low biomass semiarid ecosystem. The underlying soil, a luvic
Kastanozem, isahighlyfertile soilconditioned bysteppeclimates (Table 1)andoccurshereunder
conditionsofabout350-mmannualprecipitation whichisexceededbypotentialévapotranspiration
(about630mmperyear).Thecontinental locationresultsinmeanmonthlytemperatures thatvary
within afew degrees of 0°C for five months of the year and rise to the low twenties in July and
August, increasing the potential production of N 2 0. However, in this summer period, moisture
deficits controltheecosystemduetoconsistently lowprecipitation. Soil-water deficits areextreme
for the entire second half of the year, resulting in reduced 02 and H20 (denitrification and
nitrification, respectively) factors for most of the year. Organic matter decomposition (SOD) is
moderate atthis sitealthough the three SOD functions vary considerably. The lowest is from the
Mosier curve (SOD1 = 16) followed by 25 and 33 from SOD3 and SOD2, respectively.
The annual N 2 0 production for the base case is low, depressed by several factors that act
serially during the year. N 2 0 production shuts down from November through April due to low
temperatures; warm summer temperatures, dovetailing with moderate rainfall, create dry wellaerated soils.Asaresult,theseasonalpattern of N20 isgoverned byelevated 02 (denitrification)
and H20 (nitrification) indices in conjunction with low rates of decomposition in the spring,
followed by trend reversals in these three factors in the summer.
Excluding the fertility factor (experiment 3) lowers N20 from 17to 12, an expected response
since the luvic Kastanozems here are associated with the maximum fertility index. Experiment 5
results in a similar decline in N20 for similar reasons: the annually constant fertility parameter
is reset to a middle value and the effect of organic matter availability is removed. As an attempt
to focus on the climate effect, experiment 5 reflects observations indicating that seasonal and
relatively arid temperate climatescarry inherently lowpotential for N 2 0 production. Experiments
2 and 4 exhibit moderate divergence from the base case with slight increases in the annual N20
value but little seasonal redistribution indicating that the factors evaluated in these experiments
(carbon availability, oxygen limitation and soil-water history) exert approximately equal control
over N20 modeled at this site.
The highest N20 value is for experiment 1 since seasonal temperature limitations on the
decomposition of soilorganic matterarerelaxedinthisexperiment.Inthereference case,monthly
N20 values are zero from November through April, and range between 4 and 2 during the
productive season of May to October; in experiment 1, N 2 0 production rises as high as 6 and
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remains elevated for a long season lasting from February to November. Overall, N 2 0 production
in this semiarid temperate environment appears to be limited by low water availability and low
organic matter input.
Overall N 2 0 production in this semiarid temperate environment appears limited by high
aerobicity, low water availability and low carbon supply which are not sufficiently counteracted
by the high summer temperatures.
- Germany,TemperateWestern Europe.The site in western Germany is in aregion of temperate
deciduous forest admixed with evergreens (Figure 4b). CARBON is intermediate at 4.4; the
underlying soil belongs to the dystric Cambisol group, moderately fertile soils with weak profile
development, free drainage and good aeration (Table 1).The siteis located in acool wet climate
characterized byasurplusofprecipitation overpotential évapotranspiration (820mmand594mm
per annum, respectively).
Organic matter decomposition at this site varies by a factor of four among the three functions;
the lowest was for SOD1 (8), followed by SOD2 and SOD3 (30). SOD1 predicts low
decomposition rates during a short season from May to September while SOD2 gives higher,
slightly peaked, values in summer when temperatures are in the 10°-20°C range, where largest
differences are expected. For the SOD3 relationship, temperature exerts weaker control on the
level and duration of decomposition, resulting in relatively low and constant decomposition
throughout the year. Annual N20 estimated viathethreerelationships exhibits patterns similarin
seasonality to theirrespective SOD factors and to the overall trend in temperature and H20; they
range from the base case of 20 (SOD1) to 33 (SOD2) and 51 (SOD3). Although the predicted
N20 levelis similar among thethreerelationshipsfor monthswhenthey allindicateN 2 0 activity,
the productive seasons are longer by several months with the S0D2 and SOD3relationships.
The sensitivity experiments generally produced minimal variations on the seasonal and total
values of N20 indicating that most parameters play equal roles in annual N20 estimates at this
site, aswell asreflecting thetemporally constant status of waterand oxygen parameters.Theonly
major effect, increasing N20 to about 2.5 times that of the base case, is in experiment 1which
virtually eliminates the seasonal low-temperature limitation on decomposition and N mineralization; N20 levels for individual months inexperiment 1 are somewhat higher than thosefor the
reference case and rise above zerofor along season extending from February through December
incontrasttothefive-month productiveseasonfor thebasecase.Sincethe systemiswell supplied
with moisture throughout the year, soil-water history is not a crucial factor in the production of
N 2 0 (experiment6).Theresultsofthereference caseandsensitivityexperimentsindicatethat N 2 0
production in fertile, humid forest zones in moderate climates is controlled predominantly by
temperature. Moisture-related parameters exert little limitation except that the relative constancy
of moist soil conditions throughout the year, while contributing to conditions amenable to N 2 0
production, does not produce the high N20 pulses that accompany the wetting of dry soils.
- Venezuela, TropicalSeasonalSouthAmerica.The South American siteis occupied by droughtdeciduous forest underlain by orthic Acrisols with mildly impeded drainage characteristic of wet
tropical and subtropical climates with seasonal rainfall (Figure 4c). Almost half of the ~900-mm
annual precipitation falls from June to August; the drier winter months (January-March) have <
20 mm rainfall monthly. Constant high temperatures produce small variations in potential
évapotranspiration, which ranges from 100 mm in February to 143 mm in May. This relatively
flat trend in PE, combined with highly seasonal precipitation, produces conditions of moisture
deficit from September toMay; the season of smallmoisture surplus isconfined toJune/July and
precipitation following the winter aridity produces a seasonal spike in nitrification (H20). As
expected, the temperature-dependent decomposition functions are very similar and essentially
constant through the year. Other site characteristics (fertility and drainage) are intermediate but
the organic matter supply is elevated reflecting the higher deciduous biomass of the vegetation.
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The reference N20 value is less than one half the global maximum; the alternative SOD
formulations areessentially equaltothereference case,i.e.,highlyseasonalvaluesmimicthe H20
curve.Thisseasonal tropicalforest siteexhibitsonlymoderateresponsestotheseriesof sensitivity
experiments because of the generally neutral values of site characteristics. Although temperature
is not a major controller of N 2 0 production in terms of seasonality, constant high temperatures
throughout the year result in rapid decomposition so that the exclusion of SOD (experiment 1)
produces a decline of ~30% in modeled N20. For reasons mentioned above, removal of
parameters seasonallyconstantfor thesite(CARBON,FERTandacombination of CARBONand
soilfactors) alldepresstheN20 values slightly.Theexclusion ofthe02 denitrification parameter
(experiment 4), which mildly limits overall N 2 0 production here, produces the only increase in
N 2 0 potential among the sensitivity experiments.
Under conditions of sufficient organic matter, efficiently delivered via fertile soils, the major
features controlling the monthly and annual production of nitrous oxide in the tropical seasonal
forest appear to be moisture conditions, reflected here in 02 (denitrification) and H20
(nitrification) parameters.
- Brazil, TropicalSouthAmerica. The Brazilian site is situated near Manaus (Figure 4d). Low
fertility xanthic ferralsols are under tropical rain forest, an association common in the humid
tropics. Organic matter input is high, indicated by the CARBON factor close to 7. The narrow
rangeofannualtemperatures ismirrored inthethreeequallyconstantfunctions describing organic
matter decomposition. The reference SOD function of Mosier is intermediate at 85, while S0D2
is about 25%higher and SOD3 about 15%lower. Total precipitation is very high at about 2200
mm/year, exceeding the PE of 1675 mm/year. The constancy in temperature produces
comparatively constant PE in the range of about 120-150 mm/month; although there are no very
arid months,precipitation peaks at 225-300 mm/month from January to May and declines slowly
to a low of 64 mm in August. Because the water storage capacity is relatively high and some
precipitation continues during the dry season, the soil remains moist much of the year. More
aerobic conditions in the soil are reflected in lower values of the 02 (denitrification) and H20
(nitrification) parameters for September through November. Increased soil aeration precedes
declining anaerobicity by a month. Annual N20 values from the three temperature functions are
very similar; Mosier (SOD1) and Fung (SOD3)are both 54 while Parton (SOD2) is higher at 61,
consistent with differences expected in this temperature range (Figure 2).
Experiments 1, 2 and 6 result in N20 values slightly below the reference case. Excluding the
factors accounting for organic matter input (CARBON) and decomposition (SOD), removes
features that contribute to high N 2 0 production. Experiment 6, which evaluates the effect of the
preceding month's soil water on N20, shows slightly lower values only for the first half of the
year. Theremaining experiments all increase N20 estimates in thistropical site, by larger values
than the declines of the other experiments: removal of the (low) fertility factor increases the
annual total by about 12%; the same increase is produced in experiment 5 in which the low
fertility of 2 is prescribed at 3 and the CARBON factor is excluded. The largest response, an
increase of -20%, comes from experiment 4 in which the role of denitrification was excluded.
Although this location has considerable organic matter turnover, it has low fertility well-drained
soils characteristic of tropical forest regions. Furthermore, the high annual precipitation is
sufficiently seasonal to reduce considerably N 2 0 production capability for about half the year.
2.4.4 ComparisonWithFieldMeasurements
Modeled monthly N20 is compared with measured N 2 0 fluxes in various natural ecosystems
(Table 8).This comparison allows a general evaluation of the model and data bases in a variety
of environments, and provides aframework for translating nondimensional N20 values into N 2 0
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fluxes. Several observations are excluded from the comparison because site descriptions are
incomplete, or the climate, soil conditions or vegetation types from the 1° data bases
corresponding to measurement locations differ from those reported. In some cases, the mean of
N20 valuesof a surroundingpair of cellswithconditionsessentially identical tothemeasurement
site is compared to the measured flux.
Thereference caseusing the SOD1function (Figure5)yieldsthebestfit tothemeasured fluxes
(r2for least squares fit to a quadratic function =0.55). SOD2 and SOD3 (not shown) result in r2
of 0.38 and 0.24, respectively. The r2 for quadratic fits are 0.16, 0.48, 0.55, 0.43,0.42, 0.60, and
0.33 for experiments 1-7, respectively.
Relative tothereference case,exclusion of thetemperature effect (experiment 1)causes alarge
reduction in r2 from 0.55 to 0.16, a dramatic increase in N20 in temperate sites (particularly in
temperate climates during autumn, winter and spring), and a moderate decline in N20 values for
tropical sites. In temperate summers with sufficient soil moisture, however, temperatures may be
comparable with or even higher than those in the tropics.Hence,the effect of excluding SODin
summer is less important than in temperate winters.
Asshowninsection 4.2,thefactor CARBONprovides additionalvariability within climaticand
soil regions. However, for the measurement sites considered, the exclusion of CARBON
(experiment 2)reducesr2from0.55inthereference caseto0.48.Using onlyCARBON topredict
N 2 0 production (experiment 7) gives r2 of 0.33 and a large increase in N20 particularly in
temperate ecosystems.
Although soil fertility may be the principal cause of variation in N 2 0 fluxes regionally,
exclusion of soil-fertility variationsglobally (experiment 3)hasnomajor effect onthecomparison
except at temperate sites with high soil fertility (e.g., sites 1and 2 in Figure 5). Experiment 3
suggests that the soil fertility scale used here does notresolve sufficiently the fertility variations
found in natural conditions.
Excluding theoxygenlimitation ofsoils(experiment 4)resultsinavalueforr2of0.43.Globally
uniform soiltexture,drainage andfertility (experiment 5)reducesr2from 0.55 to0.42, suggesting
that variations in thesecontrols capture important information on N 2 0 flux variations on aglobal
scale.Exclusion ofthefactor 02 (experiment4)overpredictsN 2 0production inwelldrained soils.
Experiment 6considers the status of soil water and oxygen of the current month only, and results
in anr2of0.60.Thechangeismainly caused byadecreaseinN20 inDecember for onesitenear
Manaus,Brazil (Table 8,site 12)(Kelleretal., 1986).Thisand minor shifts for someother points
causes a slightly improved correlation. Ther2for thereference case and experiment 6are similar,
but since the major difference is a shift of only one point, the reference case was maintained.
2.4.5 Estimateof the GlobalPreagricultural N20 Emission
A regression relationship is obtained between measured N 2 0 fluxes and modeled (reference case)
N 2 0 production indices (N20). This relationship isapplied to the global distributions of monthly
N 2 0 indices to estimate monthly fluxes. The globalemission thuscalculated is 6.8 Tg N20-Ny"1.
The tropics (± 30° of the equator) contribute 5.4 Tg N20-N y"1 and the emission from extratropical regions (poleward of 30°) is 1.4 Tg N20-N y"1.
The role of the world's wetlands in the nitrous oxide budget is uncertain. For tropical and
temperatewetlands,partiallyrepresented byorganic soils(group23),themodelmay overestimate
the potential for N 2 0 production. In these wetlands anaerobicity resulting from high water tables
may block nitrification; this may limit denitrification rates. Furthermore, under very wet
conditions, nitrous oxide can be consumed to serve as an electron acceptor. Therefore, wetlands
could actasasinkfor N 2 0 duringpart(s)oftheyear.Oneproblemisthatmanywetlandsmapped
by Matthews and Fung (1987), -525 x 106ha globally, do not coincide with the organic soils
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Figure 5. Relationship between measured N 2 0 fluxes and modeled N20 from the reference case for a
series of field sites.Labels refer to sites listed in Table 8.The solid linereprésentes thebest quadratic fit:
for N20 > 1.5, flux = 9.01 x (N20) 2 - 27.87 x (N20) + 38.22; for N20 < 1.5, flux = 11.3 x (N20).

identified in the soils data base used here. We repeated the above calculation excluding areas
designated as wetlands by Matthews and Fung (1987). In this calculation, emission and
consumption of N 2 0 in wetlands are assumed to be equal. Wetlands cover only about 4% of the
ice-free land area, and their exclusion from the analysis causes a decline in the modeled global
N 2 0 emission of a few percent. We do not know whether N 2 0 emission from tropical wetlands
isoverestimated here,buttheanalysis suggeststhattheglobalcontribution ofwetlandstothe N 2 0
budget is minor.
2.5. CONCLUSIONS
The modelresults show that spatial and seasonal distributions ofN 2 0 production arevery similar
to climate patterns. Low winter temperatures limit N 2 0 production in temperate regions while in
the tropics, temperature does not limit the processes involved in N 2 0 production. In the wet
tropics, where organic matter inputs are high and both soil moisture conditions and temperatures
are favorable, N 2 0 indices (N20) are among the highest. This is consistent with high emissions
reported for tropical forests (Table 8).While it is tempting to conclude that climate is the most
important control factor, we note that C/N ratios and lignin content of the litter are not included
explicitly ascontrolsinthemodel.However, astheirgeographic variationsmirror,to someextent,
those of climate, weconclude that thepattern of N 2 0 production isdetermined, tofirst order, by
thepattern ofclimatevariation.Together withphysical soilconditions,climatedeterminesoxygen
limitation and water availability. The factors FERT and 02 introduce variability among sites,
without producing major impacts on the level of the N20 values.
The lack of major differences in predicted N20 between the reference case and experiment 3,
in which the role of soil fertility is investigated, suggests that the model does not adequately
reflect fertility levels among soils. Inpractice, only broad properties for soil groups are used and
information todistinguish fertility differences amongsoiltypeswithingroupsislacking.Exclusion
of the fertility index increases the variability of theN 2 0 potential,reflecting the simplicity of the
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scale used.
Thevariability in N 2 0 production (expressed asthepercentage of the standard deviation ofthe
N 2 0 index relative to the mean within each soil group) is highest in ecosystems with overall low
N20 values, i.e., in moist temperate climates, and in both temperate and tropical environments
underaridandsemiaridregimes.Apparently,whereclimate(soilwaterand/ortemperature)ismost
limiting, variability in other factors results in higher percent standard deviations than those in
regions with climatic conditions favorable for N 2 0 production; absolute standard deviations are
highest in areas with high N 2 0 production potential.
Comparison withmeasurementdata showsthatpredicted levelsofN 2 0production areingeneral
agreement with measured fluxes, even though responses to long-term mean climate are compared
with responses to local weather conditions prevailing during measurement periods.The ~30 flux
measurements used for the comparison represent only six different ecosystems (wetlands,
temperate forests, steppe, tropical savannas, tropical dry forests, and tropical rain forest). It is
difficult to draw conclusions about the relative importance of various parameters on the basis of
this limited data set. In addition, it is difficult to assess published measurements of nitrous oxide
fluxes. In many measurement reports, site descriptions are incomplete: climate data are often
absent, or provided only asannual mean precipitation and temperature; imprecise descriptions of
conditionsduringtheperiod ofmeasurements arecommon;completedescriptions ofchemicaland
physical soil characteristics, such as pH, texture, structure, drainage condition and soil
classification, are rarely reported.
Because of the simplicity of the model and the sparcity of data, the estimate of global N 2 0
emission from natural ecosystems based on the regression analysis is extremely uncertain. To
improvemodelsofthistype,moremeasurements areneeded inthoseplacesexpected tohavehigh
N 2 0 fluxes, and in regions or ecosystems which may be important contributors to the global
production of N 2 0 due to their large area. Globally, only about 30 measurements have complete
enough information to allow comparison; these do no include any data for Asia, Africa or
Australia. We do not know how well the model performs in these areas with different
environmental conditions and soils.
The role of soil sinks needs to be addressed in future. Consumption of N 2 0 has been reported
(e.g., Ryden, 1981, 1983). If this is a common phenomenon, it may have important implications
for the N 2 0 global budget (Cicerone, 1989). Data on consumption aretoo scarce todescribe this
process in a global model such as this one.
The 1° resolution of the soil data base does not reflect the detail of the 1:5 M soil map
(FAO/Unesco, 1974-1981) used in its compilation. In digitizing the soil map, only the dominant
soil type was recorded (Zobler, 1986) so that many of the associated or included soils are not
represented. These minor soils may be of importance for trace gas emissions. In particular,
wetlands and hydromorphic soils are poorly represented because they occur frequently as linear
and scattered features that do not dominate at the 1°resolution. Even at the 1:5M scale of the
FAO/Unesco soil map, they are underrepresented (Van Diepen, 1985). Parallel to the need for
greaterspatialresolutionistheneedfor greaterinformation resolution aboutsoilfertility,drainage,
and texture.Inthemodel,onlyfive levelsoftheseproperties areresolved, although thereare>100
soil types. To improve the model, soil data bases including a number of soil characteristics vital
to evaluating fertility are required. More spatial and temporal detail in data bases of vegetation
(NPP) and litter composition would allow a better description of the temporal and geographic
variability of controls on N 2 0 fluxes and, possibly, episodic pulses of N 2 0.
The latitudinal and seasonal distributions of N 2 0 fluxes modeled here may be used asinputsto
two- and three-dimensional models of the atmosphere to test hypotheses about the N 2 0 budget.

Emission ofN2Ofrom soils under natural vegetation

49

Acknowledgments.
N A S A Biogeochemistry and Geophysics Branch provided funding for this
project. Three anonymous reviewers provided extensive c o m m e n t s that led to improvement in the
paper. W e gratefully acknowledge the technical assistance of Lilly Del Valle and Christina
Koizumi.
REFERENCES
Adams, S.N., W.H. Jack and D.A. Dickson (1970) The growth of Sitka spruce on poorly drained sites in northern
Ireland, Forestry 43: 125-133.
Alexander, M. (1977) Introduction to Soil Microbiology, 2nd ed., 467 pp.,John Wiley, New York.
Anderson,I.C.,J.S.Levine,M.A.Poth andP.J.Riggan (1988)Enhanced biogenicemissionsof nitricoxideand nitrous
oxide following surface biomass burning, Journal of GeophysicalResearch 93:3893-3898.
Anderson, I.C. and M.A. Poth (1989) Semiannual losses of nitrogen as NO and N 2 0 from unburned and burned
chaparral, Global Biogeochemical Cycles 3:121-135.
Anderson, J.M. (1992) Responses of soils to climate change,Advances in Ecological Research 22:163-210.
Banin, A. (1986) Global budget of N 2 0: The role of soils and their change, Science of the Total Environment
55:27-38.
Blackmer,A.M.,J.M.BremnerandE.L.Schmidt(1980)Production ofN 2 0 byammonium oxidizingchemoautotrophic
microorganisms in soil, Applied Environmental Microbiology 40:1060-1066.
Blackmer, A.M., S.G. Robbins and J.M. Bremner (1982) Diurnal variability inrate of emission of nitrous oxide from
soils, Soil Science Society of America Journal Af>:9yi-9A2.
Blokhuis, W.A. (1991) Vertisols. In P.M. Driessen and R. Dudal (Eds.) Lecture notes on the geography, formation
properties and useof the major soils of theworld, pp.77-91, Agricultural University, Wageningen and Katholieke
Universiteit, Leuven.
Boring, L.R., W.T. Swank, J.B. Waide and G.S. Henderson (1988) Sources, fates and impacts of nitrogen inputs to
terrestrial ecosystems: Review and synthesis,Biogeochemistry 6:119-159.
Bowden, R.D., P.A. Steudler, J.M. Melillo and J.D. Aber (1990) Annual nitrous oxide fluxes from temperate forest
soils in the northeastern United States,Journal of Geophysical Research 95:13,997-14,005.
Bowden, W.B. (1986) Gaseous nitrogen emissions from undisturbed terrestrial ecosystems: An assessment of their
impacts on local and global nitrogen budgets, Biogeochemistry 2:249-279.
Box, E.O., B.N. Holben and V. Kalb (1989) Accuracy of the AVHRR vegetation index as a predictor of biomass,
primary productivity and net C0 2 flux, Vegetatio 80:71-89.
Brady, N.C. (1976) TheNature and Properties of Soils, 8th ed., 639 pp., Macmillan, New York.
Breitenbeck, G.A., A.M. Blackmer and J.M. Bremner (1980) Effects of different nitrogen fertilizers on emission of
nitrous oxide from soil, Geophysical Research Lett. 7:85-88.
Bremner, J.M. and A.M. Blackmer (1981) Terrestrial nitrification as a source of atmospheric nitrous oxide. In: C.C.
Delwiche (Ed.)Denitriflcation, Nitrification andAtmosphericNitrous Oxide,pp. 151-170,John Wiley,New York.
Bremner, J.M., S.G. Robbins and A.M. Blackmer (1980) Seasonal variability in emission of nitrous oxide from soil,
Geophysical Research Letters 7:641-644.
Brumme, R. and F. Beese (1992) Effects of liming and nitrogen fertilization on emissions of C0 2 and N 2 0 from a
temperate forest, Journal of Geophysical Research 97:12,851-12,851.
Cates, RX. and D.R. Keeney (1987) Nitrous oxide emission from native and reestablished prairies in southern
Wisconsin, America Midland Naturalist 117:35-42.
Christensen, S. and J.M. Tiedje (1990) Brief and vigorous N 2 0 production by soil at spring thaw, Journal of Soil
Science 41:1-4.
Cicerone, R. (1989) Analysis of sources and sinks of atmospheric nitrous oxide (N 2 0), Journal of Geophysical
Research 94:18,265-18,271.
Colbourn,P.and I.W. Harper (1987) Denitrification in drained and undrained arableclay soil,Journal of Soil Science
38:531-539.
Colbourn, P., I.W. Harper and M.M. Iqbal (1984) Denitrification losses from ' 5 N labelled calcium fertilizer in a clay
soil in the field, Journal of Soil Science 35:539-547.
Crutzen, P.J. (1976) The influence of nitrogen oxides on the atmospheric ozone content, Quarterly Journal of the
Royal Meteorological Society 96:320-325.
Davidson, E.A. (1991) Fluxes of nitrous oxide and nitric oxide from terrestrial ecosystems. In: J.E. Rogers and W.B.
Whitman (Eds.) Microbial Production and Consumption of Greenhouse Gases: Methane Nitrogen Oxides and
Halomethanes, pp. 219-235, American Society for Microbiology, Washington, D.C.

50

Global inventory of emissions of nitrous oxide

Denmead, O.T., J.R. Freney and J.R. Simpson (1979) Studies of nitrous oxide emission from a grass sward, Soil
Science Society of America Journal 43:726-728.
Dickinson,R.E.,A.Henderson-Sellers,P.J.KennedyandM.F.Wilson (1986)Biosphere/Atmosphere Transfer Scheme
(BATS) for the NCAR Community Climate Model, NCAR Technical Note TN-275, Natioinal Center for
Atmospheric Research, Boulder, Colorado.
Dijkerman,J.C.(1991)Ferralsols.In:P.M. Driessen andR. Dudal(Eds.)LectureNotes on theGeography, Formation
Properties and Use of the Major Soils of the World, pp. 159-169, Agricultural University, Wageningen and
Katholieke Universiteit, Leuven.
Dowdell, R.J. and K.A. Smith (1974) Field studies of the soil atmosphere, Il.Occurrence of nitrous oxide,Journal of
Soil Science 25:231-238.
Driessen, P.M. and R. Dudal (1991) Lecture Notes on the Geography: Formation, Properties and Use of the Major
Soils of the World,296 pp., Agricultural University Wageningen, Katholieke Universiteit Leuven.
Duxbury, J.M., D.R. Bouldin, R.E. Terry and R.L. Tate III (1982) Emissions of nitrous oxide from soils, Nature
298:462-464.
Duxbury, J.M., M.S.Smith,J.W. Doran,C.Jordan,L. Szott andE. Vance (1989) Soil organic matter asa source and
a sink of plant nutrients. In: D.C. Coleman, J.M. Oades and G. Uehara (Eds.)Dynamics of Soil OrganicMatter in
Tropical Ecosystems, pp. 33-67,NifTAL Project, Department of Agronomy and Soil Science,College of Tropical
Agriculture and Human Resources, University of Hawaii.
Eaton, L.J. and D. G. Patriquin (1989) Denitrification in lowbush blueberry soils, CanadianJournal of Soil Science
69:303-312.
Elkins,J.W., T.M. Thompson, B.D. Hall, K.B.Egan and J.H. Butler (1988) NOAA/GMCC halocarbons and nitrous
oxide measurements at the South Pole,Antarctic Journal 23:176-177.
Euroconsult (1989)Agricultural Compendiumfor RuralDevelopment intheTropicsandSubtropics, 740pp.,Elsevier,
New York.
Firestone,M.K. andE.A. Davidson (1989) Microbiological basis ofNOand N 2 0 production and consumption in soil.
In:M.O.AndreaeandD.S.Schimel (Eds.)ExchangeofTraceGasesBetween TerrestrialEcosystems andtheAtmosphere, pp. 7-21,John Wiley, New York.
Firestone, M.K., R.B.Firestone andJ.M. Tiedje (1980) Nitrous oxide from soil denitrification: Factors controlling its
biological production, Science 208:749-751.
Fitzpatrick, E.A. (1983) Soils. Their Formation, Classification and Distribution, 355 pp., Longman, London New
York.
Focht,D.D.(1974)Theeffect of temperature,pHandaeration on theproduction of nitrousoxideandgaseous nitrogen
- a zero order kinetic model, Soil Science 118:173-179.
Folorunso, O.A. and D.E.Rolston (1984) Spatial variability of field measured denitrification gas fluxes, Soil Science
Society of America Journal 48:1214-1219.
Food and Agriculture Organization (FAO) (1981) Methodology andResults for South andCentral America,inReport
of theAgro-Ecological Zones Project, 3, 251 pp., FAO, Rome.
Food and Agriculture Organization (FAO)/Unesco (1974-1981) Soil Map of the World,pp., 1:5,000,000, vol. I-X,
Unesco, Paris.
Food and Agriculture Organization (FAO)/Unesco (1988) Soil Map of the World,Revised Legend,World Resources
Rep. 60, FAO, Rome.
Fung, I.Y., C.J. Tucker and K.C.Prentice (1987) Application of advanced very high resolution radiometer vegetation
index to study atmosphere- biosphere exchange of C0 2 , Journal of Geophysical Research 92:2999-3015.
Goodroad, L.L. and D.R. Keeney (1984a) Nitrousoxideemission from forest, marsh and prairieecosystems,Journal
of Environmental Quality 13:448-452.
Goodroad, L.L. and D.R. Keeney (1984b) Nitrous oxide production in aerobic soils under varying pH, temperature
and water content, Soil Biology and Biochemistry 16:39-43.
Goodroad, L.L. and D.R. Keeney (1985) Site of nitrous oxide production in field soils,Biology and Fertility of Soils
1:3-7.
Gordon, A.S., W.J. Cooper and DJ. Scheidt (1986) Denitrification in marl and peat sediments in the Florida
Everglades, Applied Environmental Microbiology 52:987-991.
Goward, S.N., C.J. Tucker and D.G. Dye (1986) North American vegetation patterns observed with the NOAA-7
advanced very high resolution radiometer, Vegetatio 64:3-14.
Greaves, J.E. and E.G. Carter (1920) Influence of soil moisture on the bacterial activities of the soil, Soil Science
10:361-387.
Groffman, P.M.andJ.M.Tiedje (1988)Denitrification hysteresisduringwetting anddryingcyclesinsoil,SoilScience
Society of America Journal 52:1626-1629.

Emission ofNft from soils under natural vegetation
Groffman, P.M. and J.M. Tiedje (1989) Denitrification in North temperate forest soils: Spatial and temporal patterns
at the landscape and seasonal scales, Soil Biology and Biochemistry 21:613-620.
Hao, W.M., D. Scharffe, P.J. Crutzen and E. Sanhueza (1988) Production of N 2 0, CH, and C0 2 from soils in the
tropical savanna during the dry season, Journal of Atmospheric Chemistry 7:93-105.
Hao,W.M., S.C.Wofsy, M.B.McElroy,J.M.Beerand M.A.Toqan (1987) Sourcesofatmospheric nitrousoxide from
combustion, Journal of GeophysicalResearch 92:3098-3104.
Hillel, D. (1980) Applications of Soil Physics, 385 pp., Academic, San Diego.
Isaksen, I.S.A., V.Ramaswamy,H.RodheandT.M.L.Wigley (1992) Radiative forcing toclimate.In:J.T. Houghton,
B.A. Callander and S.K. Vamey (Eds.) Climate Change 1992. The Supplementary Report to the IPCC Scientific
Assessment, pp. 49-67, Cambridge University Press, New York.
Jenkinson, D.S.and A. Ayanaba (1977) Decomposition of carbon-14 labeledplant material under tropical conditions.
Soil Science Society of America Journal 41:912-915.
Jordan,C F . (1985)Nutrient Cyclingin TropicalForestEcosystems: Principles and TheirApplication inManagement
and Conservation, 179 pp., John Wiley, New York.
Keeney, D.R., I.R. Fillery and G.P.Marx (1979)Effect of temperature on gaseous nitrogen products of denitrification
in a silt loam soil, Soil Science Society of America Journal 43:1124-1128.
Keller, M., TJ. Goreau, S.C. Wofsy, W.A. Kaplan and M.B. McElroy (1983) Production of nitrous oxide and
consumption of methane by forest soils, GeophysicalResearch Letters 10:1156-1159.
Keller, M., W.A. Kaplan and S.C. Wofsy (1986) Emissions of N 2 0, CH4 and C0 2 from tropical forest soils, Journal
of Geophysical Research 91:11,791-11,802.
Keller, M., W.A. Kaplan, S.C. Wofsy and J.M. DaCosta (1988) Emission of N 2 0 from tropical soils: Response to
fertilization with NH 4 \ NOy and P043", Journal of GeophysicalResearch 93:1600-1604.
Khalil, M.A.K. and R.A. Rasmussen (1992) The global sources of nitrous oxide,Journal of Geophysical Research
97:14,651-14,660.
Klemedtsson,L.,B.H.SvenssonandT.Rosswall(1988)Relationshipsbetween soilmoisturecontentandnitrousoxide
production during nitrification and denitrification, Biology and Fertility of Soils 6:106-111.
Landon, J.R. (1984) Booker Tropical Soil Manual. A Handbook For Soil Survey and Agricultural Land Evaluation
in the Tropics and Subtropics, Booker Agriculture International Limited, Longman, New York.
Letey,J.,N.Valoras,D.D.Focht andJ.C.Ryden (1981)Nitrous oxideproduction andreduction during denitrification
as affected by redox potential, Soil Science Society of America Journal 45:727-730.
Li, C , S. Frolking and T.A. Frolking (1992) A model of nitrous oxide evolution from soil driven by rainfall events:
1. Model structure and sensitivity, Journal of Geophysical Research 97:9759-9776.
Linn, D.M. and J.W. Doran (1984) Effect of water filled pore space on carbon dioxide and nitrous oxide production
in tilled and nontilled soils,Soil Science Society of America Journal 48:1267-1272.
Lipschultz, F., O.C. Zafiriou, S.C. Wofsy, M.B. McElroy, F.W. Valois and S.W. Watson (1981) Production of NO
and N 2 0 by soil nitrifying bacteria, Nature 294:641-643.
Livingston, G.P., P.M. Vitousek and P.A. Matson (1988) Nitrous oxide flux and nitrogen transformations across a
landscape gradient in Amazonia, Journal of Geophysical Research 93:1593-1599.
Luizao, F., P. Matson, G. Livingston, R. Luizao and P. Vitousek (1989) Nitrous oxide flux following tropical land
clearing, Global Biogeochemical Cycles 3:281-285.
Manabe, S. (1969) Climate and ocean circulation, Part I:The atmospheric radiation and the hydrology of the Earth's
surface, Monthly WeatherReview 93:739-774.
Martikainen, P.J. (1985) Nitrous oxide emission associated with autotrophic ammonium oxidation in acid coniferous
forest soil,Applied Environmental Microbiology 50:1519-1525.
Matson, P.A. and P.M. Vitousek (1987), Cross-ecosystem comparisons of soil nitrogen and nitrous oxide flux in
tropical ecosystems, Global Biogeochemical Cycles 1:163-170.
Matson, P.A. and P.M. Vitousek (1990) Ecosystem approach for the development of a global nitrous oxide budget,
Bioscience 40:667-672.
Matson, P.A., P.M. Vitousek and D.S. Schimel (1989) Regional extrapolation of trace gas flux based on soils and
ecosystems.In: M.O. Andreae and D.S. Schimel (Eds.) Exchange of Trace Gases between Terrestrial Ecosystems
and the Atmosphere, pp. 97-108, Dahlem Workshop Report, John Wiley, New York.
Matson, P.A., P.M. Vitousek, G.P. Livingston and N.A. Swanberg (1990) Sources of variation in nitrous oxide flux
from Amazonian ecosystems, Journal of Geophysical Research 95:16,780-16,798.
Matthews, E. (1983) Global vegetation and land use:New high resolution data bases for climate studies,Journal of
Climate and Applied Meteorology 22:474-487.
Matthews,E.andI.Fung (1987) Methaneemission from naturalwetlands:Globaldistribution,areaand environmental
characteristics of sources, Global Biogeochemical Cycles 1:61-86.

51

52

Global inventory of emissions of nitrous oxide

Miller, H.G. (1981) Forest fertilization: Some guiding concepts, Forestry 54:157-167.
Mintz, Y. and Y. Serafini (1981) Global fields of soil moisture and land surface évapotranspiration, Technical
Memorandum 83907, Res. Rev. 1980/81, pp. 178-180,NASA Goddard Space Flight Cent., Greenbelt, Md.
Mosier, A.R.,W.D.Guenzi andE.E. Schweizer (1986) Soillossesof dinitrogen and nitrousoxidefrom irrigated crops
in Northeastern Colorado, Soil Science Society ofAmerica Journal 50:344-348.
Mosier, A.R. and W.J. Parton (1985) Denitrification in a shortgrass prairie: a modelling approach. In: D.E. Caldwell,
J.A. Brierley and C.L. Brierley (Eds.) Planetary Ecology, pp. 441-451, Van Nostrand Reinhold, New York.
Mosier, A.R., M. Stillwell, WJ. Parton and R.G. Woodmansee (1981) Nitrous oxide emissions from a native
shortgrass prairie, Soil Science Society of America Journal 45:617-619.
Mulvaney,R.L.andL.T.Kurtz (1984) Evolution of dinitrogen and nitrousoxide from nitrogen-15fertilized soil cores
subjected to wetting and drying cycles, Soil Science Society of America Journal 48:596-602.
Muzio,L.J. and J. C. Kramlich (1988) An artifact inthe measurement of N 2 0 from combustion sources,Geophysical
Research Letters 15:1369-1373.
Myrold, D.D.andJ.M.Tiedje (1985) Diffusional constraints on denitrification in soil,SoilScience Society ofAmerica
Journal 49:651-657.
Nye, P.H. and P.B. Tinker (1977) Solute Movements in the Soil-Root System, 342 pp., Blackwell, Oxford.
Oades, J.M. (1988) The retention of organic matter in soils,Biogeochemistry 5:35-70.
Ottow, J.G.G., I. Burth-Gebauer and M.E.E. Demerdash (1985) Influence of pH and partial oxygen pressure on the
N 2 0-N to N2 ratio of denitrification. In: H.L. Golterman (Eds.) Denitrification in theNitrogen Cycle,pp. 101-120,
Plenum, New York.
Parkin, T.B. (1987) Soil microsites as a source of denitrification variability, Soil Science Society ofAmerica Journal
51:1194-1199.
Parkin, T.B., A.J. Sextone and J.M. Tiedje (1985) Adaptation of denitrifying populations to low soil pH, Applied
Environmental Microbiology 49:1053-1056.
Parton, WJ., A.R. Mosier and D.S. Schimel (1988) Rates and pathways of nitrous oxide production in a shortgrass
steppe, Biogeochemistry 6:45-48.
Parton,W.J., D.S.Schimel,C.V.Coleand D.S.Ojima (1987) Analysis of factors controlling soilorganic matter levels
in Great Plains grasslands, Soil Science Society of America Journal 51:1173-1179.
Post, W.M., J. Pastor, PJ. Zinke and A.G. Stangenberger (1985) Global patterns of soil nitrogen storage, Nature
317:613-616.
Poth, M. and D.D.Focht (1985) ,5 N kinetic analysis of N 2 0 production by Nitrosomonas europaea: An examination
of nitrifier denitrification, Applied Environmental Microbiology 49:1134-1141.
Prinn, R., D. Cunnold, R. Rasmussen, P. Simmonds, F. Alyea, A. Crawford, P. Fraser and R. Rosen (1990)
Atmospheric emissions and trends of nitrous oxide deduced from ten years of ALE-GAGE data, Journal of
Geophysical Research 95:18,369-18,385.
Robertson, G.P. (1989) Nitrification and denitrification in humid tropical ecosystems: Potential controls on nitrogen
retention. In: J.Proctor (Ed.)Mineral Nutrients in TropicalForest and Savanna Ecosystems, pp. 55-69, Blackwell
Scientific Publications, Oxford.
Robertson, G.P. and J.M. Tiedje (1984) Denitrification and nitrous oxide production in successional and old-growth
Michigan forests, So/7Science Society of America Journal 48:383-389.
Robertson, G.P.and J.M. Tiedje (1987) Nitrous oxide sources in aerobic soils:Nitrification, denitrification and other
biological processes, Soil Biology and Biochemistry 19:187-193.
Robertson, G.P. and J.M. Tiedje (1988) Deforestation alters denitrification in a lowland tropical rainforest, Nature
336:756-759.
Rolston, D.E., D.L. Hoffman and D.W. Toy (1978) Field measurement of denitrification: I.Flux of N2 and N 2 0, So/7
Science Society of America Journal 42:863-869.
Ryden, J.C. (1981) N 2 0 exchange between a grassland soil and the atmosphere,Nature 292:235-237.
Ryden, J.C. (1983) Denitrification loss from a grassland soil in the field receiving different rates of nitrogen as
ammonium nitrate, Journal of Soil Science 34:355-365.
Ryden, J.C, L J . Lund and D.D. Focht (1978) Direct in-field measurement of nitrous oxide flux from soils, So/7
Science Society of America Journal 42:731-737.
Sahrawat, K.L. and D.R. Keeney (1986) Nitrous oxide emission from soils. In: B.A. Stewart (Ed.) Advances inSoil
Science, vol. 4, pp. 103-148, Springer-Verlag, New York.
Sanchez, P.A. (1976) Properties and Management of Soils in the Tropics, pp., Wiley Interscience, New York.
Schimel, D.S., S. Simkins, T.Rosswall, A.R. Mosier and W.J. Parton (1988) Scale and the measurement of nitrogen
gasfluxes from terrestrial ecosystems.In:T.Rosswall,R.G.WoodmanseeandP.G.Risser (Eds.)ScalesandGlobal
Change, SCOPE 35,pp. 179-193,John Wiley, New York.

Emission of N20 from soils under natural vegetation

53

Schmidt, J., W. Seiler and R. Conrad (1988) Emission of nitrous oxide from temperate forest soils into the
atmosphere, Journal of Atmospheric Chemistry 6:95-115.
Seiler, W. and R. Conrad (1981) Field measurements of natural and fertilizer induced N20 release rates from soils,
Journal of Air Pollution Control Association 31:767-772.
Seiler, W. and R. Conrad (1987) Contribution of tropical ecosystems to the global budgets of trace gases, especially
CH,,H2,COandN 2 0. In:R.E.Dickinson (Ed.) GeophysiologyofAmazonia: Vegetationand Climate Interactions,
pp. 133-160, Wiley and Sons,New York.
Sellers, P.J., Y. Mintz, Y.C. Sud and A. Dalcher (1986) A simple biosphere model (SiB) for use within general
circulation models, Journal of Atmospheric Science43:505-531.
Sextone, AJ., T.B. Parkin and J.M. Tiedje (1985) Temporal response of soil denitrification rates to rainfall and
irrigation, Soil Science Society of America Journal 49:99-103.
Shea, D.J. (1986) Climatological Atlas 1950-1979, Surface air temperature, precipitation, sea-level pressure and sea
surface temperature (45°S-90°N), Technical Note NCAR/TN-269 + STR, Atmos. Anal, and Pred. Div., National
Center for Atmospheric Research, Boulder, Colorado.
Smith, CJ., R.D. Delaune and J.W.H. Patrick (1983) Nitrous oxide emission from Gulf Coast Wetlands, Geochimica
el Cosmochimica Acta 47:1805-1814.
Tarpley, J.D., S.R. Schneider and R.L. Money (1984) Global vegetation indices from the NOAA-7 meteorological
satellite,Journal of Climate and Applied Meteorology 23:491-494.
Terry, R.E., I.R.L. Tate III and J.M. Duxbury (1981) The effect of flooding on nitrous oxide emissions from an
organic soil, Soil Science 132:228-232.
Thornthwaite, C.W. (1948) An approach toward a rational classification of climate, Geographical Review 38:55-74.
Tiedje, J.M. (1988) Ecology of denitrification and dissimilatory nitrate reduction to ammonium. In: AJ.B. Zehnder
(Ed.) Biology of Anaerobic Microorganisms, pp. 179-244, John Wiley, New York.
U.S. Department of Agriculture (1975) Soil Taxonomy, A Basic System of Soil Classification for Making and
Interpreting Soil USDA Surveys, Agr. Handb. 436, Soil Conservation Service, U.S. Department of Agriculture,
Washington, D.C.
Van Diepen, CA. (1985) Wetland soils of the world, their characterization and distribution in the FAO/ Unesco
approach, in Wetland Soils: Characterization, Classification and Utilization, Proceedings OfIRRI Workshop, pp.
361-374, International Rice Research Institute, Los Bafios, Philippines.
Van Reeuwijk, L.P. (1991) Andosols. In: P.M. Driessen and R. Dudal (Eds.) Lecture Notes on the Geography,
Formation Properties and Use of the Major Soils of the World,pp. 57-65, Agricultural University, Wageningen
and Katholieke Universiteit, Leuven.
Vitousek, P.M. (1982) Nutrient cycling and nutrient use efficiency, American Naturalist 119:553-572.
Vitousek, P.M. (1984) Litterfall, nutrient cycling and nutrient limitation in tropical forests, Ecology 65:285-298.
Vitousek,P.M.,P.Matson,C. Volkman,J.M. Massand G. Garcia (1990)Nitrousoxideflux from dry tropical forests,
Global Biogeochemical Cycles 3:375-382.
Vitousek, P.M. and P.A. Matson (1988) Nitrogen transformations in a range of tropical forests, Soil Biology
Biochemistry 20:361-367.
Vitousek, P.M. and R.L. Sanford (1986) Nutrient cycling in moist tropical forest, Annual Review of Ecology and
Systematics 17:137-167.
Watson, R.T., L.G. Meira Filho, E. Sanhueza and A. Janetos (1992) Sources and sinks. In: J.T. Houghton, B.A.
Callander and S.K. Varney (Eds.) Climate Change 1992, The Supplementary Report to the IPCC Scientific
Assessment, pp. 25-46, Cambridge University Press, New York.
Yoshida, T. and M. Alexander (1970) Nitrous oxide formation by Nitrosomonas europeae and heterotrophic
microorganisms, Soil Science Society of America Journal 34:880-882.
Zimka, J.R. and A. Stachurski (1976) Regulation of C and N transfer to the soil of forest ecosystems and the rate of
litter decomposition, Bulletin Academy Polish Science 24:127-132.
Zobler, L. (1986) A world soil file for global climate modeling,NASA Technical Memorandum 87802.

54

Global inventory of emissions of nitrous oxide

APPENDIX A
The primary gridded data sets used in the model, commented upon briefly in the text, are
discussed more fully below.
A.l.Climate
Shea (1986) produced climatologies of monthly surface air temperature and precipitation, at 2.5°
resolution for the globe, from station observations. Lacking a global climatology for soil
temperatures,weused surface airtemperatures.Thismayintroducephaseerrors,ofuptoaseason
in middle and high latitudes, in the seasonality of N 2 0 production.
A.2. So// Type,Texture,Fertility,andDrainage
The global distribution of soil properties was obtained from the data base of Zobler (1986),
compiled in digital form at 1° resolution from the FAO/Unesco (1974-1981) Soil Map of the
World. The 1:5M FAO/Unesco soil maps distinguish dominant soil units, associated soils and
inclusions, topsoil texture of thedominant soil and slope. Onthemaps, additional information on
phases is indicated with special symbols. The full digital data base of Zobler (1986) includes
distributions of major and associated soil units, soil texture, slope, and phase.The data sets used
in this study are major soil units and soil texture.
The FAO/Unesco (1974-1981) soil classification system has two levels: soil groups and soil
units. There are 26 soil groups encompassing 106 soil units. The soil groups and soil units are
classified on the basis of diagnostic horizons and diagnostic properties. Descriptions of the soil
groups and soil units can be found in the works by FAO/Unesco (1974-1981), Fitzpatrick (1983)
and Driessen and Dudal (1991).Two of the soil units,gelic Planosols, and ferric Podzols,do not
occur in the digital data base because they never dominate at 1°resolution.
For this study, soil units are aggregated into 23 new groups. Table 1lists the 23 groups and
their areas, presented under 10 higher-level soil clusters (I-X). The global distribution of the 23
new groups is shown inPlate 1.Soils areformed through theimpact of climate,vegetation, fauna
(including humans) and topography on the parent material. The relative influence of these soilforming factors varies among sites, explaining the considerable variety found in soils. Globally,
climate is the major soil-forming factor and under similar climatic conditions, soil development
is sufficiently consistent to form a basis for soil classification. Such zonal soils are represented
inTable 1byclusters II-IV and VI-VII.Variations occur whereparentrock (clusters VIIIandX),
physiographic position (IX) or other local features dominate soil formation. These soils are
intrazonal and azonal soils with no clear relation to vegetation and climate.
In this model, individual gelic soil types are combined to form the permafrost soil cluster. In
addition, several soils are combined following the new terminology of FAO/Unesco (1988): all
shallow soils (Lithosols, Rankers, and Rendzinas) are grouped as Leptosols (group 21), and
weakly-developed soils under arid and semiarid moisture regimes, Xerosols and Yermosols, are
grouped as desert soils (group 14).
The data base of soil units provides the basis for deriving information on two factors in the
model: fertility and drainage. Indices for these factors, ranging from one to five, are associated
with each of the 106 soil units as shown in Table 1and discussed in section 3.
The reliability of the FAO/Unesco soil map is not spatially uniform. Reliability is particularly
lowintheAmazon basin,theformer SovietUnion,partsofeasternAfrica, andEurope.Additional
information has become available since compilation of the FAO/Unesco soil maps in the 1960s,
reflected in the revised legend of FAO/Unesco (1988).
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Topsoil texture is defined asthe relative proportions of clay (particles < 2 urn), silt (2-50urn),
and sand (50-2000 urn)inthetop 30cm of the soil.TheFAO/Unesco soil maps havethree broad
texture classes for the topsoil: coarse, medium, and fine. In addition to these texture classes, the
digital data setidentifies severaltexturecombinations;theorganic classisfor nonmineraltopsoils
(Table2).Topsoilswithcoarsetextureshave<18%clayand>65%sand andinclude sands,loamy
sandsandsandyloams.Themediumtextureclass,with<35% clay and<65%sand,includessandy
loams, loams, sandy clay loams, silt loams, silts, silty clay loams, and clay loams. Fine-textured
topsoils have >35% clay and include clays, silty clays, sandy clays, clay loams, and silty clay
loams. The reader is referred to the texture triangle in FAO/Unesco (1974-1981) and to U.S.
Department of Agiculture (1975) for further information on characteristics of texture classes.
A.3.Vegetation
The satellite-derived normalized difference vegetation index (NDVI) is a measure of the primary
productivity of vegetation (Box et al., 1989). The NDVI is calculated as the difference between
radiances inthevisible (0.58-0.68 urn) and nearinfrared (0.725-1.1urn)portions of the spectrum
normalized by the sum of the radiances. The Advanced Very High Resolution Radiometer
(AVHRR) on board the NOAA series of polar-orbiting satellites (Tarpley et al., 1984) routinely
measurestheradiances.TheweeklymaximumNDVI'sat~25kmresolution obtainedfrom NOAA
for 1984 were further sampled and averaged for this study. First, the maximum monthly NDVI
at 25kmresolution wasretained from the weekly maxima.These dates were then averaged to 1°
resolution. The digital data base of vegetation types compiled by Matthews (1983) is used for
verifying measurement site characteristics and for analysis of model results.
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Chapter 3

DIRECT EMISSION OF NITROUS OXIDE FROM AGRICULTURAL
SOILS
Abstract. This analysis was based on a review of published measurements of nitrous oxide (N20) emission from
fertilized fields. From the literature data selections were made toanalyze the importance of factors that regulate N 2 0
production,including soilconditions,typeofcrop,nitrogen (N)fertilizer typeand soilandcropmanagement. Reported
N 2 0 losses from anhydrous ammonia and organic forms of N fertilizers or combinations of organic and synthetic N
fertilizers arehigherthanthosefor othertypesofNfertilizer. However, themanagement andenvironmental conditions
represented by the set of measurement data istoo limited tobe used for estimating emission factors for each fertilizer
typeindividually.Theliteraturedataareappropriate for estimating theorderof magnitude of emissions.The fertilizerinduced N 2 0 emission is higher for measurements covering longer periods than for measurements which represent
short periods. Therefore, a simple method to estimate the total annual directN 2 0 emission from fertilized fields was
based on those measurements covering periods of one year, resulting in the following equation: N 2 0 emission (kg N
ha'yr"1) = 1+ 1.25 ± 1% of the N application (kg N ha'yr"'). The relation is independent of the type of fertilizer.
Although the above regression equation includes considerable uncertainty, it may be appropriate for global analyses.

3.1. INTRODUCTION
Nitrous oxide (N20) plays an important role in the atmospheric radiative balance and in the
stratospheric ozone chemistry. A great number of major and minor sources have been identified,
yetthereisconsiderable uncertainty inthesource strengths.Partof theuncertainty arisesfrom the
paucity of measurements of N 2 0 fluxes. Another part stems from the difficulty of extrapolating
measurements of biogenic fluxes from soils and aquatic sources tolarger scales,because of their
extreme heterogeneity both in space and time. For abiogenic sources, such as fossil fuel
combustion and industrial processes, political, economic and cultural factors are major
uncertainties in making extrapolations. Khalil and Rasmussen (1992) recently presented a global
N 2 0 budget indicating that the uncertainty for most N 2 0 sources amounts to at least a factor 2.
There is also considerable uncertainty in the estimates of N 2 0 emission from the world's
cultivated fields. During recent years few new measurements of N 2 0 fluxes in agricultural fields
have been published, despite the interest in increasing concentrations of greenhouse gases in the
atmosphere. Many assessments rely on flux measurements carried out during the period 19801990. For example, attempts have been made to estimate the N 2 0 emission caused by synthetic
nitrogen (N) fertilizers (Eichner, 1990) and synthetic and organic fertilizers (Bouwman, 1990)
based on literature reviews. Synthesis of current knowledge resulted in an estimated annual
emission from cultivated fields of 0.03 - 3Tg N20-N (Watson et al., 1992).
Thedirectefflux ofN 2 0 from agricultural fields ispossibly onlypart ofthe emission caused by
N fertilization. Nitrogen may leach from the soil and form a source of N 2 0 fluxes from
groundwater by degassing orfrom surface waters.Nitrogen taken up byplants may be consumed
by humans or animals. Denitrification of the nitrogen in their excreta may, once in the
environment, form a source of N 2 0.
Manyreviews have been published on themicrobial processes responsible for N 2 0 production,
nitrification and denitrification (e.g. Firestone and Davidson, 1989). The release of N 2 0 may be
a by-product of nitrifiers that denitrify nitrite (N0 2 ) under oxygen stress (Poth and Focht, 1985).
Under moist and oxygen depleted conditions denitrification is generally the major source of N 2 0,
and both therate of denitrification and the conditions that influence theratio N2/ N 2 0 determine
the N 2 0 emission (Davidson, 1991). Many factors regulate nitrification and denitrification. A
review of these factors is presented by Bouwman (1990). In summary they include:
- Soil moisture and temperature, regulating microbial processes;
- Soil oxygen availability, a control of denitrification; oxygen supply is determined by the soil
water content and the rate of microbial respiration;

58

Global inventory of emissions of nitrous oxide

- Concentrations of N03"and NH4+,influencing thereaction rates;obviously theplant roots play
a role here (i) by consuming the nutrients and (ii) as a source of nutrients from residues or
exudates;
- Organic carbon as energy source for denitrifiers;
- Soil reaction or pH, influencing nitrification and denitrification and the ratio Nj/r^O.
Themethodproposed byEichner (1990)tocalculateN 2 0 emissionfrom different fertilizer types
was adopted by the IPCC for making country estimates (OECD, 1991). The wide range of
uncertainty in this estimate is, however, not appropriate in global inventories.
Another method for estimating the N 2 0 emission from fertilized fields was based on N
application, weatherconditions,soilproperties,soil,cropandwatermanagementwiththecomplex
DNDC model (Changsheng Li et al., 1992a; 1992b). Other more simple approaches are the
mechanistic modeldeveloped byMosierandParton (1985)for Coloradograsslands,andthemodel
relating N 2 0 emission to the water filled pore space (Davidson, 1991). These models describe
conditions for N 2 0 production reasonably well. They were developed and validated for the
conditions of a single site. Extrapolation of emissions should be based on validation for a wide
variety of conditions. This requires soil data and daily weather data that are not available at the
global scale.
The aim of this analysis is to develop an approach to estimate global direct emissions of N 2 0
from fertilized agricultural fields. Measurement data of N 2 0 emission inrelation toN fertilization
from various studies were collected from theliterature. Section 3.2 briefly discusses anumber of
the regulating factors of N 2 0 production on the basis of this data set. Another important aspect
that will be discussed is the length of the period covered by the flux measurements and their
frequency. On the basis of this analysis and comparison with earlier estimates a method to
estimate annual emission from fertilized fields will be described in section 3.3.
3.2. COMPARISON OF EXPERIMENTS
Themeasurementdatacollected from theliteraturepresented intheAppendixincludeexperiments
in cropped and unplanted plots with different soils fertilized with different types of N fertilizers,
ranging from organic fertilizers and combinations of synthetic and organic fertilizers, and
measurements in unfertilized control plots. The emission of N 2 0 is presented as:
- The totalN20 emissionduring the period covered by the measurements.
- The fertilizer-induced N20 emission, calculated as the difference in emission between the
fertilized and the control plot, presented as a percentage of the fertilizer N applied. The
fertilizer-induced N 2 0 emission ranges between 0.0% and 6.8% of the N application for 87
experiments for mineral soils in the Appendix that included a control plot.
- The total N 2 0 emission as a percentage of the N applied. The total N 2 0 emission from 180
experiments for mineral soilsin the Appendix ranges between 0.0 to7.8% of the N application.
Theflux measurementtechnique,duration of measurements and samplingfrequency isindicated
for allexperiments in theAppendix. Detailsonthetechniques used can befound inthe individual
reportslisted.Gascollection chambersonthesoil surface arecommonly used toquantify the N 2 0
flux from the soil to the atmosphere. Reviews of the theoretical and practical problems which
cause variability in gas flux measurements using chambers are presented by Mosier (1989).
Several factors regulate the production, consumption and emission of N 2 0. A number of these
will be discussed briefly on the basis of the data in the Appendix. Another important aspect that
will be discussed is the length of the period covered by the flux measurements and their
frequency.
-Durationofmeasurements. Thelength oftheperiod covered bythemeasurements may influence
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the amount of N 2 0 stemming from fertilizers thatiscaptured. The averagefertilizer-induced N 2 0
emission is0.7 ± 1.1%oftheNapplication based onallexperimentsfor mineral soils(Appendix).
The average fertilizer-induced N 2 0 emission is 0.8 ± 1.2% for experiments with a duration of
measurements of >30days, 1.1 ± 1.4% for experiments covering > 100days,and 1.6 ±0.4% for
experimentscovering>200days.ThissuggeststhatifmeasurementsofN 2 0 fluxes from fertilized
fields are extended over longer periods, the observed N 2 0 emission is higher. This also suggests,
that it is necessary to measure fluxes during prolonged periods to account for all the fertilizerinduced emission.
- Frequencyof measurements. Brumme and Beese (1992) observed that N 2 0 flux measurements
done onceper weektend to overestimate thetotal emission estimaterelative todaily observations
by 20%.In many studies the frequency of measurements is once per day or once in 2 or 3days,
particularlyinperiodsofhighfluxes shortly after fertilizer application (Appendix).Insomestudies
themeasurements weredoneonceper week.Thesedifferences infrequency offlux measurements
may form another source of uncertainty.
- Presence and type of crop. Many studies included fertilized but unplanted fields (Appendix).
Sincethereisnouptakeof nitrogen from thesoil,denitrification andassociated N 2 0 emission may
be higher than in cropped fields. The mean fertilizer-induced N 2 0 emission for unplanted fields
is 0.9 ± 1.5% of the N application, while the mean for fields with crops or grass is 0.4 ± 0.6%.
Ungrazed grassland plots (0.4 ± 0.7, N = 17) showed somewhat lower N 2 0 emission than
cropped fields (0.4 ± 0.6, N = 28).Grasses have a longer growing season than crops, leading to
more Nuptake and lessdenitrification in grasslands than in cropped fields. This is not confirmed
bythedata,possibly because most measurements covered onlythe springand summerperiod and
not the full year.
For most experiments in the Appendix it is impossible to conclude whether differences are
caused by the type of crop, the amount and type of N fertilizer or the management practices.
However, in some experiments the crop or the combined effect of crop and management clearly
determine the N 2 0 emission, i.e. wetland rice and leguminous crops.
Wetland rice in experiment 15 and 36 showed low N 2 0 fluxes, and the N 2 0 emission from
dryland rice fields was somewhat higher (experiment 25). This may be caused by the low
availability of oxygen, which isunfavourable for nitrification. Moreover, low oxygen availability
may lead to a low N 2 0 / N2 ratio in denitrification products. However, Byrnes et al. (1993)
showedthatdrainageof wetlandricefields maygiverisetosignificant N 2 0 emission.Asdrainage
of rice fields was not considered in experiments 15and 36, the reported N 2 0 emissions may be
underestimated.
Fields with legumes showed high N 2 0 emission. As leguminous crops usually receive little or
noNfertilizer, thesehighN 2 0 emissionsmaybeattributed toNinputsfrom symbioticN fixation.
The only examples in the Appendix are alfalfa (2.3-4.2 kg N20-N ha^yr"1, experiment 17),
soybeans (0.34-1.97 kg N20-N ha'yr 1 . experiment 41) and clover (experiment 14). The
measurements in thecloverfields did notresultinhigh fluxes, perhaps becauseNfertilizer added
in this experiment prevented Nfixation.Unfortunately the measurement period was not reported.
- Crop residues. The data in the Appendix indicate that N coming from decomposition and
mineralization ofcropresiduesmayalsocontribute toN 2 0 fluxes. Theeffect of cropresiduescan
best beillustrated bycomparing experiments in Iowaontypic Haplaquolls (experiments 5and6).
For both thecontrol and the fertilizer treatment experiment 6 showed much higher N 2 0 emission
than experiment 5. In experiment 5maize residues were incorporated in the surface layer, while
in experiment 6 soybean residues were left on the surface to decompose.
Experiment 20included plots withrye grown asacover crop after harvest of thepreviouscrop.
The rye crop was incorporated before sowing tobacco and resulted in lower N 2 0 emission than
plots with manure or alfalfa residue.
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-Tillage.Surface application of Nfertilizers toresidues inplotswithminimum orreduced tillage
leads to high N 2 0 emission (experiment 20). This is consistent with experiments 8 and 13that
showedlowerN 2 0 emissionfrom ploughed plotscropped towinter wheatfertilized with NH4N03
than unploughed, directly sown plots.
- Source and amount of nitrogen. The variability in N 2 0 fluxes is extremely high for all N
fertilizer types and all application levels (Figure 1).Fluxes ranging between 0 and 30kg N20-N
ha'yr"1 were observed in plots with mineral soils. The results for the unfertilized control plots
(Appendix) range between -0.6 and 4.2 kg N20-N ha"1 (avarage 0.8, standard deviation 1kg N
ha"1,N = 55). The variability may be caused by many different factors, of which the history of
fertilization and management may be important ones. For none of the fertilizer types there is a
clear relation between N application and N 2 0 emission, but some forms of N show consistently
higher N 2 0 emissions than other types.
Fluxes of N 2 0 from plots amended with combinations of organic and synthetic fertilizers are
generally high. It should be noted that the literature reports listed in the Appendix presented the
Nin organic fertilizers astotalN,including mineral nitrogen and organic nitrogen. This indicates
that there is uncertainty in the amount of N applied, becausepart of the organic Nis not directly
available,whilethevolatilization ofNH3after application of organicfertilizers wasnotaccounted
for. Emissions from fields fertilized with N03"-based fertilizers and combinations of organic and
N03"fertilizers from experiment 31wererelatively highcompared toresultsof other experiments.
Measurements in experiment 31 were carried out immediately after irrigation and rainfall events,
and thishavecaused an overestimation of bothdenitrification andN 2 0 emission extrapolated over
the growing season.
Withinthegroupofsyntheticfertilizers, anhydrousammoniainduceshighN 2 0 fluxes.Thismay,
however, not be the result of the type of fertilizer, but merely of the mode of application (see
below).
- Modeoffertilizer application.Some experiments indicated an important effect of the mode of
fertilizer application. Most fertilizers were broadcast onto the soil surface and incorporated by
tillage. Injection is the customary method of applying anhydrous ammonia. This may produce
highly alkalinesoilzonesofhighammoniumconcentration (BreitenbeckandBremner, 1986a)that
may lead to high N 2 0 production (Bouwman, 1990). Experiments 4, 5, 6 and 10 showed that
deeper injection of anhydrous ammonia lead to higher N 2 0 emission than shallow injection.
Another example is experiment 36 where urea drilled into the soil caused higher N 2 0 emission
than top-dressed urea for the high N application of 180kg Nha"1.
It is difficult to explain why deeper injection resulted in higher N 2 0 emission. The N loss by
NH3volatilization from applied anhydrous ammonia is probably lower for deep than for shallow
injection. However, if the ammonia is injected deeper, the transport of the N 2 0 formed is over a
longer distance, which increases possibilities for further N 2 0 reduction.
- Timingoffertilizer application. The setof datadoes notinclude sufficient experiments studying
the effect of timing of fertilizer application. Application in periods when the crop actually needs
nutrients will reduce N losses by denitrification and leaching, thereby also reducing N 2 0 losses
(Mosier, 1993).
- Soil type andproperties. In experiments 4 and 6 different soils were included to measure the
effect of different N fertilizers on N 2 0 emission. Unfortunately the authors of the report did not
explain the differences. A possible explanation may be the soil texture. In experiments 6 and 8
similar soils with different textures were included. The heavy textured soils showed higher N 2 0
emission than the soil with lighter texture. In contrast, in experiment 4 the light textured soils
showed higher emissions than heavier textured soils.
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Figure la-f. Relation between N fertilizer application and N 2 0 emission from mineral soils for experiments listed in
the Appendix, independent of theperiod covered by the measurements, presented for (a) anhydrous ammonia (NH3);
(b)ammonium (NHJ-basedfertilizers; (c)ammonium nitrate(NH4N03);(d)nitrate(N03)-basedfertilizers; (e)organic
fertilizers and combinations of organic and synthetic fertilizers; (f) urea

Drained organic soils showed high N 2 0 emission of up to 100kgN20-N ha'yr' (experiments 17
and 43). Although the fields studied were not fertilized, the mineralization of the organic soil
material is a significant sourceof N. Terry et al.(1981)estimated thatmineralization of nitrogen
may amount to up to 1300kg N ha^yr"1 (see Appendix). The observed N 2 0 emission from these
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soils constitutes a fraction of < 1to > 10% of N mineralization (Appendix).
Another soil property that may affect N 2 0 emission is the soil reaction or pH. The pH may
affect nitrification, denitrification and the N 2 0 reduction. Generally it is thought that N 2 0
reduction is inhibited at low pH (various references quoted in Bouwman, 1990;Bouwman et al.,
1993). Plots with identical soils of different pH established in 1962 gave no measurable
differences inN 2 0 emission (experiment 20).This may bedueto adaptation ofdenitrifiers to soil
pH (Parkin et al., 1985).
- Soil drainage.Experiment 11 concentrated on drainage of a poorly drained soil with stagnant
water (stagnogley). Draining the soil caused adecrease in the N 2 0 emission. For all experiments
the soil was classified as well drained, poorly drained or moderately well drained, based on data
given in thereports or onthe soiltaxonomieclassor soildescription. Forexample, Paleudalfs are
considered well drained, while thename Calciaquolls suggests hydromorphicproperties and poor
drainage. However, there wasnoclearrelation found between soildrainage and N 2 0 emission for
the experiments listed.
3.3. METHOD TO ESTIMATE THE DIRECT N 2 0 EMISSION FROM FERTILIZED FIELDS
The method presented by Eichner (1990) accounts for the fertilizer-induced emission, i.e. the
emission from afertilized plotminusthatfrom acontrolplot,determined during the measurement
period. Eichner (1990) calculated the fertilizer-induced N 2 0 emission as a percentage of N
fertilizer applied specified for a number of fertilizer types (Table 1). There are a number of
uncertainties in this method:
- The data sets used by Eichner (1990) and in this study represent only a limited number of
climatic, soil and management conditions. For example, Eichner (1990) based the median and
range of N 2 0 emission induced by anhydrous NH3 on only a few experiments, mostly carried
out in Iowa (experiments 3-7). The highest fertilizer-induced N 2 0 emission (6.8%, experiment
6) was observed in fields where soybean residues were left on the surface to decompose. This
maynotberepresentative ofworldwidepracticesinfields whereanhydrousammoniaisapplied.
- Addition of observations tothedataset of Eichner (1990)canresultinchangesin thecalculated
average N 2 0 losses caused by fertilization. This study includes 14measurements for anhydrous
ammonia that were not reviewed by Eichner (1990), causing a 30% lower fertilizer-induced
emission (Table 1). This has important consequences for the estimated emission from the
application of anhydrous ammonia, which contributes about 45% to the global N 2 0 emission
from fertilizers based onEichner'smethod. The greatest difference isfound for urea, wherethe
N 2 0 emission resulting from this study exceeds the estimate of Eichner (1990) by a factor of
3 caused by only 7 additional measurements.
- Theconceptofthefertilizer-induced N 2 0 emissiondoesnotyield anestimateofthetotalannual
emission. Most measurements listed in the Appendix cover the crop season or shorter periods.
Most of the N 2 0 isusually released during aperiod of amonth after fertilizer application, after
which emissions decline to a "background" level (Breitenbeck and Bremner, 1986). This is
consistent withmostoftheliteraturereportsintheAppendix.Althoughthebackground emission
maybe low, thecontribution tothe annual flux may notbenegligible.Moreover, it isuncertain
whether this background emission level is influenced by the fertilization and soil management
during previous years. As the observed N 2 0 emission from fertilized lands in the Appendix is
significantly higher for longer measurement periods than for shorter measurement periods, the
background emission should be included in estimates of the annual emission from fertilized
lands.
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Table 1.Average and standard deviation of the fertilizer-induced N 2 0 emissiont for different types of N
fertilizer reported by Eichner (1990) compared with results from this study
Type
N§
Anhydrous ammonia
Ammonium nitrate
Salts of ammonium
urea
Salts of nitrate
Organic / combinations of
organic and synthetic fertilizers

12
8
17
7
15

Eichner (1990)1
Average S.D.f
2.3
0.3
0.1
0.1
0.2

2.0
0.3
0.1
0.0
0.5

N§

This study
Average

S.D.!

23
10
20
14
16
5

1.6
0.3
0.1
0.3
0.2
1.5

1.6
0.3
0.1
0.6
0.4
0.5

t The fertilizer-induced emission is calculated as emission from the fertilized plot minus that from the
control plot, presented as percentage of N fertilizer application.
$Recalculated from thedatatables inEichner (1990)includingN-applications>250kgNha"1,andwith
corrections in the data from Seiler and Conrad (1981), Conrad et al. (1983) and Christensen (1983).
§ N = number of experiments
D S.D. = standard deviation

A simple method is proposed here to calculate the total annual N 2 0 emission from fertilized
fields, independent of crop, management, soil conditions and fertilizer type. As noted above the
length of the measurement period seems to be important to determine the total of N 2 0 emission.
Figure 1showstherelation between N-fertilizer application and N 2 0 emission for all experiments
onmineral soilsin theAppendix. Clearly, thereisnocorrelation between Napplication level and
N 2 0 emission if the duration of measurements is not taken into account. For experiments with a
duration of N 2 0 flux measurements of a full year, the correlation is much better. Datapresented
in Figure 2 for cropped fields and ungrazed grass plots include a variety of different fertilizers
(including synthetic, organic and combinations of organic and synthetic N fertilizers), weather
conditions and soils.Theresultsfrom experiment 2wereexcluded, because of reported abnormal
low precipitation. The experiments for leguminous crops (experiment 17 and 41) were also
excluded because the input from N fixation was not reported.
Least squares fitting of the data in Figure 2 to a linear function resulted in equation (1) with r2
of 0.8:
N20-flux (kg N h a V ' ) = l + 0.0125 *N application

(1)

This relationship was based on 20 different measurements only, and its global applicability is
highly uncertain. The background emission of 1 kg N20-N ha'yr"1 was based on only 5
measurements for unfertilized plots,with arange of emissions of -0.6 to + 3.2 kg N20-N ha'yr"1
(experiment 30 and 19, respectively). It is, however, consistent with the average of the 33
measurements covering more than 100 days in unfertilized control plots of 1.2 ± 1.1 kg Nha"1.
Thefertilizer-inducedN20 emissionof 1.25% is close to the calculated 1.1% (± 1.4) fertilizerinduced N 2 0 emission based on 43 experiments with a duration of measurements of > 100 days
where a control plot was included. The 1.25% fertilizer-induced emission is also consistent with
theestimateof 1%ofMosier (1993),and withthe0.5-2% N 2 0 emissionfrom fertilizers estimated
by Bolle et al. (1986).
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Figure2.RelationbetweenNfertilizerapplication andN20emissionforexperimentsonplotswithmineralsoilswith
a coverage of measurements of 1 year and for N application rates < 500 kg N ha"1 yr', excluding results for
experiment2andmeasurementsforleguminouscrops(Appendix).The boxesindicatemeasurementsincroppedfields
andthosein ungrazedgrasslands.

3.4. DISCUSSION AND CONCLUSIONS
Although theindividual factors thatcontrolN 2 0production areknown,itisimpossibletodescribe
their interaction under field conditions on the basis of thedata in theAppendix.The processesof
nitrification and denitrification and the controls of the reduction of N 2 0 to N2 have their specific
optimum conditions. These conditions may change from one year to another, and the importance
of the different N 2 0 producing processes may also change as a consequence. The variability in
the data is caused by a variety of factors related to management, such as timing of N additions,
timing and frequency of irrigation or precipitation, presence or absence of crops, type of crop,
history,modeandtimingoffertilizer application,andsoilmanagement.Itisalsocaused by factors
such as local rainfall and temperature that are not manageable.
Byrnesetal.(1990)concluded thatN 2 0 emissionsmaybemorecloselyrelated tosoilproperties
than to the N source applied. The comparison in Table 1suggests that there may be differences
in N 2 0 emission caused by the fertilizer type. However, the addition of a few measurements can
drastically change the calculated emission factor for a fertilizer type, as was shown for e.g.
anhydrous ammonia. Therefore, the set of data presented in the Appendix is too limited to
calculate the N 2 0 emission specific for each fertilizer type, and it is notlikely that in the coming
years sufficient new data will be generated. However, the available data are adequate to estimate
the order of magnitude of emissions.
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Asimpleapproach wasdeveloped, based onabackground emission of 1 kg N20-N ha'yr"1plus
a fertilizer-induced N 2 0 emission of 1.25% of the N application. This method applies to all
fertilizer types, and may not be adequate to estimate emissions for local conditions or specific
crops. Therange of uncertainty for the fertilizer-induced N 2 0 emission is 0.25 - 2.25% based on
the full set of data, but excluding the extremes (A.R. Mosier, 1994,personal communication).
The method may be adequate for global analyses. Assuming that the global N fertilizer use in
1990 of 80 Tg N yr"1 (FAO, 1991) is applied exclusively to arable fields and that no organic
fertilizers areused,thebackground emission calculated for theglobalarableland areaof 1440xl06
ha is 1.4 x 1012g N20-N yr' and the fertilizer-induced emission is 1x 1012g N20-N yr"1.
This estimate does not include N 2 0 emissions from leguminous crops. These crops usually
receive little or no N fertilizer. The N 2 0 emissions from fields with leguminous crops may be
considerable.These high N 2 0 emissionsmay beattributed toNinputsfrom symbiotic N fixation.
Theglobal areaof leguminous crops is 145Mha (FAO, 1991),about 10%of thetotal arable land.
This areadoes notinclude legumes grown asgreen manures notreported bytheFAO (1991),and
legumes in grasslands and N fixing grass species. The N inputs from legumes to agricultural
systems may be of the same order of magnitude as global synthetic N fertilizer use (Duxbury et
al., 1993),indicating the potential importance for the N 2 0 cycle.
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Chapter 4

UNCERTAINTIES IN THE GLOBAL SOURCE DISTRIBUTION OF
NITROUS OXIDE
Abstract. Inventories with l°xl° resolution were compiled of nitrous oxide (N20) emissions from fertilized arable
land, animal excreta, post-clearing effects on soil emissions, fossil fuel and fuelwood combustion and industrial N 2 0
sources. For other sources of N 2 0, including soils under natural vegetation, oceans and biomass burning, published
inventories wereused.From theseinventories theannualN 2 0 emission wascalculated for four broad latitudinal zones
covering the globe. Uncertainties were assessed by comparing variants of inventories with source estimates inferred
from inversemodeling techniques.Major uncertainties occurinthetropics,wheresmallerrorsinboth soiland oceanic
emission estimates may have large repercussions for the zonal distributions. Although there may stillbe many poorly
known and unidentified N 2 0 sources,theanalysis hasresulted in improved understanding of some sources i.e.: (i) the
oceanic N 2 0 emission may be more important than assumed in recent global N 2 0 budgets, with a major portion
stemming from the 30°-90°S zone; (ii) the N 2 0 emission from animal excreta forms a significant global source; (iii)
most of theN 2 0 from arable lands and grasslands, including effects of synthetic fertilizers and animal excreta, comes
from the northern hemisphere; accounting for only the synthetic-fertilizer effect on N 2 0 emission leads to an
underestimation of theemission from arable lands;(iv)fossil fuel combustion andindustrialN 2 0 sourcesaredominant
inthe3(f-90"N zone,whileN 2 0 from fuelwood combustion ismainlyproduced inthe0°-30°Nzone;(v)theestimation
ofenhancedN 2 0 soilemission following tropicalforestclearing thathasaccounted forgradually decliningN 2 0 fluxes,
along with aging of the clearing leads to a global emission that is significant but lower than previous estimates; (vi)
most of the N 2 0 from coastal marine and freshwater systems, and soil N 2 0 emission resulting from N deposition
probably comes from the northern hemisphere.

4.1. INTRODUCTION
Despite its low current concentration of about 310ppbv, nitrous oxide (N20) is regarded as one
of the main greenhouse gases (Wang et al., 1976) because of its long atmospheric lifetime (~150
years;KhalilandRasmussen, 1992)anditsradiativeforcing ofabout200timesthatof C0 2 (Shine
et al., 1990). In the troposphere N 2 0 is inert, but in the stratosphere N 2 0 is destroyed by
photolysis, and a minor part by reaction with excited oxygen atoms. The latter reaction is the
primary source of nitric oxide,which contributes toozonedepletion (Crutzen, 1970).Theaverage
N 2 0 concentration in the northern hemisphere is 0.75-1.0 ppbv higher than in the southern
hemisphere (Prinn et al., 1990; Weiss, 1981;Butler et al., 1989).
The atmospheric concentration of nitrous oxide (N20) is increasing. The rate of increase of
0.25-0.31% yr"1(Prinn et al., 1990) observed in the 1980sresulted from 30% larger sources than
sinksand a50%growth inN 2 0 emissionssincepre-industrialtimes (Prinn etal., 1990;Khaliland
Rasmussen, 1992; Graedel and Crutzen, 1993). The atmospheric N 2 0 concentration started to
increase rapidly in the 1940s and was faster during the late 1980s than during the mid-1970s
(Khalil and Rasmussen, 1992). In 1992 the rate of increase was about half that in the previous
decade(Swanson etal., 1993).Thiswasperhaps aresultof theobserved globalcooling associated
with aerosols emitted by Mt. Pinatubo in 1991 (Dutton and Christy, 1992) - causing lower N 2 0
production in soils (Kreileman and Bouwman, 1994)and oceans.Thegrowth rate of atmospheric
N 2 0 started to increase again in late 1993 (J. Elkins, personal communication).
The growth in atmospheric N 2 0 is caused by a large number of poorly known minor sources,
including agricultural soils,soilsunder naturalvegetation, aquatic sources,biomassburning,fossil
fuel combustion, industrial sources and traffic (Khalil and Rasmussen, 1992). Recently also
atmosphericchemistry, sewagetreatment,landdisturbance,animalmanure,wasteincineration and
even global warming effects on N 2 0 emission from biogenic sources have been identified as
potential N 2 0 sources (Banin, 1986; Khalil and Rasmussen, 1992). Our knowledge of the
individual source and sink candidates is still poor (Watson et al., 1992).
The aim of this study is to develop a priori grid-based estimates of N 2 0 sources that can be
used in 3-dimensional transport models of the atmosphere. Before analysis with atmospheric

80

Global inventory of emissions of nitrous oxide

models, we need to investigate disagreements between the a priori estimates and the current
knowledge of the regional distribution of annual emissions. We also need to assess the
uncertainties of the regional distribution of the different sources.
In section 2wewillpresentpreliminary griddedinventoriesofN 2 0 emissioncomparing results
from the literature with our results for soils under natural vegetation, grasslands and animal
excreta, arable lands and fertilizer use, biomass burning, post-savanna burning and post-clearing
effects, oceans, combustion and industrial sources. Section 3 will review other poorly quantified
source candidates. In section 4 the comparison of the different estimates with inverse modeling
results presented by Prinn et al. (1990) will be discussed.
4.2. GRID-BASED INVENTORIES OFN 2 0 EMISSIONS
Published inventories on a l0xl° grid of monthly N 2 0 emission from soils under natural
vegetation, oceans and biomass burning were used. Grid-based inventories of annual emissions
were compiled for a number of other sources listed in the global N 2 0 budget of Khalil and
Rasmussen (1992). All inventories areconsidered representative of the situation before the 19911993 decline in the atmospheric N 2 0 growth. Annual N 2 0 emissions were calculated for four
broad latitudinal zonesfrom thegrid-based estimatesfor comparison with estimatesinferred from
inverse modeling presented by Prinn et al. (1990). The uncertainty in the annual emission from
the four latitudinal zones was addressed by comparing variants of the emission inventories.
4.2.1. Soils underNatural Vegetation
The emission from soils under natural vegetation was calculated using the simple global model
developed by Bouwman et. al. (1993). This model describes the spatial and temporal variability
of the major controlling factors of N 2 0 production in soils. The basis for the model is the strong
relation between N 2 0 fluxes and the amount of nitrogen (N) cycling through the soil-plantmicrobialbiomasssystem(MatsonandVitousek, 1987).Themodelincludesindicesforfive major
regulators of N 2 0 production. The first index ranks the input of organic matter into the soil. The
second, soil fertility, indicates thequality and Ncontent of the organic matter. Theeffects of soil
moisture status and temperature (indices 3 and 4) rank the rate of soil decomposition,
mineralization and nitrification. The mineralization of N is indirectly determined by the
combination of indices 1-4. The fifth index is the soil oxygen status, which describes conditions
for denitrification. The monthly potential for N 2 0 production -the N20 index - was calculated
from the above five indices.
Kreileman and Bouwman (1994) slightly modified the model developed by Bouwman et al.
(1993).Bouwman et al. (1993) used the normalized difference vegetation index asacorrelate for
organic matter input, while Kreileman and Bouwman (1994) used net primary production. The
Bouwman et al. (1993) model version was based on the climate database compiled by Shea
(1986),whereasKreileman andBouwman (1994)usedthe0.5°resolution databasefrom Leemans
andCramer(1991).ContrarytoShea(1986),themorerecentlycompiledclimatedatabaseincludes
corrections for altitude. Comparison of themonthly N20 index calculated byboth model versions
withreported measurementsfor about30locationsin sixecosystems yieldedvaluesfor r2of close
to0.6 (Bouwmanetal., 1993; Kreileman andBouwman, 1994).Theresultingregression equations
were used to calculate emissions on a l°xl° resolution. Bouwman et al. (1993) warned of the
considerable uncertainty in the emission estimates. There is a lack of flux measurement data for
a number of important ecosystems that have not been sampled, and data for Asia, Africa and
Australia arenotavailable.Itisnotknown howthemodelperforms intheseareas.Theuncertainty
in relation to other sources is discussed in section 5.
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Table 1. Areas and estimated annual nitrous oxide emission, mean, and standard deviation of
N 2 0 emission for broad groups of current land cover
NS2*

NSlt
Annual N 2 0
Emission!
Area,
Mha

Total,
TgN

Closed tropical forest
1681
Open tropical forest
1028
Temperate forest
2246
Grassland #
3147
Arable land #
1438
Other land
3723
Ice (excluding Antarctica)
228
Total
13490

2.3
1.0
0.5
1.5
1.0
0.7
0.0
7.0

Type

Annual N 2 0
Emission!

Mean,
kg N ha'

s.d.1.

1.4
1.0
0.2
0.5
0.7
0.2
0.0

36
49
87
91
76
91

%

-

Total,
TgN
2.3
1.0
0.5
1.4
0.9
0.5
0.0
6.6

Mean,
kg N ha"1

s.d.f,

1.4
1.0
0.2
0.4
0.6
0.1
0.0

31
48
81
94
76
97

%

-

î NS1 = Bouwman et al. (1993).
X NS2 = Kreileman and Bouwman (1994).
§ The emissions were calculated by overlaying the emission inventories from two different
studies (NS1 and NS2) with the land cover database of Olson et al. (1983).
f s.d. = standard deviation, representing the spatial variability within ecosystems, not the
uncertainty of the estimate.
# The estimated emissions for arable and grassland represent background emissions,
excluding effects of anthropogenic N inputs.

-Results. We will compare model results with estimates from the literature. The results of both
models (NS1 = Bouwman et al. [1993];NS2 = Kreileman and Bouwman [1994]) were grouped
for broad classesof land cover types based onOlson etal. (1983) (Table 1).Thecalculated global
emission from soils under natural vegetation - excluding arable lands and grasslands - is 4.3-4.5
Tg N20-N yr"1(Tg =teragram; 1 Tg = 1012g).Theresulting 2.3Tg N yr"1from 1681Mha (Mha
= 106ha = 1010 m2) of closed tropical forests (Table 1) corresponds with the 2.4 Tg N yr"1
calculated by Matson and Vitousek (1990) for 1500 Mha of "moist and wet lowland tropical
forests". The estimated 1Tg N yr"1from 1000 Mha of open tropical forests is within the range
(0.4-1.3TgNyr1) given byVitouseketal. (1989)for 1000Mhaof "drytropicalforests". The0.5
Tg N yr'1 obtained for temperate forests is consistent with the range of other estimates (Bowden
et al., 1990; Schmidt et al., 1988;Watson et al., 1992).
The models also produce results for current agricultural areas (Table 1). These emission
estimates do not account for anthropogenic Ninputs and may be used as so-called "background"
emission from unfertilized grasslands and arable lands.
4.2.2. GrasslandsandAnimal Excreta
The complex of grasslands (Table 1) includes 2390 Mha of Mediterranean grazing areas, warm
grass/shrub and cool grass/shrub complexes given in land cover database of Olson et al. (1983).
The 2195 Mha agricultural land (Olson et al., 1983) includes 1438 Mha of arable land (FAO,
1991). The 757 Mha complement was assumed to be part of the grassland complex and the
resulting global area of grasslands isthus3147Mha (Table 1).FAO(1991)presented an estimate
for theglobalpermanentgrassland areaof 3402Mhafor 1990.Becauseofdefinitional differences
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correction of our estimate was not considered feasible.
- Results.The global background emission calculated for grasslands is 1.4-1.5 Tg N yr"1 (Table
1). In this estimate the use of synthetic fertilizers in grasslands was neglected because only 6%
of global N fertilizer use of 80 Tg N yr"1 is applied to 5-8% of the world's grasslands
(IFA/IFDC/FAO, 1992). Furthermore, in the background emission estimate the N input from
symbiotic Nfixationwas notconsidered because of theuncertainty ontheoccurrence of legumes
in grasslands and their contribution to N 2 0 emission.
Wedidaccountfor N 2 0 emission from animalexcreta.ThisN 2 0 sourcewasrecently identified
byKhalil and Rasmussen (1992),whoestimated aglobalemission of0.2-0.6TgNyr"1from cattle
shedsand barns.OurestimateofNexcretion for different animalcategories (Table2)isfrom Van
der Hoek (1994).Weassumed that animalexcreta areallocated exclusively tograsslands because
it is not known to what extent animal excreta are used on global scale to fertilize arable land or
for otherpurposes (e.g.fuel). Weassumed thattheomission of animalexcretaapplied as fertilizer
to crop lands is compensated by the underestimation of fertilizer use in grasslands. The gridded
animal densities of Lerner et al. (1988) were updated with country statistics of the animal
populations from FAO (1991) to produce grid-based estimates for 1990. The N excretion from
chickens,for which noinventory wasavailable,wasdistributed over arableland cellsfrom Olson
et al. (1983). The N 2 0 emission may be less than 0.5% of the N in sheep urine (Sherlock and
Goh, 1983)to0.6% for cattleurine (Mosier et al., 1981).ConsiderableN 2 0 emissions have been
observed from manure-treated soils (Christensen, 1983; Bouwman, 1994) and animals kept in
stables (Khalil and Rasmussen, 1992).
The N 2 0 emission was assumed to be 1% of the N in animal excreta. Although this estimate
maybeconservative (Bouwman, 1994),itresultsinaglobalemissionof 1.0 TgN20-N yr"1(Table
3)for the global Nexcretion from animals of -100 Tg Nyr"1(Table 2).Thevolatilization ofNH3
from animal excreta was not accounted for since most atmospheric NH3is transported over short
Table2.Animalpopulations(heads)for 1990(FAO,1991) fortwoworldregions,estimatednitrogen
excretionandtotalN inanimalexcreta.Source:VanderHoek (1994).
Category

Heads
1990
(xlO 6 )

N excretion
(kg N per head per yr)

Region

Dairy cattle
Non-dairy cattle
Buffalo
Camels
Horses
Sheep
Goats
Pigs
Chickens
Total

Total N
in excreta
(Tg N per yr)

Region

Region

It

II*

It

Ht

It

103
287
1
0
16
528
27
339
4427

125
778
138
19
45
687
560
516
6335

80
45
45
55
45
10
9
11
0.5

60
40
45
55
45
10
9
11
0.5

8
13
0
0
1
5
0
4
2

8
31
6
1
2
7
5
6
3

33

69

11=Europe, theformerUSSR,NorthAmerica,AustraliaandNew Zealand,IsraelandJapan.
t II= LatinAmerica,Oceaniaexcl.AustraliaandNew Zealand,AfricaandAsiaexcl.formerUSSR.

Ht
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Table 3.The fraction of total N 2 0 emission in each latitudinal zone from animal excreta,
biomass burning, post-clearing effects following deforestation, and oceans, and the global
emission from each of these sources
Latitudinal

Animal
excreta

Biomass
burning
(direct)

Agric. Post-clearing
waste effects of
burning deforestation

Oceanst

Ol

02

3(f-90°N
0-30°N
0-30°S
30°-90°S

0.42
0.37
0.15
0.06

0.00
0.47
0.53
0.00

0.50
0.39
0.09
0.03

0.00
0.59
0.40
0.00

0.18
0.25
0.27
0.30

0.21
0.22
0.13
0.44

Global emission (Tg N yr'')

1.0

0.1

0.1

0.4

2.0

3.6

t Two different estimates are used (Ol and 02) for ocean.

distances (Langford et al., 1992). Hence, we assumed that volatilized NH3-N is deposited in the
same grid box and that 1% is converted to N 2 0 in soils.
Our estimatesfor the background emission from grasslands of 1.4-1.5Tg N 2 ON yr"1and 1 Tg
yr"1 from animal excreta are consistent with Duxbury et al. (1993), who proposed a global
emission of 1.6 Tg N yr"1 for "natural" grasslands and 0.7 Tg N yr"1 for "anthropogenic"
grasslands.
4.2.3. Arable Land
Global estimates of the N 2 0 emission from fertilized fields show a great uncertainty despite the
large number of reported measurements (Bouwman, 1994). Two different inventories of N 2 0
emissions from arable lands were compiled.
- Results. The first inventory (AR1) was based on Eichner (1990), who defined the fertilizerinduced N 2 0 loss asthedifference between theN 2 0 emissionfromafertilized plot and that from
anunfertilized controlplot,presented asapercentageoftheNfertilizer application.Thecalculated
fertilizer-induced N20-Nemissionratesrangedfrom0.0%to 1.6%oftheNapplication,depending
on thetype of fertilizer. These rates represent the N 2 0 emission during theperiod covered bythe
measurements. Eichner (1990) proposed to double the emission factors to include emissions
beyond themeasurementperiod and emissions of N 2 0 from Nleachingfromfertilizer. Therefore,
in AR1wedoubled Eichner's emissionrates.Thisresulted inaglobalemission rate of0.5%(0.22.2%)fromN application for the global mix of Nfertilizer types used in 1990 (IFA, 1992;FAO,
1991) and a global emission of 0.4 (0.1-1.7) Tg N20-N yr"1 (Table 4). There are a number of
uncertainties in AR1:
Mosier(1993)andBouwman (1994)concluded thatthemeasurementdatasetcurrentlyavailable
from the literature was too limited to calculate the N 2 0 emission for each fertilizer type. For
example, anhydrous ammonia contributes ~45% to the global N 2 0 emission of AR1. This
estimate would bereduced by40%byadding datafor 14measurements of anhydrous ammonia
(Bouwman, 1994). The available data may, however, be adequate to estimate the order of
magnitude of emissions.
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Table 4. Areas, estimated total N 2 0 emission and fractions of total emission
released in each latitudinal zone for NS1 and NS2 for natural soils and grasslands,
and AR1 and AR2 for arable land
Latitudinal
zone

Soils under
natural
vegetation

Grasslands

Arable land
ARlf

AR2$

Area (Mha)
30°-90°N
0° - 30°N
0° - 30°S
30°-90°S
Total

3954
2486
1993
244
8677

1380
758
773
236
3147

786
436
148
68
1438

786
436
148
68
1438

NS1§
Fraction of total emission released in each zone
30°-90°N
0° - 30°N
0° - 30°S
30°-90°S

0.13
0.37
0.48
0.02

0.23
0.29
0.39
0.09

0.81
0.16
0.02
0.01

0.51
0.35
0.11
0.03

Emission (Tg N yr"1)
Background
Fertilizer-induced
Total

4.5
0.0
4.5

1.5
0.0
1.5

0.0
0.4
0.4

1.0
1.0
1.9

NS2H
Fraction of total emission released in each zone
30°-90°N
0°-30°N
0°-30°S
30°-90°S

0.12
0.40
0.47
0.01

0.18
0.37
0.39
0.06

0.81
0.16
0.02
0.01

0.50
0.38
0.10
0.02

Emission (Tg N yr'1)
Background
Fertilizer-induced
Total

4.3
0.0
4.3

1.4
0.0
1.4

0.0
0.4
0.4

0.9
1.0
1.8

t AR1 = 2x Eichner's fertilizer-induced emission, independent of background
emission and identical for NS1 and NS2.
$ AR2 = background emission + 1.25% of N-fertilizer application
§ NS1 = Bouwman et al. (1993)
1 NS2 = Kreileman and Bouwman (1994)

Most reported measurements cover the crop season or shorter periods. Most of the N 2 0 is
usually released during a period of a month after fertilizer application (Breitenbeck and
Bremner, 1986), after which emissions decline to a "background" level. Bouwman (1994)
showed thatobserved N 2 0 emission from fertilized landsinthe literature is significantly higher
for longer measurement periods than for shorter measurement periods. This indicates that the
background emission should also be included in estimates of the annual emission from arable
lands.

Uncertainty intheglobal source distribution ofN20

Therefore, thesecond inventory for arablelands(AR2),presented inTable4,includes estimates
for both the background emission and the fertilizer-induced emission - independent of fertilizer
type.Thebackground N 2 0emissionwasderivedfrom grid-based modelestimatesNS1(Bouwman
et al., 1993) and NS2 (Kreileman and Bouwman, 1994). The global background N 2 0 emission
calculated for arable lands given by Olson et al. (1983) is 0.9-1.0 Tg N20-N yr"1 (Tables 1and
4).This estimate includes variability caused by climate and soils butdoes not account for effects
of management. The available one-year zero-fertilizer experiments show a wide range of N 2 0
emissions(Bouwman, 1994);evennetannualuptakeofN 2 0 wasobservedbyRyden(1981; 1983).
This variability may be caused by the combined effect of management and environmental
conditions (Mosier, 1993;Bouwman, 1994).
The estimated fertilizer-induced N 2 0 emission for AR2 was based on Bouwman (1994), who
selected measurements covering periods of one year from the data sets presented by Eichner
(1990),Bouwman (1990) and additional reports.Theresulting N 2 0 emission represented alinear
function of the N fertilizer application independent of fertilizer type and soil conditions. The
regression line indicated N 2 0 losses of 1.25% of the N applied. Although the r2 calculated was
0.8,there is considerable uncertainty in this N 2 0 emission rate because of the limited number of
available one-year measurements. However, the percentage of N 2 0 emission is within the range
of the 0.5-2% estimated by others (Bolle et al., 1986; Skiba et al., 1992; Velthof and Oenema,
1993). The N 2 0 emission rate of 1.25% and the -80 Tg N yr"1of Nfertilizer use in 1990 yields
a global fertilizer-induced emission of 1.0 Tg N20-N yr"1. For AR2 the sum of background
emission and fertilizer-induced N 2 0 emission is 1.8-1.9Tg N yr"1 (Table 4).
For allocating fertilizer application we used a l°xl0 resolution country database (Lerner et al.,
1988) and the 1990Nfertilizer mix for 90countries from IFA (1992),representing > 98%of the
~80 Tg N yr'1 global synthetic Nfertilizer consumption. For 60 other countries weused the total
1990 N fertilizer consumption from FAO (1991), assuming that this fertilizer mix was identical
totheregionaldatafrom IFA(1992).For34minorcountriesfertilizer dataarenotreported inIFA
(1992) and FAO (1991). The average country N application level was calculated as the ratio of
country N fertilizer use / area arable land + permanent crops (FAO, 1991). For AR1 this was
calculated for each fertilizer type, and for AR2 the total country N fertilizer consumption was
used. The use of mean N fertilizer application levels for all arable land within a country is not
realistic (IFA/IFDC/FAO, 1992). Unfortunately, grid-based data on application levels, and crop
and management levels (e.g. irrigated and rainfed) are not available on the global scale.
TheN 2 0 emissions were simply assigned tothe arable grid boxesgiven by Olson et al.(1983).
We made corrections using country data from FAO (1991) for arable land and permanent crops
by using country-specific correction factors. The difference between the estimated 1438 Mha of
arable area (Table 1) and the 1444 Mha reported by FAO (1991) occurs because a number of
minor countries are not represented in the country database of Lerner et al. (1988).
4.2.4. Biomass Burning
Several global estimates have been made of emissions from biomass burning during forest
clearing,naturalforestfires,savannaburning, shifting cultivation andagriculturalresidueburning.
Crutzen and Andreae (1990)reported aN 2 0 emissionfrom theburning of 0.1-0.3 TgNyr"1based
on N 2 0 release of 0.7+0.3% of the Ncontent of the material burned, with N/Cratios of 0.01 for
forests, 0.006 for savannas and 0.01-0.02 for agricultural waste. Lobert et al. (1990) measured a
fraction of N20-N/N in biomass of 0.77+0.21%. Other authors used ratios of N20-N/C-burned of
0.01-0.03% (Haoetal., 1990;Cofer etal., 1991;Andreae, 1991)yielding globalemissions of0.52.2 Tg N yr"1. The most recent global N 2 0 budget includes 0.2-1 Tg N yr"1for biomass burning
(Watson et al., 1992).We used N 2 0 emission factors presented by Crutzen and Andreae (1990).
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- Results. Emissions were distributed on the basis of the 5°x5° grid distributions for savanna
burning anddeforestation, compiled byHaoetal.(1990)(Table3).Theestimated globalemission
(excluding fuelwood and agricultural waste burning) is 0.1 Tg Nyr"1.
For agricultural waste burning we used regional estimates of Andreae (1991) and emission
factors from Crutzen and Andreae (1990). For the global agricultural waste burning of ~900 Tg
C yr"1the calculated emission of 0.1 Tg N yr"1was distributed over the arable land cells of each
region (Table 3).
4.2.5. TropicalForest Conversion
Human activity intropical forests changestheemission ratesof biogenic tracegases (Kelleretal.,
1986).Accelerated decomposition andmineralization oflitter,rootmaterialandsoilorganicmatter
in the first years after forest clearing may cause a pulse of N 2 0 emissions. The annual N 2 0
emission from aBrazilian pasture converted from tropical forest 4-5 years beforehand, exceeded
the emission from a forest site growing on identical soils by a factor of 3 (Luizao et al. (1989).
Keller et al. (1993) found emissions from 2-10 year-old pastures that exceeded forest soil
emissions of N 2 0 by a factor of 5-8. Enhanced emissions are generally not observed in older
clearings (Robertson andTiedje, 1988;Sanhuezaet al., 1990).This may becaused bythe gradual
decreasing content of easily decomposable soil organic matter along with the age of the clearing
(Kelleretal., 1993).In CostaRicaKelleretal. (1993) observed loweremissions(1/3to 1/2) from
oldpastures (>12years) than from adjacent forest siteswith identical soilsand agradual decrease
in emissions with the aging of pastures.
-Results.Matson and Vitousek (1990) estimated a global emission of 0.7 Tg Nyr"1for 220 Mha
of forest converted after 1950topasture.This estimate does notconsider declining N 2 0 emission
along with pasture age. To include this phenomenon, applying to forest conversion to grassland
and arable land, we assumed the N 2 0 increase to last for 10years (as in Keller et al., 1993).The
emission isassumed to befive times theaverageemission for atropical rainforest of 1.4 kgNha'
'yr'1 (Table 1) in year 1after clearing (Table 5). Between the years 2 and 10 after the clearing
there is a linear decrease in N 2 0 emission to the average values for arable land or grassland
estimated for NS2 at 0.6 and 0.4 kg N ha"1yr"1,respectively (Table 1).
Tropical forest conversion rates were taken as 2.4 Mha yr"1for pastures and 12.6 Mha yr"1 for
arable land. These rates were updated from Houghton et al. (1987) with 1990 deforestation
estimates from FAO (1993). The calculated global emission of 0.4 Tg N yr"1 (Table 5) was
distributed on the basis of the deforestation inventory of Hao et al. (1990) (Table 3). The
calculated N 2 0 emission for grassland after 4-5 years (Table 5)iscomparable to the 5.7 kg Nha'
'yr'1 measured by Luizao et al. (1989) for a 4-5 year old pasture, but much lower than the
emissions reported by Keller et al. (1993), which shows the uncertainty.
4.2.6. EnhancedSoilN20 EmissionsFollowingSavannaand GrasslandBurning
Burning makes N and other nutrients available in the residual material (Sanchez, 1982). During
therains following thefires that usually occur attheend of thedry season (Haoet al., 1990),this
maylead toprolonged enhancement ofN 2 0 emissions (Anderson etal., 1988;Anderson andPoth,
1989).Theglobal total amount of residual Non the surface after savanna burning may be 0.6-2.4
Tg N yr"1 (based on Crutzen and Andreae, 1990). Even if we assume that a high 5% of this
amountisreleased asN 2 0 after mineralization and nitrification, theresulting N 2 0 emission would
be<0.12 TgNyr"1.Measurements ofenhanced N 2 0 emissionsfollowing biomass burning aretoo
scarce to verify this. In our a priori estimate this source is assumed to be negligible.
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Table 5. Effect of annual forest conversion to permanent pasture and arable land
on N , 0 fluxes
2.4 Mha yr'1 forest conversion
to permanent pasturef
Years
N 2 0 loss
after
after
clearing
clearing^
(kg N ha'yr 1 )
(yr)
1
2
3
4
5
6
7
8
9
10
Total

7.0
6.3
5.5
4.8
4.1
3.3
2.6
1.9
1.1
0.4

Total
extra
N 2 0 loss§
(GgH N yr"1)

12.6 Mha yr-1 forest conversion
to arable landt
N 2 0 loss
after
clearing:):
(kg N ha'yr

13
12
10
8
6
5
3
1
-1
-2
55

7.0
6.3
5.6
4.9
4.2
3.4
2.7
2.0
1.3
0.6

')

Total
extra
N 2 0 loss§
(GgH N yr'')
71
62
53
44
35
26
17
8
-1
-10
303

t Clearing rates updated from Houghton et al. (1987) for early 1980s with data
from FAO (1993) for late 1980s.
X In the first year after clearing assumed emissions are five times higher than
the pre-clearing emission for closed tropical forest of 1.4 kg N ha yr'1 (Estimate
NS2, Table 1). In years 2-10 emissions decrease linearly to the average level
calculated for grasslands (0.4 kg N yr'1) and arable lands (0.6 kg N yr"1),
respectively (estimate NS2, Table 1).
§ Calculated as the difference between N 2 0 emission after clearing and the preclearing emission, times the forest conversion rate.
H Gg = gigagram; 1Gg = 10' g

4.2.7. Oceans
Fluxes from water surfaces cannot be measured directly. Generally, oceanic fluxes are modeled
from N 2 0 supersaturation in the surface water and the water-air gas transfer coefficient.
Measurements of N 2 0 supersaturation cover only aminor part of thearea covered bythe world's
oceans (Butler et al., 1989; Weiss et al., 1992) and it is not clear if measurements include
sufficient seasonal differences. The water-air gas transfer coefficient is a function of windspeed
and solubility and diffusivity of N 2 0 in sea water. Given the scarcity of measurements, global
estimates arefraught withpotential error andtheuncertainty intheresults maybe50%(Erickson,
1988). Watson et al. (1992) presented an estimate of 1.4-2.6 Tg N yr"1 based on Butler et al.
(1989),with low emissions attributed to ElNifio Southern Oscillation events (ENSO) and higher
emissions in non-ENSO years. There is considerable spatial variability. High fluxes were
calculated for the Indian Ocean upwelling region (Butler et al., 1989; Law and Owens, 1990a),
Kuroshio extension (Butler et al., 1989) and the Antarctic Ocean (Nevison, 1994). Antarctic
upwelling water has high N 2 0 supersaturation throughout the year (Weiss et al, 1992) and there
is high turbulence caused by frequent storms (Owens, 1993).
-Results.We will compare two different estimates. Thefirst (Ol) is 2.0 Tg N yr"1 - the meanof
the range given by Watson et al. (1992) - homogeneously distributed over ocean surface area in
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each latitudinal zone as in Prinn et al. (1990) (Table 3).Werealize that thisdistribution does not
reflect the observed variability of emissions.Thesecond estimate (02) istheinventory developed
by Nevison (1994), based on ocean cruise data from Butler et al. (1989) and Weiss et al. (1992).
Different functions to estimate fluxes resulted in arange of global estimates of 2.8-5.7 TgNyr"1.
We adopt Nevison's "best" estimate resulting from the water-air flux calculation of Erickson
(1993).The global emission of 3.6 Tg N20-N yr"1for 02 is0.2 Tg Nyr"1lower than the estimate
by Nevison (1994). This was caused by the conversion from the original 2.8°x2.8° grid to our
l°xl° grid. Major differences between Ol and 02 are in the 0°-30°S and 30°-90°S zones, where
02 gives high emissions in line with the above discussed observations, while Ol is based on the
global mean ocean flux in all zones.
4.2.8. FossilFuel Combustion
Commercial energy use by stationary combustion is a minor source of N 2 0 (Khalil and
Rasmussen, 1992). Mobile combustion, in particular by cars equipped with catalytic converters,
is a more important source and growing fast (Berges et al. (1993). We used emission estimates
for 13world regions (including individual countries such as the USA, Canada, the former USSR
and Japan)reported by DeVriesetal.(1994).Thesewerebased onenergy datafrom IEA(1992).
Emission factors for stationary sources weretaken from De Soete (1993).Weassumed that 100%
of the automobiles in the USA and Canada were equipped with new catalytic converters in 1990,
for which the estimated emission factor is 6.4 gN20-N/GJ (Olivier, 1993).This is a conservative
estimate, since aged catalysts may have much higher emission factors. However, many old cars
may notbeequipped with catalysts. For other regions we assumed thatin 1990vehicles were not
equipped with catalytic converters. For these we used emission factors as proposed by OECD
(1991).
-Results.The global emission from fossil fuels thus calculated is 0.3 Tg N yr'1 for 1990, with a
range of 0.1-0.6Tg Nyr"1,based on Olivier (1993). This is lower than therange of 0.3-0.9 TgN
yr"1presented byWatson etal.(1992),mainly caused byrecentlypublished loweremission factors
for stationary sources. Our estimate is consistent with other estimates for stationary combustion
(Khalil and Rasmussen, 1992)and mobile sources (Bergeset al., 1993).Emissions distributed on
thebasisof theglobaldatabase ofpopulation densitiespresented byLerneretal. (1988)showthat
~90% of the global emission from this source comes from the 30°-90°N zone (Table 6).
Table 6. Fraction of the total N 2 0 emission in each latitudinal zone from
fossil fuel combustion, fuelwood combustion and industry (including adipic
acid and nitric acid production) and the global emission from each of these
sources
Latitudinal

Fossil
combustion

30°-90°N
0 - 30°N
0 - 30°S
30°-90°S
Global emission (Tg N yr"1)

0.90
0.09
0.01
0.01
0.3

t AA = adipic acid production.
% NA = nitric acid production.

Industry

Fuelwood
combustion

AAt

NA*

0.33
0.52
0.15
0.01

0.61
0.32
0.06
0.00

0.71
0.24
0.04
0.01

0.1

0.3

0.2
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4.2.9. Fuelwood Combustion
Little data has been published on fuelwood burning and associated emissions of N20. Our data
is from De Vries et al. (1994), who estimated that fuelwood energy consumption based on FAO
(1991) and IEA (1992) data for 13world regions is-19 PJ yr"1.This is 6% of the world's energy
supply. Other estimates for total global biomass usefor energy purposes are as high as 14%(e.g.
Scurlock and Hall, 1990). No representative measurement data are available for N 2 0 emission
from fuelwood combustion (Smith et al., 1993).
- Results. The emission factor of 6.4 g N20-N/GJ estimated by De Vries et al. (1994) yields a
globalemission of0.13 TgNyr"1,witharangeof 0.0-0.5 Tg yr"1inferred from Smith etal. (1993)
and theuncertainty in global fuelwood consumption. This isconsistent with the0.15 and 0.16 Tg
N yr"1estimated by Andreae (1991) and Pepper et al. (1992), respectively. Similar to fossil fuel
combustion, we used population densities to distribute emissions. About 70% of the estimated
globalemission from fuelwood burning stemsfromthetropics (30°N-30°S)and 30%fromthe30°90°N zone (Table 6).
4.2.10. AdipicAcidProduction
Recently, adipic acid (AA) manufacturing has been recognized as an important source of N 2 0
(ThiemensandTrogler, 1991).Watson etal. (1992)estimated thatemissionsfromAAproduction
may be 0.4-0.6 Tg N yr"1. Adipic acid is a compound primarily used for the production of 6,6
nylon (Castellan et al., 1991). Cyclohexane is used to produce a mixture of cyclohexanone and
cyclohexanol, which is subsequently oxidized with nitric acid to produceAA.Nitrous oxide isan
intrinsic by-product of this oxidation step (Thiemens and Trogler, 1991). Our inventory for this
sourcewasbased ontheproduction capacity andcoordinates of theAAplants given by Castellan
et al. (1991), with additional information for Brazil, China and Korea from McCulloch (1993,
personal communication). We estimated that the global production capacity of AAin 1990 was
2175 Mg yr"1.The actual global production may be some 20-25%lower. However, we assumed
that actual production equals the capacity to compensate for production in the former USSR and
Eastern European countries for which nodata were available. This estimate is close to Thiemens
and Trogler (1991), whoreported an estimated global production of 2200 Mg yr"1for 1989.
Theunabated N 2 0 emission rate is 191gN20-N perkg AAproduced. A98%reduction of N 2 0
emission was achieved by incineration at the Du Pont plant in Victoria, Texas (USA), which
accountsfor about 15% oftheworld's AAproduction capacity (ThiemensandTrogler, 1991).The
N 2 0 abatement at all Du Pont plants - in total about 30% of the world's production capacity -is
53% (Reimer et al., 1992) at present. This corresponds to an emission factor of 4 g N20-N kg"1
AA (98%abatement) for the Du Pontplant in Victoria and of 191 gNkg'1 AA for the other Du
Pont plants. The current global abatement is 32% (Reimer et al., 1993). Therefore, we used an
emission rate of 147 g N kg"1 AA produced for all other manufacturers corresponding to23%
abatement.
- Results.The calculated global emission from AA production is 0.3 Tg N20-N yr"1.A range of
0.2-0.4 TgN20-N yr"1isobtained for alowactualproduction of only 80%ofproduction capacity,
and byassuming 100%utilization oftheproduction capacityand noabatement. Ourrangeislower
than the0.4-0.6 Tg N yr'1estimated byWatson et al. (1992) because weused recent information
about theabatement of emissions.About60% oftheN 2 0fromAAproduction may stemfrom the
30°-90°N zone and -90% from the northern hemisphere (Table 6).
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4.2.11. NitricAcidProduction
Manufacture of nitric acid (HN03) was recently identified as a source of N 2 0 (Watson et al.,
1992). Nitric acid (NA) is used as the main feedstock in fertilizer production. Off-gas
measurements atDuPontand other nitric acidproducers showthatN 2 0 isanunwanted accidental
by-product of oxidation of NH3 over a catalyst at elevated temperatures (Olivier, 1993). To
estimate theglobalNA production in 1990weused UN (1993) data. Because data for 1990were
not reported for many countries we extrapolated historical data for about half of the global
production. The resulting global NA production could be 7 Tg HN03-N yr"1. Global production
estimates by the industry range from 11to 14Tg HN03-N yr"1(Reimer et al., 1992; McCulloch,
personalcommunicaton).ComparisonofUN andindustrystatisticsshowsinconsistenciesformany
countries. Therefore, we adopted acurrent global NAproduction level of 11TgN yr"1.Since the
UN (1993) statistics on NA production are incomplete and most NA is used for the production
of nitrogen fertilizers, we used the country statistics of N fertilizer production from IFA (1992)
to distribute the global 11 Tg N yr'1 of NA production among countries. The emissions were
spread spatially on the basis of population density as described for fossil fuel combustion.
-Results.Reported emission factors for NA production are in the range of 1 toll gN20-Nkg"1
HN03-N (Olivier, 1993).TheglobalNAproduction of 11Tg Nyr"1then yields anestimate of 0.2
(0.1-0.3) Tg Nyr"1,of which -70% stemsfrom the 30°-90°Nzone (Table 6).Our global estimate
corresponds with the 0.1-0.3 Tg N yr"1estimated by Watson et al. (1992).
4.3. OTHER SOURCES AND SINKS OF N 2 0
Apart from the sources discussed in section 2, there are other candidate sources and sinks. For
someof theseitisdifficult toprovideeventheorder of magnitude of emissions,whileothersmay
be globally insignificant. We realize that the list of sources discussed below may be incomplete.
4.3.1. Industrialand Chemical Processes
Processes,particularly thosewhichinvolvenitrogen oxidation stepsinoverallreducingconditions,
arepotential sources of N 2 0. Examples include useof nitric acid for otherpurposes than fertilizer
production, production of dioic acids,coking of coal,chlorination of water (e.g.inpowerplants),
cement manufacturing (pre-calciner) and metal treatment processes (Olivier, 1993).No estimates
have been reported in the literature for these sources. An upper limit may be estimated on the
basis of global total production of basic materials and of the N content.
Other sources of N 2 0 aretheproduction and useof explosives (Volk, 1978),industrial useand
N 2 0 used for anesthesia (Logan and Farmer, 1989). Granli and B0ckman (1994) estimated that
N 2 0 in fumes from explosives is insignificant (< 0.01 TgN yr"1).The global N 2 0 released to the
atmosphere from medical and industrial uses may be 0.03 Tg N yr"1. Corona power loss from
electric transmission systems generate at least 0.04 Tg N yr"1(Granli and B0ckman, 1994).
4.3.2. Atmospheric N20 Formation
Formation of N 2 0 from atmospheric NH3 oxidation by OH may be in the order of 0.3-1.2 Tg N
yr'1 (Dentener, 1993).This estimate is based on a 10°xl0°resolution 3-dimensional model study,
showing that amajor part of theN 2 0 production takesplace in thetropics. Khalil and Rasmussen
(1992) suggested the possibility of N 2 0 formation in exhaust gases from combustion sources.
Similarly,N 2 0 formation mayoccurin smokeplumesfrombiomass burning.Todate noestimates
for these processes have been published.
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4.3.3. CoastalWatersandFreshwater Systems
Measurementsindicatethateutrophication ofaquatic systemsmaycauseincreased N 2 0 production
(Seitzinger, 1988).Globalestimates of theN 2 0 emission from aquatic systemscontaminated with
human waste range from 0.01-1.6 Tg N yr'1 (Kaplan et al., 1978;McElroy et al., 1978;Elkins et
al., 1979;Hemond and Duran, 1989).Sewage-water treatment hasalsobeen identified asasource
of N 2 0 (Banin, 1986)butthismaybeof local importance,for example,innorthern latitudes (Van
den Born et al., 1991).Emissions of N 2 0 from lakes contaminated with N (Labroue et al., 1991),
the North Sea (Law and Owens, 1990b) and different estuaries and inland waters (Seitzinger,
1988)aregenerally higherthan oceanicfluxes. Thisindicatesthatthese systemsmaybeimportant
global N 2 0 sources as suggested by Butler et al. (1989).
Inputs of N to surface waters from human waste, leaching from soils and N deposition are
difficult to quantify (Owens, 1993). In rainfed agriculture in Europe, leaching of N may be an
important source of nitrate pollution of groundwater (RTVM/RIZA, 1991). Nitrate leached from
N-enriched soils may eventually enter surface waters, where it may be denitrified and form a
potential source of N 2 0. Conrad et al. (1983)estimated that fertilizer-N leached from soils could
contribute 1.1 Tg N yr' globally.
4.3.4. N20 in Soil Solution
Dissolved N 2 0 in soil water may leach to the groundwater and bereleased to the atmosphere by
degassingfrom groundwaterentering surface streamsorfrom groundwaterusedasirrigation water.
Ecosystem losses of N 2 0 via the solution and contributions to global N 2 0 may be considerable
(Dowdell etal., 1979;Bowden andBormann, 1986;Davidson and Swank, 1990).Measured losses
via the solution may be of the same order of magnitude as observed N 2 0 emissions from
agricultural soils to the atmosphere. The losses of N 2 0 dissolved in drainage water originating
from wetland ricepaddies may beconsiderable (Minami and Fukushi, 1984).Ronen et al. (1988)
estimated that aquifers contaminated with N may contribute 0.5-1.1 Tg Nyr"1.
4.3.5. NDeposition
The global terrestrial deposition of N may be 36 Tg NOx-N yr"1 (Jaffe, 1992) and 75 Tg NH3-N
yr"1(Schlesinger and Hartley, 1992), with about half of the NH3 stemming from animal excreta.
ThisNinputmayresultinenhanced N 2 0 evolution. HighN 2 0 emissionsofcloseto6kgNha"ryr"
1
were observed by Brumme and Beese (1992) for acid forest soilsreceiving an Ndeposition of
35kg Nha^yr"1.However, N additions to forest soilsdid not always lead tothese high emissions
(Castro et al., 1993). If we exclude the NH3 from animal excreta (already accounted for) and
assume an emission factor of 1%,the N 2 0 emission induced by Ndeposition could be0.8 TgN
yr"1.We cannot give reliable latitudinal estimates, but most of the enhanced N 2 0 emission may
stem from the industrialized countries in the 30°-90°N zone.
4.3.6. BiologicalNFixation
The models of Bouwman et al. (1993) and Kreileman and Bouwman (1994) do not consider N
input from symbiotic and nonsymbiotic N fixation. There are estimates for a limited number of
natural ecosystems (Boring et al. 1988),butthe availabledata arenot adequatetoprovide reliable
estimates of the amount of N fixation. In addition, it is not clear how these Ninputs affect N 2 0
losses from soils in natural systems. In agricultural systems reported N 2 0 emissions from fields
with leguminous crops may be in the order of 2.3 to 4.2 kg N ha^yr'1 for alfalfa (Duxbury et al.,
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1982) to 0.34 to 1.97 kg for soybean (Bremner et al., 1980).As these crops usually receive little
or no N fertilizer, these high N 2 0 emissions may be attributed to N inputs from symbiotic N
fixation. Atthe global scale leguminous crops make up 145Mha (FAO, 1991),about 10%of the
total arableland,excluding legumesgrownasgreen manuresnotreported bytheFAO (1991),and
legumes in grasslands and N fixing grass species. The N inputs from legumes to agricultural
systems may be of the same order of magnitude as global synthetic N fertilizer use (Duxbury et
al., 1993), indicating the potential importance for the N 2 0 cycle.
4.3.7. Land Degradationand Conversion to Urban Land
Degradation of agriculturalland maylead toadeclineinN 2 0 emissionduetoloss of soil fertility.
Global land losses due to agricultural mismanagement may be 4 Mha yr"1 and conversion of
agricultural land to other uses such as urban land and infrastructure 8 Mha yr"1 (Buringh and
Dudal, 1987).The netresult of forest clearing, degradation losses and conversion to other usesis
a globally observed increase of pasture of 6 Mha yr"1and a decrease in developing countries of
9 Mha yr"1in theperiod 1960-1990.There was a net increase of 4Mha yr"1of arable land during
1960-1990 (FAO, 1991). Comparison with forest clearing rates of 15 Mha yr"1 (Table 5) shows
the importance of land degradation.
4.3.8. Consumption ofN20 inSoils
Although forest soilsarenet annual sources ofN 2 0, they may sometimesactasN 2 0 sinks (Keller
et al., 1986; Schmidt et al., 1988;Castro et al., 1993). Ryden (1981; 1983) even observed a net
annualconsumption of N 2 0 bygrassland soils.Water surfaces mayalsoconsumeN 2 0 (Kieskamp
et al., 1991;Minami and Fukushi, 1984).Periodic or net annual consumption by soils and water
may have important repercussions for the global source and the atmospheric lifetime of N 2 0.
Cicerone (1989) concluded that a global soil sink of 1.5-3 Tg N yr"1may reduce the atmospheric
lifetime by as much as20%.
4.4. DISTRIBUTIONS OVER LATITUDINAL ZONES
Prinnetal.(1990)estimated thattheN 2 0 emissionsfrom the30°-90°N,0°-30°N,0°-30°S,and30°90°S latitudinal zones account for, respectively, 22-34%, 32-39%, 20-29% and 11-15% of the
global source. These results were obtained with inversion techniques using a simple 9-box
atmospheric model. The uncertainty of the emissions from the four latitudinal zones was
interdependent, including both the model uncertainty and the standard errors in atmospheric N 2 0
observations (Prinn et al., 1990).The emission inventories described in section 2 were compared
with the mean of the zonal source estimates and the global source of 13Tg N20-N yr"1 inferred
by Prinn et al. (1990).
-Results.The uncertainty of our emission estimates was assessed for eight cases (Table 7).The
overall deviation for each case was calculated as the sum of the absolute values of zonal
deviations of our calculated zonal emission from the mean of the range deduced by Prinn et al.
(1990).
In cases la-4b NS1 and NS2for soilsunder naturalvegetation and estimates AR1 and AR2 for
the world's arable lands are compared using Ol and 02 for the oceans and a priori estimates for
the other sources (Tables 3 and 6). For NS2 the deviation is overall lower than for NSI. NS2 is
lower than NS1 in the extra-tropical zones and in the0°-30°S tropical zone and somewhat higher
in the 0°-30°N zone (Table4).
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For the oceans, 02 gives lower total emissions in the 30°-90°N zone than Ol, while in the0°30°N zone 02 is higher than 0 1 .In the0°-30°S zone, the difference between 01 and 02 is only
0.1 Tg yr"1.Themajor cause of lower overall deviation for 02 for all assumptions on natural and
agricultural soil emissions is the estimate for the 30°-90°S zone, where 02 is almost 1Tg yr'1
higher than Ol. For AR1 the estimated emissions from all zones except the 0°-30°S region are
under the lower end of the range given by Prinn et al. (1990) for both Ol and 02. AR2 results
in a lower overall deviation than AR1, in particular for the 02 oceanic estimate. The difference
between AR1 and AR2 inventories for the southern hemisphere are small because fertilizer use
prevails in the northern hemisphere. Case 4b (based on NS2, 02 and AR2) was used as a basis
for cases 5-8 because its overall deviation is lower than for cases la-4a.
In case 5 the N 2 0 emission from animal excreta was reduced to 0, while in case 6 it was
doubled relative to case 4b. Comparison of cases 4b, 5 and 6 shows that changing the N 2 0
emission from animal excreta results in high deviations in the northern hemisphere. Lowering
estimates for N 2 0 from excreta in the southern hemisphere results in more consistency with
inverse modeling estimates. Inthe southern hemisphere theeffect of changes in N 2 0 from animal
excreta is much smaller than north of the equator because animal populations are smaller in the
southern than in the northern hemisphere (Table 3).
Doubling the direct emission from biomass burning (including agricultural waste burning and
fuelwood combustion), relative to case 4b causes a minor increase in all latitudinal zones in case
7. This results in a somewhat higher overall deviation than for case 4b. For case 7 the emissions
from the 0°-30°S zone are close to the upper end of the range presented by Prinn et al. (1990).
In case 8the high global estimates presented in section 2 for energy/automobiles (0.6 Tg yr"1)
and industrial sources (0.4TgN yr"1from AA and 0.3 Tg Nyr"1from NAproduction) were used,
with all other sources identical to case 4b. As fossil fuel combustion and industrial sources are
dominant inthenorthern temperate zone (Table6),thereisanincrease of-0.4Tgyr"1inthiszone
for case 8compared to case4b.
4.5. DISCUSSION
Recent estimates of the global source of 13-16 Tg N yr"1 (Khalil and Rasmussen, 1992;
Minschwaner etal., 1993) show that the globalemission may behigher than the upper end of the
range of 14.6 Tg N yr"1 estimated by Prinn et al. (1990). The zonal inverse modeling estimates
may also be underestimated. Somewhat higher zonal estimates than those calculated from Prinn
et al. (1990) would result in lower positive and higher negative zonal deviations.
For temperate naturalsoils the Kreileman and Bouwman (1994) model version yields lower
estimates than that of Bouwman et al. (1993) and more agreement with inverse modeling
estimates. Differences between the NS1andNS2inventories may becaused bydifferences in the
climate databases and in the correlate for organic matter input used. Part of the difference in
temperate zones may beexplained by temperature corrections for altitude in theclimate database
used for NS2. Lower temperatures in NS2 for temperate mountainous regions result in lower
emissions. Itis notclearwhy NS1and NS2differ in tropical areas.NS1and NS2do not consider
observed significant episodic N 2 0 emissions in temperate regions in autumn (Duxbury et al.,
1982),N 2 0 emission from snow-covered soils (Sommerfeld et al., 1993) and after melting of soil
frost (Dorsch et al., 1993). Although this may increase our estimate for temperate zones, higher
emissions in temperate regions are possible within the range noted by Prinn et al. (1990).
The emission from the 0°-30°S zone is close to the upper end of the range of the inverse
modeling estimate for all cases. Varying the source strength and distribution of emissions from
arablelandhasonly aminor effect onthe total source in this zone.Low estimates for emissions
from animalexcreta (case 6) and biomassburningwill correspond better with the 0°-30°S zone.
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Higher N 2 0 emission from biomass burning than the a priori estimate may be realistic because
various estimates from literature (see section 2) show that directemissions from biomass burning
may higherthan the0.6 Tg N yr'1 used in case 7.Most of the atmospheric NH3oxidation by OH
to N 2 0 takesplace in thetropics; this source wasnot accounted for inthis analysis.Including the
0.3-1.2 Tg Nyr'1 atmospheric N 2 0 formation would further increase the overestimation in the0°30°S zone.
Considering that emissions from biomass burningmay beunderestimated and that atmospheric
N20 formation was omitted, other sources may be overestimated. The major N 2 0 sources in the
tropics are soils under natural vegetation and oceans;a small percentage error in these large
sources may equal the total global emission from other, minor sources. Case 4b is roughly
applicable in the 0°-30°N zone, and a high oceanic N 2 0 emission from this zone is probable
(Butler et al., 1989;Law and Owens, 1990a).If the oceanic source estimate is correct for the0°30°S zone,the tropical soilemissions must beoverestimated inthis zone.However, our estimates
of N 2 0 from tropical forest soils were roughly consistent with literature estimates (section 2).
Hence, estimates for case 4b may beconsistent with source estimates from inverse modeling for
a major part of the world; however, this may be the net result of compensation of errors in
different source estimates. The only major source in the 30°-90°S zone is the oceanicemission,
due to the land area in this region being limited, the much smaller population than in the other
zones, and because agricultural activity, fossil fuel use,industrial activity and mobile sources are
relatively unimportant (Tables 4 and 6).This indicates that if the zonal distributions deduced by
Prinn et al. (1990) are correct, the Antarctic Ocean will be a major source region. The oceanic
estimate 02 for the 30°-90°S zone agrees with thisresult, although it is close to the upper end of
the range of Prinn et al. (1990). Hence, Ol based on ocean surface area in each latitudinal zone
and a mean global oceanic N 2 0 emission rateprobably underestimates the 0°-30°N and 30°-90°S
zones, while 02 is more consistent with Prinn et al. (1990).
The N input to rivers may be related to population density (Cole et al., 1993).The fraction of
global population is 48%, 42%, 10% and 1% for the 30°-90°N, 0°-30°N, 0°-30°S and 30°-90°S
zones, respectively (Lerner et al., [1988] updated with FAO [1991]). If the N 2 0 emission from
riversandestuaries correlate with Ninputs, there may be additional important N 2 0 emissions in
the 30°-90°N, 0°-30°N zones and less so in the 0°-30°S zone. This does not contradict the ranges
of zonal distributions of Prinn et al. (1990).
The industrialand chemicalN20 processes, explosives,medical use of N 2 0 and effects ofN
deposition discussed in sections 2and 3suggestthatmostarelocatedinthe30°-90°N zone.Given
the uncertainty in the inverse modeling results, a higher emission from the 30°-90°N zone is not
impossible.
From the data presented in this analysis we estimated that emissions from the European land
area (excluding the CIS) may be0.6-0.8 Tg N yr"1,excluding N 2 0 from freshwater systems.This
estimate is close to the European emission of 0.8 Tg N yr"1deduced from atmospheric modeling
(Prather, 1988).Theratio of northern hemispheric to southern hemispheric emissions deduced by
Prinn etal. (1990)is 1.67. Cicerone (1989)found valuesof 1.5-1.9.Lowervalueshavealsobeen
reported, e.g. a ratio of 1.4 calculated by Khalil and Rasmussen (1983). Our calculated ratio for
case4bof 1.5 suggestsasomewhat higher southern hemispheric emission thanPrinnetal.(1990).
4.6. CONCLUSIONS
The analysis presented has not reduced the uncertainty of annual N 2 0 emission estimates from
individual sources.All sources includeuncertainties, butuncertaintiesin emissionsfrom soilsand
oceans, the largest global sources, have major implications for the zonal distributions.
Allindividual sourceestimatesfor thetropicsareuncertain. Although there isconsistency with
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estimates inferred from inverse modeling for the 0°-30°N zone, the total emission for the0°-30°S
zone is close to the upper end of the uncertainty range of Prinn et al. (1990). As emissions from
biomass burning may be underestimated and atmospheric N 2 0 formation in the tropics was
omitted, the N 2 0 emissions from tropical soils and oceans may be incorrect.
The N 2 0 emission from temperatesoils calculated with the Kreileman and Bouwman (1994)
model version is lower than with that of Bouwman et al. (1993).Themodels are almost identical
and both are hampered by lack of measurement data in major parts of the world. It cannot be
determined which inventory is more realistic and there may also be important omissions in both
inventories. They do not account for soil N 2 0 sinks and episodic emissions that may occur in
autumn, during thawing in early spring and from snow-covered soils in temperate regions.
No quantitative estimate of N 2 0 emissions from coastal marine and freshwater systems,
aquifers,and soils with inputs from N depositioncould be given. However, since these sources
may berelated tohumanpopulation,industrialandagriculturalactivity,mostassociated emissions
may come from the northern hemisphere. Other N 2 0 source candidates, such as industrial and
chemical processes, medical and industrial use of N 2 0 and production and use of explosives, are
located in the30°-90°N zone.If these sources are significant, theemission from this zonemay be
close to or exceed the high estimate of 4.4 Tg N yr"1made by Prinn et al. (1990).
Forsomesourcestheanalysishasimprovedtheunderstanding ofthelatitudinaldistribution.The
estimate of N 2 0 emission from oceansincludes large uncertainties, caused primarily by scarcity
ofmeasurementdatainlargeparts of theoceans.However, theglobaloceanic N 2 0 emission may
be higher than assumed by Watson et al. (1992), and the 0°-30°N and 30°-90°S are major source
regions.
Animal excreta form a significant global source of N 2 0, with major source regions in the
northern hemisphere. The global amount of N in animal excreta about equals the N applied as
synthetic fertilizers, indicating apossible contribution tothe global N 2 0 budget of the sameorder
of magnitude. The global biologicalN fixation in agricultural systems may also be similar in
magnitude to synthetic N fertilizer use (Duxbury et al., 1993).
The inventory AR2 for N 2 0 emission from cultivated lands calculated as the background
emission plus fertilizer-induced emission does not contradict source estimates from inverse
modeling. The major part of the N 2 0 induced by N fertilizer use stems from the northern
hemisphere.EstimateAR1calculated asthedifference between N 2 0 emissionfrom fertilized plots
and unfertilized control plots for different fertilizer types underestimates global andregional N 2 0
emissions. In addition, the range of conditions represented in the available measurement data is
too limited to calculate emissions by fertilizer type.
The method used to calculate enhanced N 2 0 emission followingforest clearingaccounted for
a gradual decline of N 2 0 emission with increasing age of the clearing. This resulted in a lower
global emission than the estimate by Matson and Vitousek (1990).
Large uncertainties must still beresolved. Anumber of unidentified sources may stillexist and
the knowledge of the strength of soil and aquatic sinks for N 2 0 is insufficient. Apparent
consistency between our estimates of annualemissions and thosefrom inversemodeling doesnot
exclude the possibility of important uncertainties in individual source estimates. Better
understanding of regional sources may be achieved by using 3-dimensional atmospheric models,
which aredependent on the season, and where the observed seasonality of atmospheric N 2 0 with
modelresultsfromprescribed source estimates arecompared. First attemptsbyTaylor (1992) and
Nevison (1994) have not resulted in improved source estimates. Better results with models are
possible through the recent improvements in measurement techniques for N 2 0 (Hall et al., 1990)
and extension of the existing monitoring network. The seasonal distribution of emissions is
described in the inventories presented for soils under natural vegetation, oceans and biomass
burning. For the other sources seasonal distributions will have to be approximated.
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Chapter 5

SOIL NITROGEN BUDGET BEFORE AND AFTER DEFORESTATION
IN THE HUMID TROPICS OF COSTA RICA
Abstract. Thelossofnitrogenfrom asoil underpasturerecentlyestablishedafter forest clearingin the humid
tropicsofCostaRicawasestimatedfromobservedsoilorganiccarbonlossandC/Nratios. Thepathwaysforlossof
the nitrogen mineralized shortly after forest clearing were analyzed by compiling soil nitrogen budgets for a
deforestation sequence.Part of the nitrogen is lost via leaching whilemost of the nitrogen loss occursthrough
denitrification.Theincreasedwetnessinsoilsunderpasturerelativetoforestsoilscausedbyreducedinterceptionand
compactionmaycauseanincreaseintheNJ/NJOratioofthedenitrifiedN.Thenitrogenlossescausedbydeforestation
maybeanimportantsourceofpollutionoftheatmosphereandaquatic systems.
5.1. INTRODUCTION
Largeamountsofsoilorganiccarbon (SOC)andnitrogen (N)arelostfrom surface soils following
land clearing inthetropics.Firesassociated withclearingvolatilizeNfromvegetation and surface
litter (Ewelet al., 1981),and inthefirstyearsfollowing clearing another major amount of Nmay
disappear from surface soils (Nye and Greenland, 1964).The soil nitrate (N03~) availability may
increaseintheinitialperiod after forest clearing duetorapiddecomposition ofsoilorganicmatter,
and mineralization and nitrification of the soil organic N (Matson et al., 1987;Robertson, 1989).
The N03" formed may be lost via denitrification and leaching. Denitrification rates in recently
cleared tropical forest soils show an increase relative to those in the undisturbed forest soils
(Robertson and Tiedje, 1988). Nitrate leaching is also stimulated by clearcutting (Nye and
Greenland, 1964; Vitousek and Matson, 1984;Mueller-Harvey et al., 1985;Matson et al., 1987).
In the humid tropics the influence of nitrification and denitrification on N losses may differ in
a number of ways from that in temperate regions.First, soils dominated by variable-charge clays
may conserve N03" at the exchange sites (Robertson, 1989). Second, soil moisture, primary
productivity and decomposition ratestend to behigh intropical humid forests. Therefore, soilgas
diffusion can bedepressed while oxygen demand is high, causing frequent anaerobic microsites.
Theseconditionsarefavourable for denitrification. WhereN03"availabilityishigh,suchasinsoils
with anion exchange capacity, denitrification rates may be further enhanced.
Most of the soil organic matter loss generally occurs within a few years after forest clearing
(Davidson and Ackerman, 1993). When easily decomposable soil organic matter is depleted,
nitrification, denitrification and associated N 2 0 fluxes decrease to rates lower than in the
undisturbed forest (Lamb, 1980;Robertson, 1984;RobertsonandTiedje, 1988;Kelleretal.,1993).
The analogy of thepatterns of Closs after deforestation observed byVeldkamp et al. (1993) and
N 2 0 and NOx fluxes measured by Keller et al. (1993) suggests a close link between C and N
cycling in the soils studied.
Here we will estimate the different loss terms of N for the sites studied by Veldkamp (1994)
and Keller et al. (1993) in the Atlantic zone of Costa Rica. Based on observed losses of soil
organic carbon (SOC) and C/N ratios, the N loss from a recently cleared forest soil will be
estimated. Budgets of soil N will be compiled for a chronosequence from virgin forest to old
pasture to assess the order of magnitude of denitrification and other N losses.
5.2. STUDY SITES
ThestudyareaisintheAtlanticlowlandsofCostaRica onthefootslopes oftheTurrialbavolcano
nearGuâcimo(10°12'N,83°32'W).Thesoilparentmaterialconsistsoflaharic,fluvio-laharic and
fluvial deposits, mostly of andesitic composition. The climate is humid tropical with a mean
annual temperature of 26°C and mean annual rainfall between 3000 and 6000 mm. Precipitation
exceeds évapotranspiration throughout the year.
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Figure 1.Carbon and nitrogen contents andC/N ratio for different depths in an andic Humitropept under tropical rain
forest and under 18-year-old pasture.

The natural vegetation is tropical lowland rain forest, and the land use after forest clearing is
mostly low input pasture. Clearing is generally done by small farmers without heavy machinery
byremoving valuable stems.Usually other stems are cut and left on the sites and stumps are not
removed. If burning takes place, it is restricted to piles. Pasture grasses are generally planted
directly after the clearing without further land preparation.
Three sites will be compared, including virgin tropical rain forest, and two sites with actively
grazed Ischaeum ciliare dominated pasture, that had been cleared respectively 3 and 18 years
before sampling. Net primary production (NPP) is 8.5 ton C ha"1 yr'1 for the forest and 5 ton C
ha"1 yr"1 for the pasture sites (Veldkamp, 1994). The soils are andic Humitropepts, described in
detail by Veldkamp (1994).
Forthis study C/Nratiosfor samplesof soil,grassrootsand abovegroundpartswerecalculated
from total Cand Ndetermined with the Fyson Element Analyzer (CHN analyzer type 1108).For
the study sites the data from Veldkamp (1994) on SOC dynamics were used as well as reported
N 2 0 fluxes from Keller et al. (1993). We also used data from rain forest sites in the La Selva
Biological Station (10° 26'N, 84°W) close to Guâcimo with similar vegetation and soil and
climatic conditions.
5.3. LOSS OF SOIL NITROGEN
Veldkamp (1994) observed a rapid loss of SOC of about 30 ton C ha"1from the top 0-0.3 m of
the andic Humitropept in the first 3 years after forest clearing (Table 1).This is about one-third
of the total SOC, consistent with observed Closs caused by forest clearing from similar soilsin
La Selva (Reinerset al., 1994).Most of thisrapid decrease is caused by decomposing litter (25.8
ton Cha"1)andfineroot biomass (3.7 ton Cha"1)in the upper0.3 m (Veldkamp, 1994).The C/N
ratio of soil organic matter (excluding litter and roots) in the upper part of the soil under forest
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is slightly higher than in the pasture soil (Figure 1). Easily decomposable material has a higher
C/N ratio than more humified material so that the C/N ratio of the soil organic matter decreases
during decomposition, as illustrated by the data collected for the pasture sites. Fresh root and
above ground material from different pasture sites (aged 1,2, 3, 5, 10, 18 and 30 years) have a
C/Nratio of 26 ±4.Underpasture theC/N ratio of the soil organic matter is close to9in thetop
0.05 m and 7 in deeper soil layers.
Weused aC/Nratio of23for forest litter observed inLaSelvawithsimilar soilsandvegetation
(P. Vitousek, personal communication, 1992).In their review Vitousek and Sanford (1986) listed
a range of C/N ratios of 30-70 for fine (< 6 mm diameter) roots of moist tropical forests. Here
the C/Nratio of fine root biomassis taken equal to that of litter (Table 1).Thismay overestimate
the N content, but as the observed mass of fine root material is only 10%of the total SOCloss,
thisdoesnothaveanimportant effect onthetotalamountof Nmineralized.Alllitterandfine root
biomass is decomposed in the initial 3-year period following clearing (Veldkamp, 1994), so that
theNlossfromthismaterial isabout 420kg Nha"1yr"1(Table 1).Applying theC/Nratiosof soil
organicmatterinthetop0.3mof thesoilunderforest tothesoilC-loss(excluding decomposition
of litter and roots) reported by Veldkamp (1994) for this layer, yields an estimated loss of soil
organic N from the andic Humitropept of about 190 kg N ha"1 yr"1 during the first 3 years
following clearing (Table 1).This estimate accountsfor an increase in Cand Nin the top 0-0.05
m layer of the soil (Table 1), possibly caused by humification of the litter and root biomass
remaining after clearing.The total Nmineralization rate for therecently cleared site of 610kgN
ha"1yr"1 isin agreement withresultsofestimatesbased onin situincubationspresented byMatson
et al. (1987) for sites in Turrialba, Costa Rica.
5.4. INPUT-OUTPUT BUDGET FOR SOIL NITROGEN
If N mineralization exceeds the uptake by plants and immobilization by microbes, there is an
excess of mineral soil Navailable for nitrification and denitrification, producing N2and oxidesof
nitrogen (N20 and NOx). The excess mineral N may also leach from the rooting zone to deeper
layers.Theassumed annualloss of soil Nis0for theforest soiland 610kgNha"1 yr"1for the soil
underyoungpasture (Table2).The annualSOCloss 18yearsafter clearing amountstoabout 0.5
ton C ha"1 yr"1 (Veldkamp et al. 1993) and the associated N loss rate is about 50 kg N ha"1yr"1
(Table 2).The various soil N fluxes in Table 2 will be discussed briefly.
Table1.Soilorganiccarbon(SOC)inthesoilunderforest(year0)andunder3-yearoldpasture,theSOC
loss,C/NratioofsoilorganicmatterintheoriginalforestsoilandthecalculatedN loss
Depth
(cm)
Litter +
root biomass
0-5
5-10
10-15
15-20
20-25
25-30
Total

SOC forest
(ton C ha"1)

SOC pasture
(ton C ha')

29.5
15.9
11.0
8.3
6.3
5.5
4.6
81.1

0.0
16.7
9.6
6.4
5.8
4.7
4.2
47.4

SOC loss
(ton C ha"1 yr 1 )

9.8
-0.3
0.5
0.6
0.2
0.3
0.1
11.2

C/N ratio
forest

23.3
9.7
8.4
7.8
7.6
6.8
6.6

N loss
(kg N h a V 1 )

420
-30
60
80
20
40
20
610
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Table 2. Budget of soil N for andic Humitropept under rain forest, young
pasture (3-year-old) and old pasture (18-year-old).
Nflux

Forest

Young
pasture

Old
pasture

(kg N ha"1 yf')
N precipitation
N fixation
Animal excreta
Animal production
Litterfall & rhizodeposition
Plant production
NH3 volatilization
Leaching
Denitrificationt
Net loss of soil N

5
25

5
0

5
0

0
0
400
-400

80
-10
110
-200

80
-10
110
-200

-4
-15
-11

-15
-100
-480

-10
-8
-18

0

-610

-50

Negative numbers indicate losses of N from the soil system.
t Denitrification balancesthebudget. Denitrified N islostfrom thesoiland
is, therefore, indicated as a negative flux.

-Nprecipitation.Precipitation inputs of Nhavebeenmeasured attwositesinCostaRica.Hendry
etal.(1984)observed atotalNprecipitation rateof5kgNha"1yr"1,whileParker (1985)measured
precipitation of inorganic N of 2kg N ha"1yr"1in La Selva. Vitousek and Sanford (1986) listed
N precipitation measurements of 2 - 21 kg N ha"1 yr"1for tropical rain forest in various parts of
the world. In the soil N budgets a rate of 5kg N ha"1yr"1is assumed for all sites (Table2).
-Nfixation. Itislikelythat symbiotic N-fixation ismoreimportantintropicalforests thaninmost
temperate forests (Boring et al., 1988). This explains why most tropical rain forests are not Nlimited (Vitousek, 1984;Vitousek and Sanford, 1986).The heterogeneous spatial distribution of
symbiotic N-fixing species in tropical forests makes it difficult to quantify a species contribution
of fixed N over a given land area (Boring et al., 1988). In addition, symbiotic N fixation is
stronglyinfluenced bytime-dependentbiologicalandenvironmentalfactors.Nitrogenfixation may
varyduring successionaldevelopmentinresponsetochangesin stand structureandNavailability.
Itis generally low in mature stands and higher in early successional forests. Indirect evidence for
high rates of N fixation from increasing soil N contents during early succession was given by
Jenny (1950) and Greenland and Nye (1959). Sylvester-Bradley et al. (1980) estimated rates of
symbiotic Nfixationof up to 200kg N ha"1yr"1in fertile varzea floodplain forest soilswith high
P contents, intermediate rates of 20 kg N ha"1yr"1in moderately fertile soils, and low rates of 2
kg N ha"1yr"1for infertile, P-limited soils in Amazonia.
Inputs from non-symbiotically fixed Nin undisturbed tropical rain forests may be in the order
of 15kg N ha"1yr"1 (Jordan et al., 1983). This is much higher than rates observed in temperate
ecosystems, owing to high C availability combined with favorable climate (Boring et al., 1988).
Intheabsence ofrootnodules observed atsimilarforest sitesinLaSelva (W.Reiners,personal
communication, 1991), and assuming that the original vegetation is a mature forest, the total N
fixation rate is taken to be 25 kg N ha"1 yr"1 (Table 2). After clearing N fixation is assumed to
cease.
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- Animalexcretaand exportofN viaanimalproduction.Unfortunately no data are available on
the grazing intensity, and N consumption and excretion by animals at the study sites. To assess
the importance of grazing, we assumed a grazing intensity of two nondairy cows ha"1 for the
young and old pasture sites. Based on an assumed growth rate of 0.5 kg per head per day the
annual production is about 400kg ha"1yr"1; for an Ncontent of 25 gN kg"1, the N accumulation
is about 10 kg ha"1 yr"1 for the cattle in both the young and old pasture (K.W. Van der Hoek,
personal communication, 1994).TheNexcretion bytwo nondairycowsis 80kgNha"1 yr"1,based
on an annual excretion of 40 kg Nper head (Bouwman et al., 1994). The nitrogen consumption
by the animals is, therefore, 90 kg N ha"1 yr"1. These assumptions result in a nitrogen use
efficiency of about 10%.The Nin pasture production is about 200 kg N ha"1yr"1for the NPPof
5 ton C ha"1 yr"1 and the observed C/N ratio of 26. Hence, the N consumption by the animals
would be about 50% of theNPP.
-Litterfall, rhizodeposition andplant uptakeofN. Itisassumed that neither theforest sitenor the
pasture sites have a net annual biomass increment. The N in litterfall and rhizodeposition in the
undisturbed forest is assumed toequal the Nuptake.For theforest NPP of 8.5 ton Cha"1yr"1and
a C/Nratio of 23 (P.Vitousek, personal communication, 1992)these terms add to about 400 kg
N ha"1yr"1 (Table 2), in agreement with the mean amount of N in litterfall and root turnover for
tropical evergreen forests presented by Vogt et al. (1986).
The pasture NPP of 5 ton C ha"1 yr"1 with an observed C/N ratio of 26 for root and above
groundmaterial,givesatotalamountofabout200kgNha"1yr"1.Sincetheestimated consumption
of Nby the animals is 90kg N ha"1yr"1,the flux of Nin litterfall andrhizodeposition is only 110
kg Nha"1yr"1for thepasture sites.The NPP may have decreased in the old pasture as aresultof
lossof soil nutrientsinthecourseoftime.Becausethere arenoobservations of NPPasa function
of nutrient losses, we assumed equal NPP, litterfall and rhizodeposition, and plant uptake for the
young and old pastures.
- Ammonia volatilization.During grazing about 10% of the N excreted by the animals may be
volatilized asNH3 (Vander Hoek, 1994).TheNH3lossfrom mineralized Nis assumed tobe 1%
of the total N mineralization (including N from litterfall and rhizodeposition), based on theNH3
emission rate for injected anhydrous ammonia (Asman, 1992).
-N leaching. From aregional study Salati et al. (1982) estimated thattheNloss through leaching
from soils in the Amazon Basin is 4-6 kg N ha"1yr"1.This is somewhat lower than the 18kgN
ha"1yr'1 leaching loss measured by Parker (1985) for undisturbed forest in porous-cup soil water
samplers at 70 cm depth, i.e. below a soil layer containing 90% of the root mass. Higher N
leaching loss in La Selva may becaused by precipitation rates of close to 4000 mmyr"1causing
higherwaterpercolation ratesthan intheAmazon Basin.Intheyearfollowing forest clearing,the
waterpercolation andtheN03"concentration strongly increased andtheNleaching wasabout 100
kg Nha"1yr"1(Parker, 1985).Astheconditions in La Selva are similar tothose inthe study sites,
an annual N03" leaching rate of 15kg N ha"1yr"1is assumed for intact forest, and 100 kg Nha"1
yr"1for the young pasture (Table 2). The total amount of N cycling through the old pasture soil
is about half that inthe undisturbed forest soil.Therefore, weassumed that the leaching from the
old pasture soil is 50% of the Nleaching from the forest soil (Table 2).These estimates exclude
dissolved organic nitrogen compounds and N 2 0 in the solution, which may account for a small
part of total leaching loss of N after forest disturbance (Bowden and Bormann, 1986).
- Denitrification.Knowledge about denitrification is less than about any other major N flow in
humid tropical ecosystems. Thisis largely due to thedifficulty of measuring Ngasfluxes in soil.
The available methods are technically difficult, laborious, provide results that are difficult to
interpret, and require instrumentation which is noteasily transported in rain forest environments.
Robertson and Tiedje (1988) measured denitrification in primary forest sites using the acetylene
inhibition technique on intact soil cores from sites in La Selva. The annual flux calculated from
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the measurements over a 14-month period amounted to 8-21 kg N ha"1yr"1,with highest rates at
sites with andic Humitropepts. Inrecently cleared forest with soilsclassified as oxic Dystropepts
the denitrification rates were up to a factor 3 higher, but these high rates persisted for a few
months only. Denitrification losses of about 20 kg N ha"1 yr"1 were estimated for the Amazon
Basin from a regional study (Salati et al., 1982).
InTable2denitrification balancesthe soilNbudget Fortheundisturbed forest sitethisresulted
in a denitrification rate of 11 kg N ha"1 yr"1, increasing to 480 kg N ha"1 yr"1 for the recently
cleared forest site (Table 2). In the old pasture site the calculated denitrification rate remains
somewhat higher than in the undisturbed forest.
5.5. CONCLUDING REMARKS
Rapid loss of 30% of the SOC following forest clearing found in this study is in agreement with
theconclusions of areview ofrecent studiesbyDavidson and Ackerman (1993).MostoftheSOC
loss from the andic Humitropepts was in the form of litter and root biomass (Veldkamp, 1994).
Theestimated rateofmineralization of soilorganicNassociated withsuchsoilorganicmatterloss
in the young pasture is consistent with in situ incubation measurements. Most of the mineralized
soil organic Nin therecently cleared siteis lost bydenitrification. The soilshave variable charge
properties and can retain N0 3 ' on their exchange sites, which may explain why only about 15%
of the flush of mineralized soil N is lost from the young pasture soil by leaching. The other loss
mechanisms, including the Nexport in theform of animalproduction and NH3volatilization, are
probablyrelatively unimportant intheyoungpasture.Intheoldpasture sitetheNlossesaremuch
lower than in the young pasture site. The N losses by animal production, NH3 volatilization,
leaching and denitrification may be all of the same magnitude in the old pasture.
Keller et al. (1993) observed N 2 0 fluxes close to 6kg N ha'1 yr"1for the forest soils, while in
recently cleared forest the N 2 0 fluxes were 35-50 kg N ha"1yr"1.The N 2 0 fluxes in the 18year
old pasture sites were about 2kg N ha'1 yr'1. Atthe sites under study there are no measurements
of themolarNj/NjO ratio ofdenitrified N.AtanN 2 0 emissionrateof about6kg N20-N ha"1 yr"1,
and assuming atotal denitrification rate of 8-21 kg N ha"1yr"1,as observed in similar forest sites,
the molar N2/N20ratio is 0.3-2.5. For the estimated denitrification rate of 480 kg N ha"1yr"1and
N 2 0 fluxes of 35-50kgN20-N ha"1yr"1observed intheyoungpasture site,theNj/NjO molarratio
would be about 10. Similar high Nj/^O molar ratios result from the budget for the old pasture.
Such high ratios were also seen by Weier et al., (1993) who found highest molar N2/N20 ratios
atthehighestavailable Ccontentsandatthehighest soilmoisturecontents.Thewater percolation
through thepasture soils is about a factor 1.7 higher than through the original forest soil (Parker,
1985).Hence,thepasturesaremuchwetterandtheanaerobicity mayevenincreasebycompaction
of the topsoil as observed in the old pasture soils (Veldkamp, 1994; Reiners et al., 1994).
Extrapolation of theresults to other sites is difficult, because the SOC and associated N losses
depend ontheamountoflitterandrootbiomassremaining after forest clearing,soilpropertiesand
the productivity of the pasture. For example, the observed C loss was lower in soils of volcanic
origin due to the strong stabilization of soil organic matter in Al-organic matter complexes; the
C loss was also lower for pastures with higher productivity than for pastures with lower
productivity (Veldkampetal., 1993;Veldkamp, 1994).Itis,therefore, difficult toassesstheglobal
implications of forest clearing. Bouwman etal. (1994) estimated that theenhanced N 2 0 emission
for thecurrentglobalrateof deforestation of 15Mha"1yr"1(FAO, 1993)isabout0.4 x 1012g N 2 0N yr"1,which is about 10% of the annual atmospheric increase of N 2 0 in the atmosphere. Based
on the estimates for leaching and the N2/N20 molar ratio of denitrified N, the total N loss via
leaching and denitrification may be a factor 10 higher.
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Chapter 6

TESTING HIGH RESOLUTION NITROUS OXIDE EMISSION
ESTIMATES AGAINST OBSERVATIONS USING AN ATMOSPHERIC
TRANSPORT MODEL
Abstract. Global monthly estimates of N 2 0 emissions were used to prescribe a three-dimensional atmospheric
transport model.The simulated N 2 0 surface concentrations in the northern hemisphere are in general agreement with
atmospheric observations, about 1 ppb higher than in the southern hemisphere. The results suggest that N 2 0
concentrations over strong source regions in continental interiors are much higher than those over oceans. Simulated
N 2 0 concentrations in thenorthern hemisphere vary strongly withtheseason,whilemeasured concentrations oscillate
strongly without seasonality. The modelled results for the southern hemisphere show much less seasonal variation,
which is more consistent with atmospheric measurement data. The emission inventory does not account for soil N 2 0
consumption in N-limited temperate ecosystems, and N 2 0 emissions during autumn, thaw periods and from snow
covered soils. These potential errors and possible underestimation of N 2 0 emissions from combustion sources may
exaggerate thesimulated seasonal trends.MostatmosphericN 2 0 monitoring stationsarenotwellsituated for verifying
the simulated seasonality in atmospheric N 2 0. There is only one continental site. In addition, the precision of N 2 0
measurements may notbeadequate todistinguish seasonal trends,whileatmosphericN 2 0 observations from different
studies are sometimes contradictory.

1. INTRODUCTION
Nitrous oxide (N20) plays an important role in the atmospheric radiative balance and in
stratosphericozonechemistry.TheatmosphericN 2 0concentration isrisingbuttherateofincrease
is not constant. Trends haveranged from 0.5 + 0.2 ppb yr"1to 1.2+0.1 ppb yr"1over three-year
periods, averaging 0.8 + 0.2 ppb yr"1over 1977-1988 (Khalil and Rasmussen, 1992).In 1992the
increase was about half that in the 1980s (Swanson et al., 1993).The concentrations of the other
greenhouse gases with major biospheric sources and sinks, CH4 and C0 2 , also increased less in
1992. The average N 2 0 concentration in the northern hemisphere is shown to be about 1 ppb
higher than in the southern hemisphere (Butler et al., 1989), reflecting higher emissions in the
northern than in the southern hemisphere. Many major and minor sources have been identified,
yetthere isconsiderable uncertainty inthesource strengths.Partof theuncertainty arisesfrom the
paucity of measurements of N 2 0 fluxes. Another problem stems from the difficulty in
extrapolating measurements of biogenic fluxes from soils and aquatic sources because of thenextreme spatial and temporal heterogeneity.Fortheanthropogenic sourcespolitical,economicand
cultural factors are major uncertainties in making extrapolations. Khalil and Rasmussen (1992)
recently presented a global N 2 0 budget, indicating that the uncertainty for most N 2 0 sources
amounts to at least a factor of 2.
Seasonal variations of emissions have been predicted using global models used to assess N 2 0
emissions from soils (Bouwman etal., 1993)and oceans (Nevison, 1994).Since soils and oceans
are the dominant N 2 0 sources in many parts of the world (Bouwman et al., in press), Taylor
(1992) speculated that there may be similar seasonality in the atmospheric N 2 0 concentration.
Emissions of N 2 0 from soils and aquatic systems may change from year to year along with
climatevariability. In addition, oceanic emissions areinfluenced byElNino Southern Oscillation
(ENSO)events,withlower globalemission inENSOyearsthan innon-ENSOyears (Butleret al.,
1989). This may explain some of the observed variability in the atmospheric N 2 0 increase.
An indirect approach to assess sources and sinks of N 2 0 involves the use of atmospheric
transport modelsthatdescribe N 2 0 transport and destruction. Thiscan bedoneby forward model
simulations or by inverse methods. In forward simulations predicted concentrations - based on
specific hypotheses for the sources and sinks of a trace gas -can becompared with observations.
This allows surface fluxes to be determined that give the best correlation with observations.
Studies of the CH4 cycle using forward runs of three-dimensional atmospheric models by Fung
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et al. (1991) and Taylor et al. (1991) show that constraints imposed by atmospheric observations
can besatisfied onthe basisof different assumptions for the CH4 sources.Emissionsof CH, from
soil and land-use related sources could not be determined uniquely because of lack of flux
measurements and atmospheric observations (Fung et al., 1991).
Inverse techniques use observations of atmospheric concentrations as the input to solving the
problem of producing flux estimates. For N 2 0, the inverse method was recently applied in a
simple box model by Prinn et al. (1990). The inverse technique has been used for CFC13 in a
three-dimensional atmospheric chemical transport model (Hartley and Prinn, 1993).Inverse runs
can also be used to optimally locate future additional observation sites based on a specified
hypothesis for the sources and sinks of the trace gas to be tested.
Currently there are 10 monitoring stations wherever N 2 0 is measured in the world. These
stationsarepartof the Atmospheric Lifetime ExperimentanditssuccessortheGlobal Atmospheric
Gases Experiment (ALE/GAGE) (Prinn et al., 1994) and Climate Monitoring and Diagnostics
Laboratory (CMDL) (Montzka etal., 1992)networks as shown inTable 1.They were established
in locations where the air is thought to be thoroughly mixed, away from major source regions in
order to establish global trends in atmospheric trace gas concentrations. The mixing of air
smoothes the signal from individual sources (Keeling et al., 1989).Most stations are located on
remote islands, in coastal areas and the South Pole; only one station (Niwot Ridge) is in the
interior of the North American continent (Table 1).In theinitial phase of the ALE measurements
(1978-1984) four air measurements were made per day with in situ gas chromatographs (GC),
while the partly overlapping GAGE measurements (1981 to present) have consisted of 12
measurements per day. The precision of the N 2 0 analysis was 0.35% (+ 1ppb) for GAGE and
0.13% (0.4 ppb) for ALE observations. Flask samples are taken once per week at the CMDL
stationsandNiwotRidgeand analyzed withamanually operated GC.In addition,continuousGC
systems measuring the atmospheric N 2 0 concentration every hour with a precision of 0.15% or
< 0.5 ppb (Hall et al., 1990) were installed at CMDL stations between 1987 and 1989. For the
CMDL stations and Niwot Ridge only the data from the flask samples have been published in
tabular form (Montzka et al., 1992).

Table1.SitesandcoordinatesofmonitoringstationsforatmosphericN20
Site

Country

Coordinates

Typet

ALE/GAGE
Adrigole/Mace head
Cape Meares
Ragged Point
Point Matatula
Cape Grim

Ireland
Oregon
Barbados
American Samoa
Tasmania

52/53°N, 10°W
45°N, 124°W
18°N,65°W
14°S, 171°Wt
41°S, 145°E§

GC
GC
GC
GC
GC

Canada
Alaska
Colorado
Hawaii

82°N, 62°W
71°N, 156°W
40"N, 106°W
20°N, 156°W
90°S

F
F+GC
F+GC
F+GC
F+GC

CMDL
Alert
Point Barrow
Niwot Ridge
Mauna Lowa
South Pole

t F=flask sampling; GC=in situ gaschromatographic determination
% Alsoa CMDL collection site, with flask sampling andin situGC
§ Also a CMDL flask sampling site

Atmospheric modeling

115

In this study we will test hypotheses concerning temporal and spatial patterns of N 2 0 fluxes.
We will use a priori estimates of N 2 0 sources proposed by Bouwman et al. (in press) in an
adapted version of the three-dimensional lagrangian tropospheric tracer transport model for N 2 0
described by Taylor (1991). We will describe a five-year forward model run and compare the
simulated latitudinal gradients and seasonality of N 2 0 in the troposphere with measurements of
N 2 0 concentrations recorded at a number of monitoring stations.
2. A PRIORI ESTIMATES OF EMISSIONS
Bouwman et al. (in press) compiled grid-based inventories including all known important N 2 0
sources;theaprioriestimatesused hererepresenttheinventory withthesmallestoverall deviation
from estimates inferred from inverse modelling presented by Prinn et al. (1990) for 4 latitudinal
zones.Someinventories were originallyproduced on amonthly basis.For someother sourcesthe
annual inventories had to be converted to monthly distributions for this study (Table 2):
- Soilsundernaturalvegetation andgrasslands. Monthly N 2 0 emissions arefrom Kreilemanand
Bouwman (1994).
-Fertilizedarablelands. Theemission from arablelandsincludes 'background' emissionsandthe
fertilizer-induced emission. The background emission is the N 2 0 release from unfertilized arable
fields calculated on a monthly basis with the Kreileman and Bouwman (1994) model. The
fertilizer-induced emission of 1.25% ofthesyntheticN-fertilizer application isanannualestimate.
Monthly distributions for thefertilizer-induced emission were based onthe start and length of the
growing season ineach agricultural gridcellaccording toLeemansand Vanden Born (1994).The
growing season is theperiod during which temperature and moisture conditions are favorable for
crop growth. For growing periods shorter than 180 days, application of fertilizers is assumed to
takeplace atthestart of theseason,withmost N 2 0 losses (60%) occurring inthefirst month after
fertilizer application, another 20% in the month thereafter and the remaining 20% distributed in
equal parts over the remaining 10 months of the year. For growing seasons of 180 - 300 days
(allowing for more than one crop and with assumed split fertilizer applications), 80% of the
fertilizer-induced emission is assumed to occur as a constant flux during the growing period and
the remaining 20% is distributed in equal portions over the rest of the year. For growing seasons
with favorable cropping conditions lasting 300-365 consecutive days, the monthly fertilizerinduced emission is assumed to be equal for the whole year.
- Animal excreta. The annual N 2 0 emission induced by animal excreta is given a monthly
distribution identicaltotheemissionsfrom soilsundernaturalvegetation.Weassumedthatanimal
excreta have a long-lasting effect (Van Faassen, 1994, personal communication) and continue
releasing N 2 0 during dry and cold periods. Therefore, months with zero "natural" soil emission
are assigned aportion of the N 2 0 emission from excreta equal to the month with thelowest nonzero natural soil flux for that grid cell.
-Biomassburning. Thetemporaldistributionfor burningduringdeforestation andsavannaburning
is taken from Hao et al. (1990), who presented periods of most probable burning activity.
- Agriculturalwaste burning.Agricultural waste burning is assumed to occur at the end of the
growing seasons of less than 300days,with 25%occurring during the last month of the growing
period,50%intheconsecutive 30daysand 25% inthefour weeksthereafter. Forgrowing seasons
longer than 300 days the waste burning is assumed to be constant throughout the year.
- Post-clearingeffectsonN20 emission.Enhanced N 2 0 fluxes from recently cleared forest land
are assumed to have a monthly distribution identical to the "natural" soilfluxesfrom Kreileman
and Bouwman (1994).
- Fossil-fuelandbiofuelburning,and industrialsources. Annual emissions from combustion of
fossil fuels and biofuels and nitric acid production, are distributed spatially on the basis of the
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Table 2. A priori global estimates for N 2 0 sources
Annual
N20
emission
(Tg N yr-')t

Time
scaled

Soils under natural
vegetation & grasslands
Arable lands
N-fertilizer use
Animal excreta
Biomass burning
Agricultural waste burning
Post-clearing enhanced soil flux
Fossil fuel combustion & traffic
Biofuel combustion
Industry
Oceans

5.7
1.0
1.0
1.0
0.1
0.1
0.4
0.3
0.1
0.5
3.6

M
M
A
A
M
A
A
A
A
A
M

Total sources

13.6

M

Stratospheric loss

10.5

M

Atmospheric increase

3.1

M

Source

Major criterion for
producing monthly
N 2 0 fluxes

_ §
_ §
Growing seasons
Natural soils
_ §
Growing seasons
Natural soils
Constant flux
Constant flux
Constant flux
_ §

t Tg = teragram; 1Tg = 1012g
| M = monthly emission inventories; A = annual emission inventory
§ Monthly estimates are included in the inventory.

database of population densities developed by Lerner et al. (1988). Adipic acid (AA) production
was distributed on the basis of the coordinates for the major plants worldwide, except those in
China where production was assumed to take place in Beijing. The inventory does not include
production in the Commonwealth of Independent States (CIS) and Eastern Europe becauseof the
uncertainty regarding both thevolume and location of production. Emissionsfrom combustion of
fossil fuels andbiofuels, andthosefrom industrial sources,areassumed tobeconstant throughout
the year.
- Oceans.Thetemporaldistribution of N 2 0 emission from the oceansistheresult of the stability
dependent model presented by Nevison (1994), whoproduced monthly emissions on the NCARCCM2 grid of about 2.9° x 2.9° longitude - latitude. These grids were converted to 1°x 1°grid
cells,resulting inaslightlylowerglobalannualemission (3.6TgN20-N yr"1)than theoriginal 3.8
Tg N yr"1due to scale differences.
3. ATMOSPHERIC TRACER TRANSPORT MODEL
The model used in this study is based on the Lagrangian tracer modelling approach described in
Taylor et al. (1991) and Taylor (1989; 1992).This model uses a stochastic Lagrangian advection
scheme, which conserves the mass of tracer by definition to move 1,000,000 air parcels
representing a known mass of a tracer gas in air according to wind fields on a 2.5° x 2.5°
longitude- latitude grid with seven vertical levels at 1000,850,700,500,300and 100hPa.Each
wind field has a mean and a time-variable component. Wind fields are based on the European
Centre for Medium RangeWeather Forecasting (ECMWF) observational analysis fields reported
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on a 2.5° x 2.5° grid. These fields include mean vertical motion, while mixing processes are
modeled by including atime-variablecomponent in the computation of each air parcel velocity.
The surface flux of a trace gas is added or removed from air parcels in the lowest vertical level
grids.Concentration fields arepresented bytranslating theair-parcelcoordinates tothemodelgrid
coordinates. The time step is 24 hours. Loss of N 2 0 to the stratosphere and its return to the
troposphere is represented by a simple linear model relating losses to latitude with no net flux
occurring atthepolesandamaximumflux tothestratosphere attheequator.Theinitialconditions
were based on the observed concentration and latitudinal gradient in the late 1980s, chosen to
arrive at a present-day mean concentration of about 310ppb and at an mean annual increase of
0.8 ppb.
4. RESULTS
The global inventory of annual N 2 0 emissions (Figure 1) indicates that most of the N 2 0 stems
from the northern hemisphere, with major source regions in the tropics. At southern temperate
latitudestheAntarctic Oceanforms animportant sourceregion.Thetemporal distribution of N 2 0
emissions in this inventory is spatially variable. The monthly average latitudinal N 2 0 emission
rates for all sources (Figure 2a) are highest in the northern temperate regions in theperiod AprilAugust, while in the tropics the seasonality is much lower. In southern temperate latitudes the
maximum fluxes are in July-November. Comparison of Figures 2a and 2b shows that the
maximum N 2 0 emission from the Antarctic Ocean is in September. The maxima around May in
the northern temperate regions are also caused by oceanic emissions. The seasonal variation in
N 2 0 emission in the northern hemisphere is greater than in the southern hemisphere. A number
of point sources in the inventory represent adipic acid factories, such as in the southern U.S.A.,
and largecities with assumed industrial activitiesandhighemissionsfrom traffic and combustion.
Net annualuptake of N 2 0 in the oceans occurs in anumber of regions as shown inFigure 1;e.g.
October-November at 70-80°N (Figure 2a). Uptake of N 2 0 by ocean water in other regions can
be inferred from comparing Figures 2a and 2b (e.g. March-May at 35-40°S).Werefer the reader
to Nevison (1994) for the location and seasonality of oceanic uptake.
We will present the results of a five-year model run for the lowest surface level at 1000-925
hPa, anddiscusslatitudinal gradientsandtheseasonality inconcentrationsfor themonitoring sites
listedinTable 1.Themeanmodeled northern hemispheremixingratioswereapproximately 1 ppb
higher than those for the southern hemisphere (Figure 3a).The latitudinal variation changed with
time and showed smaller differences and highest concentrations in the tropics, for instance, in
January (Figure 3b); and maximum differences and highest concentrations were predicted in
northern temperate latitudesinJune (Figure 3c).Simulated continental concentrations over strong
sourceregionswere generally in theorder of 310-315ppb (Figures 4aand4bfor January, and 3c
and 3d for July). Local N 2 0 concentrations reached 316 ppb over humid tropical forested areas
with high soil fluxes throughout the year (Figure 2a).The simulated N 2 0 concentrations reached
a maximum over the European continent, North America and East Asia in July and August
(Figures 4c and 4d). All modelled results for stations in the temperate zones of the northern
hemisphere showed a similar pattern, with somewhat higher summer than winter concentrations.
The simulated N 2 0 concentration in Alert (North Pole) showed a minimum in March and a
maximum in August-September (Figure 5a). The seasonality in prescribed emissions for the
northern hemisphere with maxima in July resulted in predicted concentrations for Point Barrow
(Alaska) and Cape Meares (Oregon) asin Figures 5band 5d.These concentrations are similar to
the seasonal trend in Alert with somewhat larger oscillations. In Ireland the predicted values
indicate aminimum earlyintheyear and amaximum beginning somewhat earlier intheyearthan
in the other temperate northern hemisphere stations.
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The modeled N 2 0 concentration for Niwot ridge, Colorado (Figure 5e),located in the interior
of the North American continent, also peaked in July, but the oscillation was about half that in
Point Barrow and Cape Meares.Mauna Lowa (Hawaii) showed no strong oscillations inthe N 2 0
concentration (Figure 5f).Theaverage oscillation for thenorthern hemisphere ocean was 1.2ppb,
corrected for the trend.Thepredicted seasonal variation for the southern hemisphere stations was
much smaller than for the northern hemisphere stations.The southern hemisphere has prescribed
emissions that are high in December-June in the tropics (Figure 2a). In July-September the
maximum emissions in the 30-90°S zone are caused by the oceanic emission (Figure 2a-b). The
simulated concentrations for Barbados, Samoa and Tasmania were slightly higher in SeptemberJanuary in accordance with the temporal distribution of sources (Figures 5g, 5h and 5i). At the
South Pole (Figure 5j) themodelled results showed no seasonal trend.The average oscillation for
the southern hemisphere ocean corrected for the trend was0.1ppb.
5. DISCUSSION
The simulated semi-hemispheric difference of about 1ppb is consistent observations by Prinn et
al. (1990), Weiss (1981) and Butler et al. (1989). This suggests that the overall latitudinal
distribution of sources is correct. The concentrations obtained over continental regions can only
becompared with thestation inColorado.In 1991theN 2 0 concentrationreached 313ppbinJulySeptember (Figure 5e), confirming the simulated high continental concentrations. The overall
concentrations for the monitoring stations inFigure 5 areconsistent with the most recent CMDL
flask sample observations from 1990-1991.The simulated seasonality of concentrations (Figure
3b and 3c) will be compared with the data for the 10 monitoring stations listed in Table 1.
- The predicted seasonal concentration for Alert with a maximum in September contradicts the
observations (Figure 5a).The measurement data for Alert from Montzka et al. (1992) indicate
strongly fluctuating patterns, with a peak in March in 1989, 1990 and 1991,a high level in
May in 1990 and 1991 and a low level in October. In December 1991 a very high
concentration (315 ppb) was observed.
- Similar to the simulated peak in June-August for Alaska, the CMDL observations for 1991
showed a peak in June (Figure 5b).The CMDL flask measurements for 1990 and the 19871991CMDLaverage shows amaximum in September in 1990.The CMDLmeasurements for
1987-1989haveastronglyoscillatingpattern with noclear seasonality. Surprisingly,theinsitu
measurements for Alaska (Figure 5.4 in Swanson et al., 1993) show late summer minima.
- The simulated concentrations for Ireland can be compared with published ALE/GAGE
observationsfor 2yearsonly.Contrarytothepredicted May-Augustmaximumtheobservations
for 1987 in Adrigole, Ireland, show weak, if any, seasonality (Figure 5c).
- Modeled concentrations have a strong peak in July-August at the Oregon station, while the
ALE/GAGE observations do not have a discernible seasonal pattern (Figure 5d).
- Similar to our results,the CMDL concentrations in flask samples in 1990-91for the Colorado
station show maxima in July-September (Figure 5e), while the average for 1987-1991 peaks
in August. Incontrast, the CMDL observations in 1987peak inDecember, and thosefor 1988
have maxima in March and July-August.Theresults from the in situ GC measurements show
summer minima (Figure 5.4 in Swanson et al., 1993)in 1990and 1991,and no seasonal trend
in 1992.
- Theflask sampleconcentration measurementsfor Hawaiishowaverycomplicated pattern with
no clear seasonality. The simulated results show a minimum early in the year and an increase
that begins in August-September (Figure 5f). The in situ GC measurements for Hawaii show
no seasonal trend (Figure 5.4 in Swanson et al., 1993).
- Published observations for the Barbados station are available from ALE/GAGE. These data
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have no seasonality, and do not confirm the modeled September maximum, although in some
years there seems to be an increase in August-September. However, in 1985 two peaks were
observed, and in 1986 a strong minimum in May.
- Likewise, a disagreement between simulated results and measured concentrations was found
for Samoa (Figure 5h), where modelled results have no observable seasonality, whereas the
flask sample measurements show strong oscillations lacking seasonal trends. The in situ GC
measurements of both ALE/GAGE (Figure 5h)and those of CMDL (Figure 5.4 in Swanson et
al., 1993) show much less variability and lack seasonality.
- At the station in Tasmania (Figure 5g) the ALE/GAGE measurements lack aclear seasonality
with weaker oscillations than the other stations.The simulations indicate a rise that seems to
start in September, and a minimum in March-July, prescribed by the oceanic emission from
mainly the Antarctic Ocean. The CMDL results for 1991 for Tasmania show stronger
oscillations than the ALE/GAGE data.
- The model predicts a similar pattern for the South Pole station with a maximum in September
and a minimum on June-July, but with small oscillations (Figure 5j). In contrast, seasonal
trends are absent in the CMDL flask sample observations, although the oscillations are high.
Oscillations of the in situ CMDL GC measurements are much lower with no seasonal trend
(Figure 5.4 in Swanson et al., 1993).
Theremaybeanumberofreasonsfor inconsistenciesin seasonal trendsbetween modelresults
and atmospheric observations:
(i) Incorrectassumptionsin the emissioninventories. The uncertainty of emission estimates has
been discussed by Bouwman et al. (in press); in the apriori emission inventories there are some
evident omissions of the N 2 0 cycle that may cause exaggeration of the seasonal variability:
- SoilN20 consumption. Net annual consumption of N 2 0 in soils has been reported by several
authors. Ryden (1981; 1983) observed net annual uptake of N 2 0 by grassland soils when
conditions were conducive to microbial reduction of N 2 0. Uptake occurred whenN03"-N was
essentially exhausted and the sites had high moisture contents and high temperatures. Net
annualuptake wasalso observed by Castro et al. (1993)in soilsunder spruce-fir forest inNew
Hampshire and Vermont. The uptake was attributed to consumption of N 2 0 by denitrification
underconditions oflownitrification leadingtolowN03"concentrations.Inmany other studies
episodical soil N 2 0 uptake was observed (e.g. Keller et al., 1983; Bowden et al., 1990). In
general tropical forests are less limited by nitrogen than temperate forests (Bouwman et al.,
1993).Incoldtemperateandborealforestspreferential immobilization ofNoccursintheforest
floor and its associated decomposers (Vogt et al., 1986). Immobilization and slow
mineralization of N and other soil conditions unfavorable to nitrification (such as low pH) in
temperate forests may be conducive to N 2 0 consumption in wet and warm periods.
Consumption of N 2 0 may also occur in wetlands with periodic or continuous anaerobic
conditions (Bouwman et al., 1993).Uptake of N 2 0 may have important repercussions for the
distribution and seasonality of N 2 0 in the atmosphere. In our model N 2 0 consumption in
spring-autumn would lead toa lower amplitude of the seasonal trend inthe northern temperate
zones.
- EpisodicsoilN20 emissions.Goodroad and Keeney (1984), Schmidt et al. (1988),Bowden et
al.(1990),BrummeandBeese(1992)andCastroetal.(1993)reported similargeneralseasonal
trends in temperate forests, with high emission rates in spring and summer. The monthly
emission inventory used in this study was based on relations between temperature and N 2 0
fluxes and soil moisture and N 2 0 fluxes, leading to highest fluxes in spring and summer in
temperate forests. However, elevated autumn N 2 0 fluxes in temperate forests have also been
reported (Duxbury et al., 1982; Schmidt et al., 1988). Dorsch et al. (1993) observed that N 2 0
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emissions from arable fields during thaw periods contribute significantly to the annual flux.
Sommerfeld et al. (1993) showed that N 2 0 formation occurs at low temperatures below 0°C,
and observed that N 2 0 formed may be emitted from the snow cover. These episodical
emissions are probably lower than the spring and summer emissions, but on the global scale
thevastareasof warmandcold temperate and borealecosystemsmayaccountfor a significant
contribution.Thesephenomena werenotincluded inthe simple soilmodelused toproducethe
emission inventories for soils under natural vegetation and agricultural soils.The N 2 0 release
during winter, early spring and autumn may cause a decrease in amplitude of the seasonal
emission pattern. This will lead to reduced modeled seasonal variability in the northern
hemisphere atmosphere.
- Consumption of N20 in aquatic systems. The model of Nevison (1994) that was used to
estimate oceanic emissionspredicts net annual uptake of N 2 0 in some parts of the ocean, but
there is considerable uncertainty in the inventory. Kim and Craig (1993) suggested the
possibility of a large tropospheric flux of N 2 0 to and from the ocean, resulting in a residence
timeof N 2 0 comparable tothatof C0 2 (~7 years).Itisnotclearhowsuch intensefluxes might
influence the simulated seasonality.
- Underestimationof combustion-relatedand industrial sources. There is still considerable
uncertainty in the estimates for the anthropogenic abiogenic sources.Industrial emissions may
not have a significant seasonality, and combustion may be elevated in winters. Hence, higher
estimates for these sources of N 2 0 leads to a decrease in the seasonal oscillations for the
northern hemisphere.
- Othersources.No quantitative estimate of N 2 0 emissions from coastal marine and freshwater
systems, aquifers and soils with inputs from Ndeposition could be given by Bouwman et al.
(in press). Since these sources may be related to human, industrial and agricultural activity,
mostassociated emissionsmaycomefrom thenorthern hemisphere (Bouwman etal.,inpress).
OtherN 2 0 sourcecandidates, such asindustrial andchemicalprocesses,medical and industrial
use of N 2 0, production and use of explosives and corona power losses from electric
transmission linesarelocated inthe 30-90°N zone.Assuming thatthese sources are significant
and do not show seasonal patterns, this may further reduce the simulated seasonal amplitude
of the N 2 0 concentration in the northern hemisphere.
(ii) Biases in the transport model. No atmospheric transport model can give a fully realistic
description of atmospheric mixing and transport. However, in previous studies the atmospheric
model correctly reproduced the latitudinal gradient and seasonality of CFC-11 and other tracers
(Taylor, 1991).We therefore assume that the model disagreement with atmospheric observations
is not caused by biases in the model and adequately reflects the seasonality in atmospheric
concentrations induced by a seasonally varying source.
(iii)ReliabilityoftheatmosphericN20 measurements. BoththeCMDLandALE/GAGEdatahave
aprecision ofcloseto0.15%or0.5ppbintheN 2 0 concentration measurements,butthe standard
deviation in the daily and monthly averages in much higher (Montzka et al., 1992; Prinn et al.,
1994). The seasonal variations predicted by the model in most northern hemisphere locations is
in the order of 1 ppb (corrected for the 0.8 ppb trend), while in locations in the southern
hemisphere the simulated seasonality is even less. Hence, it is difficult to validate our model
results with the available observational data. The oscillations observed by the CMDL flask
sampling program are in general larger than those of ALE/GAGE, while the ALE/GAGE and
CMDL data show completely different patterns for the same monitoring station even when data
for the same year are compared (Samoa, Figure 5h). This may be caused by differences in the
samplingfrequency betweenCMDLandALE/GAGEmeasurements.Prinnetal.(1990)andElkins
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(personal communication) concluded that C0 2 does not interfere with N 2 0 measurements.
However, inconsistencies could be the result of other interferences in the N 2 0 concentration
measurements.
The modelled results are in general agreement with simulations performed by Taylor (1992).
However, the latitudinal gradients and the seasonal oscillations simulated in this analysis are
smaller than those of Taylor (1992). This is caused by the weak oceanic source (2 Tg yr"1)
assumed by Taylor, and the dependence of soil and oceanic fluxes upon net primary production
causing strongdifferences between winter and summerfluxes. Results alsoagreewith simulations
of Nevison (1994), although in that study much lower continental maxima were produced. The
latitudinal and seasonal source estimates in this study are similar to those of Nevison (1994).A
reason for the higher maxima in this study may be the grid size, which is ~6 times smaller than
Nevison's grids. The higher resolution model we used better resolves the variability of the
1° x 1° resolution N 2 0 flux fields because it includes less numerical diffusion and is able to
resolve concentration gradients more precisely. This results in a more detailed description of
advection and mixing.
6. CONCLUSIONS
The simulated N 2 0 concentrations are in general agreement with observations. The calculated
semi-hemispheric difference is consistent with the observations, indicating that the overall
distribution of the a priori emission inventories is correct. Modelled results suggest N 2 0
concentrations of up to 5 ppb higher than those predicted over the oceans over tropical humid
forest regionsthroughout the year, and over temperatecontinentalinteriors in summer. Atpresent
there are no atmospheric observations available to verify this result because most monitoring
stations are located in coastal areas, on remote islands and at the South Pole.
Simulated seasonaldistributions arenotconsistent withobservationsatanumberofmonitoring
sites.Inparticular, at northern mid-latitudes the simulations resulted in seasonal trends,while the
observations show no seasonality at all.For the southern hemisphere the simulated seasonality is
much smaller than in the northern hemisphere and more consistent with observations.
There is still a great uncertainty in the various individual source estimates that could not be
resolved in this analysis and in a previous comparison with source estimates from inverse
modeling. We have discussed possible errors and omissions in our source estimates. Emissions
from soils,themajor global source,arehighly uncertain. Theemissionpatterns in the inventories
of soil emissions are consistent with observations. However, soil consumption of N 2 0 and the
process of N 2 0 emission from soils at low temperatures was neglected in the a priori estimates.
Including theemissionsinwinter,early springandautumn,and soilN 2 0 consumption, wouldlead
to a decrease in seasonality in temperate zones. Consumption of N 2 0 in aquatic systems is
represented in theapriori estimatefor oceans, butthemagnitude, seasonality and spatial patterns
areextremelyuncertain.IfN 2 0 consumption insoilsandaquatic systemsissignificant, thecurrent
estimates of the atmospheric lifetime and source estimates of N 2 0 will have to be revised.
Combustion-related N 2 0 emissions may be underestimated. If these emissions prevail in
temperate winters, this may also lead to lower amplitudes. Finally, the a priori estimates do not
include estimates for coastal waters and fresh water systems. Neither do they include estimates
of N 2 0 from aquifers, effects of N deposition on soil N 2 0 fluxes, medical and industrial use of
N 2 0, production anduseofexplosives,coronapower lossfrom electrictransmission systems,and
other potential industrial and chemical processes. Most of these sources may not have a seasonal
pattern, and it is not clear how they would influence the simulated concentrations.
Modeling of atmospheric N 2 0 ishampered bythe small numberoflong-term observation sites.
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Mostexisting stations arelocated inremoteplaces where signalsfrom continental sources arenot
observed. In somecasestheobservations from different reports arecontradictory,possibly caused
by differences in sampling frequency. There may also be unknown interferences in the N 2 0
concentration measurements.Thecomparison of datafrom different groupsalsoindicated thatthe
precision of the available atmospheric N 2 0 measurements may not be sufficient to resolve
relatively small seasonal variations. Resolving an annual averaged latitudinal gradient may be
testing the limits of current measurement technology. Future forward and inverse modeling
approaches will be more useful for N 2 0 when high-precision atmospheric data are available,
including measurements in continental interiors.
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Chapter 7

CONCLUSIONS
The major global sources of nitrous oxide (N20) are soils under natural vegetation, followed by
oceans. Next come agricultural soils and grasslands including the effects of synthetic N fertilizer
use and animal excreta. Most other sources, including stationary and mobile fossil fuel
combustion, industrial processes, biomass burning, atmospheric N 2 0 formation and coastal and
fresh water systems are of minor importance at the global scale, but their local contribution to
emissions may be high.
7.1. EMISSION INVENTORIES
- Soilsundernaturalvegetation. The spatial and seasonal distributions of N 2 0 production in soils
under natural vegetation arevery similar toclimate patterns. Comparison with measurement data
showed thatlevelsofN 2 0 production predicted bythemodeldiscussed inchapter 2arein general
agreement with measured fluxes. The model confirms conclusions from earlier studies that the
major source regions of N 2 0 are in the tropics. Because of the simplicity of the model and the
sparsity of data, the estimate of global N 2 0 emission from natural ecosystems based on the
regression analysis is extremely uncertain.
- Agriculture.Literature data on N 2 0 fluxes from fertilized agricultural lands are not suitable to
estimate the local N 2 0 losses as a function of fertilizer type and crop, but they may be used to
estimatetheorder ofmagnitude of theglobalemission. Analysis of theliteraturedata showed that
thefertilizer-induced N 2 0emissionresultingfrom measurementscovering longerperiodsishigher
than for measurementsrepresenting shortperiods.Asimplemethod wasdeveloped toestimatethe
total annual direct N 2 0 emission from fertilized fields, based on measurements covering periods
of one year: N20-N emission = 1kg N ha'yr"1 plus 1.25 ± 1% of the fertilizer N applied (kgN
ha'yf'). This method applies to all fertilizer types.
The inventory based on estimates of N excretion by various categories of domestic animals
show that the global flux of Nin animal excreta (~ 100x 1012gNyr"1)about equals that applied
as synthetic fertilizers (80 x 1012gN yr"1)and that their associated N 2 0 emissions may be of the
same order of magnitude.
TheglobalN 2 0 emission from synthetic N-fertilizers and animalexcreta constitutes about15%
of the total global N 2 0 source, and about 2/3 of the atmospheric N 2 0 increase.
- Forest clearing. Soil organic matter losses are generally high in the first few years after forest
clearing. The N mineralized from the decomposed soil organic matter causes elevated rates of
nitrification, denitrification and associated N 2 0 emissions in the initial period following the
clearing; in old clearings (>15 yr) easily decomposable soil organic matter is depleted, causing
lower rates than in the original forest. Soil N budgets for a deforestation sequence in the humid
tropics of Costa Rica indicate that part of the mineralized N is lost via leaching, while most of
the N loss occurs through denitrification. The N losses from cleared forest soils may be an
important source of pollution of the atmosphere and aquatic systems. The estimate of soil N 2 0
emission from denitrification following deforestation, accounting for declining N 2 0 fluxes with
time,indicatesthatthisprocesscontributesperhaps 10%totheatmospheric increase.Thisislower
than previous estimates, which disregarded the effect of ageing of the clearings.
- Energy-relatedand industrialsources.The global N 2 0 emission from fossil fuel combustion,
traffic and industrial sources contributes about 5% of the total N 2 0 source, and 15% of the
atmospheric N 2 0 increase. In addition, deposition of NOx emitted during combustion may cause
N 2 0 formation in soils. Traffic is probably a global source of N 2 0 that is growing at a fast rate,
caused by the fast penetration of automobiles equipped with 3-way catalysts. The N 2 0 emission
increases with the age of thecatalysts,butthe emission factors areyet uncertain. The inventories
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of N 2 0 emissions from nitric acid and adipic acid production are uncertain because of scarcity of
data on the volumes of production and emission rates. Although our knowledge of the global
anthropogenic N 2 0 sources has improved in recent years, other as yet unidentified industrial
processes may also generate N 2 0.
7.2. LATITUDINAL DISTRIBUTIONS
Theemissioninventoriespresented inthisstudy,complemented withinventoriesof N 2 0 emissions
from oceans and biomass burning from the literature, are in general agreement with source
estimates inferred from inverse atmospheric modeling. Major uncertainties are in the tropics. All
sources include uncertainties. The general agreement between the emission inventory and source
estimates from inverse modelling may be fortuitous if misrepresentations of the largest global
sources (soils and oceans) happen to balance out. The uncertainty in the global estimates of N 2 0
emission from soils and oceans iscaused primarily by scarcity of measurement datain largeparts
of the world. The global oceanic N 2 0 emission may be higher than assumed by Watson et al.
(1992),andupwellingregionsinthe0°-30°Nand 30°S-90°Slatitudinalzonesmaybemajor source
regions with N 2 0 fluxes which are much higher than the world average oceanic flux.
The major part of the N 2 0 emission from N fertilizers, animal excreta, combustion, and
industrial processes stem from the northern hemisphere. Atmospheric N 2 0 formation isprevalent
in the tropics. No quantitative estimate of N 2 0 emissions from cultivation of leguminous crops,
coastal marine and fresh water systems, aquifers, and soils with inputs from N deposition could
begiven.However, sincethesesourcesmay becloselyrelated tohumanpopulation, industrial and
agricultural activity, most associated emissions may come from the northern hemisphere. Other
N 2 0 source candidates, such as industrial and chemical processes, medical and industrial use of
N 2 0 and production and use of explosives, are located primarily in the 30°N-90°N zone.
Predicted N 2 0 concentrations, based on monthly estimates of N 2 0 emission used to prescribe
a three-dimensional atmospheric transport model, are ~1 ppb higher in the northern than in the
southern hemisphere. This is consistent with the atmospheric observations, indicating that the
overall distribution of the apriori emission inventories iscorrect. Modelresults suggesthigh N 2 0
concentrations over tropical humid forest regions throughout the year, and over temperate
continental interiors in summer, of up to 5 ppb higher than concentrations predicted over the
oceans. At present there are no atmospheric observations available to verify this result, because
most monitoring stations are located in coastal areas, on remote islands and at the South Pole.
7.3. SEASONAL DISTRIBUTIONS
Simulated seasonal distributions based onmonthly estimatesof N 2 0 emissionprescribing athreedimensional atmospheric transport model, are not consistent with observations at a number of
monitoring sites.The simulations resulted in seasonal trends at northern mid-latitudes, where the
observations show no seasonality. For the southern hemisphere the simulated seasonality ismuch
smaller than in the northern hemisphere and more consistent with concentration measurements.
For soils and oceans, the major global sources of N 2 0, both the global emissions and their
seasonal distribution are highly uncertain. Soil consumption of N 2 0 and the process of N 2 0
emission from soils at low temperatures were omitted in the a priori estimates. These potential
errorsmayexaggeratetheseasonality intemperatezones.Consumption ofN 2 0 byaquatic systems
is represented in the a priori estimate for oceans, but the magnitude, seasonality and spatial
patterns are extremely uncertain. If N 2 0 consumption in soils and aquatic systems is significant,
thecurrent estimates of the atmospheric lifetime and source estimates of N 2 0 need to berevised.
Industrial N 2 0 sourcesmay notshow aseasonalpattern, butcombustion-related N 2 0 emissions
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may prevail in temperate winters. Underestimation of the N 2 0 emission from combustion during
the winter period may, therefore, lead to exaggerated amplitudes of the N 2 0 concentration in the
northern hemisphere.
TheN 2 0 emissionfrom coastalwatersandfresh water systems,aquifers,elevated N 2 0emission
from soils and aquatic systems caused by atmospheric N deposition, medical and industrial use
of N 2 0, production and use of explosives, formation of N 2 0 during corona power loss from
electric transmission systems, and other potential industrial and chemical processes generating
N 2 0, were not included in the a priori estimate. The magnitude and seasonal pattern of N 2 0
emissions from these sources is highly uncertain.
Modeling of atmospheric N 2 0 is hampered bythe small number oflong term observation sites.
Most existing stations arelocated inremoteplaces where signals from continental sources are not
observed. Theprecision of the available atmospheric N 2 0 measurements is inadequate to resolve
relatively small seasonal variations. Resolving an annual averaged latitudinal gradient may be
testing the limits of current measurement technology.
7.4. FUTURE RESEARCH
Improvement of models of N 2 0 production in soils of the type described in chapter 2 requires
morelong-term measurements inthoseregionswith highexpected N 2 0 fluxes, and in ecosystems
whichmaybeimportantcontributors totheglobalproduction ofN 2 0 duetotheirlargearea.There
are no flux measurement data available for Asia, Africa or Australia to validate models. The
effects of N deposition on N 2 0 emissions from temperate forest soils, and the role of biological
Nfixation intheN 2 0production from soilsundernaturalvegetation,areuncertain. Measurements
arealsorequired inecosystemspronetoN 2 0 uptake,e.g.N-limitedtemperateforests. Description
of the processes leading to N 2 0 pulses resulting from rainfall events, and episodic emissions at
low temperatures in autumn,during thawperiods inearly spring, and from snow covered soilsin
winter, would constitute a major improvement in models such as the one described in chapter 2.
Further improvement of global-scale models describing trace gas fluxes requires development
of soil data basesthatinclude anumber of soil characteristics vital toevaluating soilphysical and
chemical characteristics. More spatial and temporal detail in data bases of vegetation (NPP) and
littercomposition allow abetter description ofthe temporal and geographic variability of controls
on N 2 0 fluxes and, possibly, episodic pulses of N 2 0.
Estimates of N excretion for the different animal categories discussed in chapter 4 can be
improved by assessing the relation between quality and consumption of forage and feed, the
fraction of energy required for maintenance, the efficiency of energy conversion to body weight
or milk, and N excretion. Such studies would require information on the herd composition, the
period of grazing and the storage conditions of manure in the stable, which determine N 2 0
evolution. Measurements ofN 2 0 anddevelopment of soilmodelsdescribing theregulating factors
of N 2 0 emission and their variability may improve the estimates for fields receiving inputs from
fertilizers and animal excreta.
Global biological N fixation in agricultural systems may be an important global N 2 0 source.
Statistics onharvested areasand production of leguminous crops areavailable, andtheN fixation
could be estimated from the N content of the various leguminous crops. Measurements in fields
with leguminous crops are required to relate N 2 0 fluxes to N fixation. In addition, data on the
occurrence of legumesinpasturesand legumes grown asgreen manures,and theirNfixation,are
required.
Futureresearch toimproveestimatesofN 2 0 emission from theoceans,coastalmarineand fresh
water systemsincludemeasurementscoupled withmodeling approaches,asdiscussed indetailby
Nevison (1994).Anumberoffuture research needsregardingfossil fuel combustion and industrial
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sources as summarized by Kroeze (1994)include technical solutions, such as thedevelopment of
a new catalyst for nitric acid production and automobiles.
Forward and inverse atmospheric modelling approaches will be more useful for N 2 0 studies
when high precision atmospheric data are available, including measurements at stations in
continental interiors.
7.5. POLICY IMPLICATIONS
The atmospheric N 2 0 concentration started to increase at an accelerated rate in the middleof this
century. Most of this increase is related to increasing agricultural and industrial production and
fossil fuel combustion, including technologies that reduce NO,emissions. The major part of the
N 2 0 increase stems from sources related to food production, including synthetic fertilizer use,
animal excreta, biomass burning, biological Nfixation, land clearing and biomass burning.There
aretechnical optionstoreduce soilN 2 0 emission from activitiesrelated tofood production.CAST
(1992), Kroeze (1994) and Mosier (pers. comm.) suggested Nmanagement strategies to mitigate
N 2 0 emission without decreasing production (Table 1).The proposed measures would probably
reduce rather than increase costs. Emission reductions achieved by some of these management
strategies may be considerable. For example, use of slow release fertilizers may reduce N 2 0
emission byupto30-65%(Kroeze, 1994).Mosier (pers.comm.) estimated that areduction of the
global annual N 2 0 emission of about 0.2 x 1012g N20-N can be achieved by using controlled
release fertilizers and nitrification inhibitors. Areduction of 0.4 x 1012gN20-N can be achieved
by increased fertilizer efficiency and by closing the N flow cycles. The total 0.6 Tg N20-N
reduction is about 30% of the total current annual N 2 0 release from synthetic fertilizers and
animal excreta.
A growing world population will inevitably lead to increased demand for food and increased
emission of N 2 0. Synthetic fertilizer useprevails in the developed countries, although the use is
growing at a fast rate in developing countries (FAO, 1991).In addition, an increasing portion of
theuse of synthetic fertilizers isdriven bythedemand for feed for animalproduction. Atpresent
close to 40% of the global cereal production and 25%of the production of root and tuber crops
arefed to animals.For thedeveloping countries 16% of cerealconsumption and 20% ofrootand
tuber crops are used as animal feed, while in the developed countries this is 62% and 33%,
respectively (FAO, 1991). With the increasing input of N in the form of fertilizers, it will be
difficult to mitigate emissions associated with food production. However, important reductions
could beachieved byashift-away from animalproduction, whichreducesboth synthetic fertilizer
use and production of animal excreta.
Stationary combustion isaminordirectsourceattheglobalscale.Indirecteffects ofcombustion
caused by NO, emission and atmospheric deposition of N leading to enhanced soil N 2 0 fluxes,
maybemoreimportant.Energy savingwill,therefore, lead toreduction ofbothdirectandindirect
N 2 0 emission. Options to avoid or reduce the direct N 2 0 emission from stationary fossil fuel
combustion include technical solutions and switch to other fuel types. Mobile combustion is a
growing source of N 2 0. The N 2 0 emissions from vehicles can be reduced by developing new
catalysts as well as by reduction of automobility, a switch to non-fossil sources of energy and
increased energy efficiency. The N 2 0 emission can also be reduced by low NO, engines and
energy saving.However,if neithertechnological solutionsorreduction inenergyconsumptioncan
beachieved, policy makers will befaced with achoice between reduction of onepollutant (NO,)
atthe expense of the other (N20). AsNO,contributes to urban smog and acidification, actions to
reduce N 2 0 may not be given priority.
Industrialsourcesalsocontribute significantly totheatmosphericN 2 0increase,and unidentified
processesmayexistthatgenerateN 2 0. TheN 2 0 lossesfrom nitricacidproduction canbereduced
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Table 1.Strategies to reduce N 2 0 emissions associated with food production
1. Increase N use efficiency by matching N supply with crop demand
- Determination of the fertilizer N requirement by soil testing adjusting the N rate to a reasonable
yield goal for specific fields, accounting for N from soil mineralization,residues,manures, organic
wastes and mineral N added by irrigation water or atmospheric deposition. This will also reduce
leaching of nitrate from soils
- Timing of N application to when it is needed by the crop
2. Close N flow cycles
- Integration of animal and crop production systems in terms of manure reuse and plant production
- Avoidance of N from plant residues from the production site
3. Advanced fertilization techniques
- Slow release fertilizers.
- Placement of synthetic fertilizers below the surface
- Nitrification inhibitorstokeepNinreducedform andavoid denitrification. However,someof these
chemicals may have adverse environmental side-effects.
- Foliar application of fertilizers
4. Additional strategies
- Strategies to avoid N 2 0 losses from animal manure storage
- Options to avoid NB, and NO, emission to reduce N deposition

- Shift awayfrom animalproduction
by catalysts (Kroeze, 1994). Finally, there is one source that is currently decreasing. In 1991 the
major nylon producers announced their intention to phase out processes leading to N 2 0 production
within 5 years (Du Pont, 1991).
Global warming may cause increased fluxes of N 2 0 from soils and aquatic systems. Model
results relating N 2 0 fluxes to temperatures indicated that the observed temperature decrease
associated with the eruption of Mount Pinatubo may have caused a significant decrease in N 2 0
emission from soils, and the oceanic N 2 0 emission may be related to temperature in a similar way.
This decrease in emissions may explain the observed significant decrease in the growth rate of
N 2 0 in the atmosphere during the same period. If the decrease of the growth rate of the
atmospheric N 2 0 concentration is in actual fact caused by the temperature feedback on natural
emissions, future emissions may increase along with the expected global warming.
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NEDERLANDSE SAMENVATTING
In deze studie zijn de mondiale emissies van lachgas (distikstofoxide, N20) naar de atmosfeer in
kaart gebracht. Hiertoe werden inventarisaties met een resolutie van 1° x 1° (lengtegraad x
breedtegraad) gemaakt van de bekende bronnen van lachgas, waaronder emissies door bodems
onder natuurlijke vegetatie, landbouwgronden en het effect van bemesting met stikstof (N),
graslanden en dierlijke N-excretie, emissies tijdens het verbranden van biomassa, verhoogde
emissies na ontbossing, mobiele en stationaire verbranding, en industriële bronnen.
De mondiale N20-emissie door bodems onder natuurlijke vegetatie is in kaart gebracht met
behulp van een simpel model gebaseerd opdevijf belangrijkste factoren die een rol spelen bij de
vorming van N 2 0 in bodems: (i)deinputvan organisch materiaal; (ii)bodemvruchtbaarheid; (iii)
bodemvochttoestand; (iv) temperatuur; en (v) de beschikbaarheid van zuurstof in de bodem.
Indicesvoordezevijf factoren werden beschreven opbasisvan mondiale gegevensbestanden van
bodemtype en textuur van de bovengrond, de "normalized difference vegetation index" (NDVI)
enklimaat, meteen geografische resolutievan 1° x 1°.Het ontwikkelde modelverklaart ongeveer
60% vande variabiliteit inde waargenomen emissies op ongeveer 30verschillende lokaties in de
wereld waar in natuurlijke ecosystemen N20-emissies zijn gemeten. De resultaten bevestigen
conclusies van eerdere studies dat de belangrijkste brongebieden in de tropen liggen.
Uitanalysevanliteratuurgegevens overdeuitstootvanN 2 0 uitbemestelandbouwgronden bleek
dat naarmate de emissie gedurende langere perioden wordt gemeten, de gemeten fractie van de
toegediendeN-meststofdiealsN 2 0 ontwijkt, groteris.Opgrondvandezeconclusiewerden alleen
metingen, die een periode van 1 jaar besloegen, gebruikt om dejaarlijkse N20-emissie als volgt
te schatten: achtergrondemissie van 1kg N20-N plus 1.25 ± 1%van de toegediende N-meststof.
Voor het in kaart brengen van de N20-emissies uit dierlijke mest werden de N-excreties door
verschillende landbouwhuisdieren geschat. De berekende mondiale dierlijke N-excretie is van
dezelfde ordevan grootte als de mondiale hoeveelheid N-kunstmestsof gebruikt in de landbouw.
DeN20-emissie uit dierlijke mest isdaarom mogelijk ook van de zelfde orde van grootte als die
veroorzaakt door het gebruik van kunstmest.
Voor een aantal lokaties in de Atlantische Zone in Costa Rica waar na ontbossing zeer hoge
N20-emissieszijn gemeten,iseen stikstofbalans opgesteld voor desituatievooren naontbossing.
Eenbelangrijke hoeveelheid bodem-Nwordtgemineraliseerd nahetkappenvanhetbos.Eengroot
deelvan degemineraliseerde Ngaatverloren na nitrificatie tot nitraat. Een gedeelte spoelt uit,en
het grootstedeelvan denitraat gaatverloren doordenitrificatie. Na 3tot 5jaren nade ontbossing
is het merendeel van de gemakkelijk afbreekbare bodem organische stof afgebroken en nemen
denitrificatie en N20-emissie sterk af. Uit de mondiale schatting van de toename van de N 2 0emissie door denitrificatie die gedurende enigejaren optreedt na ontbossing blijkt dat deze bron
aanzienlijk bijdraagt aan de toename van de N20-concentratie in de atmosfeer.
Mondiale inventarisaties met een resolutie van 1°werden ook gemaakt voor de N20-emissie
veroorzaaktdoorhetgebruikvanfossiele brandstoffen, hetverbranden vanbiomassaenindustriële
bronnen. Inventarisaties van N20-emissies door oceanen en het verbranden van biomassa werden
verkregen uit de literatuur. De complete mondiale inventarisatie van alle bronnen van N 2 0 werd
op jaarbasis vergeleken met resultaten van een "inverse" modelstudie, d.w.z. het schatten van
emissies met behulp van atmosferische modellen door uit te gaan van gemeten atmosferische
concentraties en het terugrekenen naar emissies. De emissie inventarisatie stemt overeen met de
schattingen gemaakt met inverse modellering, en de belangrijkste conclusies van de vergelijking
zijn:
- De uitstoot van N 2 0 door oceanen is waarschijnlijk hoger dan eerdere schattingen uit de
literatuur. In de oceanen zijn de belangrijkste brongebieden waarschijnlijk in de tropen op het
Noordelijk halfrond (0°-30°NB) en nabij Antarctica (30°ZB-90°ZB).
- Het grootstedeelvan deN20-emissie door akkerlanden en beweide graslanden vindtplaats op
het Noordelijk halfrond. Andere belangrijke bronnen zijn N20-emissies veroorzaakt door N-
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depositie en door het verbouwen van N-bindende gewassen (vlinderbloemigen, zoals erwten,
bonen en soya).
- De N20-emissies door het gebruik van fossiele brandstoffen en industriële bronnen komen
hoofdzakelijk uit de 30°NB-90°NB zone, terwijl emissies gerelateerd aan het gebruik van
brandhout het belangrijkst zijn in de zone tussen 0°en 30°NB.
- Het grootste deel van de N20-emissie uit kustwateren en zoetwatersystemen komt van het
Noordelijk halfrond.
Maandelijkse schattingen van mondiale N20-emissies met l 0 xl 0 resolutie werden gebruikt als
invoervooreendrie-dimensionaalatmosferisch transportmodel.Degesimuleerdeconcentratievoor
het Noordelijk halfrond was ongeveer 1 ppb hoger dan op het Zuidelijk halfrond, in
overeenstemming met de gemeten waarden. De gesimuleerde concentraties boven belangrijke
brongebieden, zoals tropische regenwouden, waren tot 5 ppb hoger dan boven de oceanen. De
voorspelde concentraties boven de continenten op het Noordelijk halfrond waren hoger in de
zomer dan in de winter alsgevolg van de seizoensverschillen in de emissies door bodems. In de
atmosferische metingen is echter geen seizoensvariatie zichtbaar. Op het Zuidelijk halfrond
vertoondendevoorspeldeconcentratiesvrijwelgeenseizoensverschillen,hetgeenovereenstemtmet
deatmosferische metingen. Deinconsequentie tussen voorspelde en gemeten concentraties ophet
Noordelijke halfrond is mogelijk veroorzaakt door overschatting van de seizoensvariatie in de
emissies. De mondiale inventarisatie houdt geen rekening met mogelijke consumptie van N 2 0 in
oecosystemen die N-gelimiteerd zijn. Bovendien is in de inventarisatie geen rekening gehouden
met emissies gedurende de winter, lente en herfst in gematigde streken. Deze omissies en
mogelijke onderschatting van de N20-emissie door verbranding van fossiele brandstoffen in de
winter op het Noordelijk halfrond zijn wellicht de oorzaak van overschatting van de
seizoensverschillen in emissies.
DemeestemeetstationswaarN20-concentratieswordengemetenliggeninkuststrekenenandere
plaatsenververwijderd vandebelangrijkste continentale bronnen.Ditismogelijk eenoorzaakvan
het gebrek aan seizoensvariatie in de metingen. Het is ook mogelijk dat kleine verschillen niet
kunnen worden waargenomen met de bestaande meettechnieken voor N20-concentraties.
Ongeveer tweederde van detoenamevan N 2 0 indeatmosfeer wordtveroorzaaktdoor emissies
die gerelateerd zijn aan de produktie van voedsel. De toename van de wereldbevolking zal de
vraag naarvoedsel en deuitstoot gerelateerd aan voedselproduktie verder doen stijgen, terwijl het
aandeel van dekunstmeststoffen die gebruikt worden ten behoeve van de produktie van veevoer
toeneemt. Ongeveer 40% van de huidige mondiale graanproduktie en 25% van de wortel- en
knolgewassen wordt aan dieren gevoerd. Een aanzienlijke vermindering van N20-emissies kan
worden bereikt door het beperken van de vleesconsumptie. Reducties kunnen ook worden
gerealiseerd door het verhogen van de efficiëntie van het gebruik van N in de landbouw en door
het aanpassen van bemestingstechnieken.
Bij mobiele- en stationaire verbranding kunnen technische oplossingen (bijvoorbeeld het
ontwikkelen van verbeterde katalysatoren) en energiebesparing leiden tot reductie van de N20emissie.Katalysatoren kunnenookgebruiktworden omdeN20-emissietebeperken bij industriële
processen, zoals produktie van salpeterzuur. De belangrijkste producenten van adipinezuur
(gebruikt voor deproduktie van nylon) hebben afgesproken om deN20-emissie terug te brengen.
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Nitrification, 5, 6, 11, 12, 14, 15, 21, 29, 57, 64, 103,
105
Nitrous oxide,
atmospheric burden, 5
atmospheric chemistry, 6, 90, 95
atmospheric concentration, 3, 4, 79, 114, 120-123,
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N-application rate, 60, 69-76
nitrate, 61,69-76
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seasonal variation, 32, 35, 113, 117, 119, 124, 126127
soil drainage, 62, 69-76
soil properties, 60, 69-76
soil tillage, 60
spatial variability, 15
temperate forests, 44, 81
timing of fertilizer, 60
tropical forests, 45, 81
urea, 69-76
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global budget, 5, 6
Normalized difference vegetation index (NDVI), 54
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water extraction, 28
water status,29, 30
water storage capacity, 22, 26, 27
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