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Nitrous	Oxide	(N2O)

Natural,	long-lived	GHG	produced	mainly	by	microbes,	
responsible	for	6%	of	anthropogenic	greenhouse	forcing.

N2 fixation

Atmospheric	N2 NH4
+																														NO3

- N2O
Nitrification

Atmospheric	N2

N2O DenitrificationAnthropogenic	N2 Fixation

1. Synthetic	Fertilizer	Production		105	TgN/yr
2. Crop	(e.g.,	soybean)	N2 fixation		3-40	TgN/yr
3. Fossil	Fuel	Combustion	(NOx)						24	TgN/yr
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Carbon benefits of anthropogenic reactive

nitrogen offset by nitrous oxide emissions

Sönke Zaehle1*, Philippe Ciais2, Andrew D. Friend3 and Vincent Prieur2

Additions of reactive nitrogen to terrestrial ecosystems—

primarily through fertilizer application and atmospheric

deposition—have more than doubled since 1860 owing to

human activities1. Nitrogen additions tend to increase the net

uptake of carbon by the terrestrial biosphere, but they also

stimulate nitrous oxide release from soils2. However, given

that the magnitude of these effects is uncertain, and that the

carbon and nitrogen cycles are tightly coupled, the net climatic

impact of anthropogenic nitrogen inputs is unknown3. Here

we use a process-based model of the terrestrial biosphere4,5

to evaluate the overall impact of anthropogenic nitrogen

inputs on terrestrial ecosystem carbon and nitrous oxide fluxes

between 1700 and 2005.We show that anthropogenic nitrogen

inputs account for about a fifth of the carbon sequestered

by terrestrial ecosystems between 1996 and 2005, and for

most of the increase in global nitrous oxide emissions in recent

decades; the latter is largely due to agricultural intensification.

We estimate that carbon sequestration due to nitrogen

deposition has reduced current carbon dioxide radiative forcing

by 96± 14mWm�2. However, this effect has been offset by

the increase in radiative forcing resulting from nitrous oxide

emissions, which amounts to 125±20mWm�2.

The effect of the anthropogenic reactive nitrogen (hereafter Nr)

perturbation, that is the addition of ecosystem-available forms of

nitrogen such as ammonium and nitrate, on terrestrial ecosystems

and the land–atmosphere fluxes of carbon dioxide and nitrous

oxide has proved difficult to quantify because of the tight coupling

between the carbon and nitrogen cycles1: changes in one cycle

cannot be understood without considering interactions with the

other cycle. Nevertheless, previous studies have addressed the

effects of anthropogenic Nr additions in isolation: nitrogen cycle

studies have focussed on understanding and quantifying the global

nitrogen budget through the cascading effects of Nr on terrestrial

N fluxes and emissions6, riverine export to coastal ecosystems7,

and the consequences of N2O accumulating in the atmosphere on

climate and stratospheric ozone depletion8. Carbon cycle studies

have focussed on determining the contribution of Nr deposition

on productivity and carbon storage in natural ecosystems at

site4,9, regional, and global scales5,10, showing that Nr deposition

potentially explains a significant fraction of the net carbon uptake

in northernmid- to high-latitude forest ecosystems.

In this study we investigate the anthropogenic Nr effects on

the coupled terrestrial nitrogen and carbon cycles. We do this

using a process-based model that simulates consistently both

N and C cycles and their interactions, and explicitly treats the

space–time distribution of N trace gas emissions4,5. The model

was found to reproduce observed patterns of contemporary

carbon and nitrogen fluxes5 (see Supplementary Information).
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We perform a set of model simulations aimed at isolating

global and regional effects of anthropogenic Nr addition due to

fertilizer applications and atmospheric deposition from those due

to changes in land-cover, atmospheric [CO2], and climatic changes

over the historical period (1700–2005), using a consistent set of

model forcings (see Methods and Supplementary Information).

To calculate the overall climatic forcing of the Nr perturbation,

we propagate the net land–atmosphere exchanges of carbon

dioxide and nitrous oxide, resulting from the coupled nitrogen–

carbon model, into atmospheric concentrations using simple

box models and further information about fossil, marine, and

complementary terrestrial fluxes11,12 (Fig. 1; see Methods and

Supplementary Information).

In 1960–2005, the period for which direct atmospheric mea-

surements are available13, the increase in atmospheric [CO2] and

the interannual growth rate of atmospheric [CO2] are reproduced

well by the model (Fig. 1a,c), which implies that the simulated

airborne fraction of anthropogenic emissions also falls into the

observed range12. The effect of the Nr perturbation on atmo-

spheric CO2 levels is small (�6 ppm). The simulated terrestrial

N2O flux, when combined with the other terrestrial N2O fluxes,

produces a good agreement with the observed atmospheric [N2O]

evolution since pre-industrial times11,14–16 (Fig. 1b,d). The increase

in the terrestrial N2O source explains more than two thirds

(33 of 45 ppb) of the atmospheric increase since 1860. Never-

theless, the average simulated [N2O] growth rate in 1990–2005

(0.93±0.12 ppb yr�1) is about 25% higher than the observed

trend at atmospheric stations for the same period (GAGE/AGAGE

network15,16: 0.72±0.27 ppb yr�1, Fig. 1d).

What are the underlying causes of these terrestrial CO2 and

N2O flux anomalies? We estimate that the Nr perturbation

has increased terrestrial C storage since pre-industrial times by

12 Pg C. This value is small compared with modelled changes

in terrestrial C storage due to deforestation (a cumulative loss

of 205 PgC), and the enhancement of plant productivity due

to CO2 fertilization (a gain of 143 Pg C). During the period

1996–2005 we estimate that Nr deposition causes roughly 20%

(0.2 PgC yr�1) of the terrestrial net C uptake (1.1 PgC yr�1;

Fig. 2a,c). In comparison, recent climatic changes cause a loss

of 0.5 PgC yr�1, whereas the effects of rising atmospheric [CO2]

on photosynthesis increase net terrestrial uptake by 2.0 PgC yr�1.

Land-cover change (sum of de- and reforestation) causes a net

C loss of 0.7 PgC yr�1, agreeing with results of previous studies17

for the period 1991–2000 (see Supplementary Information).

Interannual variability in the net terrestrial carbon balance

(±0.74 PgC yr�1) is almost exclusively driven by climate variability.

Over the past three decades (1976–2005), there has been a

positive trend in the net C uptake of the terrestrial biosphere

NATURE GEOSCIENCE | VOL 4 | SEPTEMBER 2011 | www.nature.com/naturegeoscience

601

Offsetti
ng the ra

diativ
e bene

fit of
ocean

iron fertili
zation

by enhan
cing

N2O emission
s

Xin Jin and Nicola
s Grub

er

IGPP
and Depar

tment of
Atmosphe

ric and
Ocean

ic Scie
nces,

UCLA
, Los

Angel
es, Ca

liforni
a, USA

Receiv
ed 19 Augus

t 2003
; revis

ed 14 Octob
er 200

3; acc
epted

4 Novem
ber 20

03; pu
blishe

d 18 Decem
ber 20

03.

[1] Ocean
iron fertiliz

ation
is being

consid
ered

as a

strateg
y for m

itigatin
g the buildu

p of ant
hropo

genic
CO2

in the atmosphe
re. Asses

sment of this strateg
y requir

es

consid
eration

of its
uninte

nded
conseq

uence
s, suc

h as an

enhan
cement of

ocean
N2O emission

s. Thi
s feed

back could

offset
the radiati

ve benefi
t from

the atmosphe
ric CO2

reduct
ion signifi

cantly
, becau

se N2O
is a much more

power
ful greenh

ouse
gas than

CO2
itself.

Our model

results
show

that th
e magnitu

de of this
offsett

ing effect
is

substa
ntial,

but is highly
depen

dent on the locatio
n and

durati
on of fert

ilizatio
n. We find the larges

t offse
ts (of

the

order
of 100%

) when
fertiliz

ation
is undert

aken
in the

tropic
s, part

icularl
y when

it is o
f limited durati

on and size.

Smaller,
but still substa

ntial
effect

s are found
when

fertiliz
ation

is under
taken

elsew
here

and over
longer

period
s. These

results
sugge

st that any assess
ment of

ocean
fertiliz

ation
as a mitigatin

g option
is incom

plete

witho
ut consid

eratio
n of the N2O

feedba
ck.

INDEX

TERM
S: 4805

Ocean
ograp

hy: Biolo
gical

and
Chem

ical:

Bioge
ochem

ical cycles
(1615

); 4842
Ocean

ograph
y: Biolog

ical

and Chem
ical: Modelin

g; 4806
Ocean

ograph
y: Biolog

ical and

Chem
ical: C

arbon
cyclin

g; 480
8 Ocean

ograph
y: Bio

logica
l and

Chem
ical: C

hemical tr
acers;

3359
Meteoro

logy and Atmosphe
ric

Dynam
ics: Ra

diative
proces

ses. C
itation

: Jin, X
., and

N. Gru
ber,

Offset
ting the radiati

ve benefi
t of ocean

iron fertiliz
ation

by

enhan
cing N2O

emissions
, Geoph

ys. Res. Lett.,
30(24

), 2249,

doi:10
.1029/

2003G
L0184

58, 20
03.

1. Introd
uction

[2] The ocean
’s biolog

ical pump plays
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regula
ting atmosphe
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ntial

fractio
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ocean
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t with

the atmosphe
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is proces
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macronu
trients
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ow chloro

phyll
conce

ntratio
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Nutrie
nt Low

Chlor
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C) region
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sing eviden

ce that the existe
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HNLC

region
s is a c

onseq
uence

of micronu
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limitation
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et al.,
2000]
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and conseq
uently
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atmo-
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c CO2 lev
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al., 19
91].

[3] When organi
c matter i

s reminerali
zed in the ocean

’s

interio
r, N2O is con

comitantly
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so-
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with the breakd
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n and
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echan
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‘‘nitrif
i-

cation
pathw

ay’’. A
second
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ay app

ears to
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oxyge
n conce

ntratio
ns (<5

0 mmol kg
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oxyge
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ntratio
n depen

dent fractio
n of the origin

al

organi
c nitrog

en is conve
rted to N2O,

resulti
ng in high

N2O
yields

[Law
and Owen

s, 199
0]. Al

though
the exact

mechan
isms that

lead to these
high N2O yields

are no
t fully

unders
tood [Capo

ne, 19
91], i

t appea
rs that they involv

e

interac
tions

betwe
en nitrific

ation
and denitr

ificatio
n reac-

tions [
Codis

poti e
t al., 1

992].
We will re

fer to
the suite of

proces
ses associ

ated with N2O produ
ction

at low
O2 co

n-

centra
tions a

s the ‘‘low
oxyge
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ay’’. T
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low O2 co
ncentr
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eviden
ce that N2O
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conce
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Ocean
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ic emission
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elieve

d to be abo
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al, alth
ough

with uncert
ainties
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order

of ±50
% [Sunth

aralin
gam et

al., 20
00; Ne

vison
et al.,

2003]
.
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r ocean
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ced produ
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n
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ay. Althou
gh some of the newly
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ced N2O
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r, most

of it w
ill be

emitted eventu
ally into the atm
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re. As
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radiati
ve forcin

g for N2O is nea
rly 300 times strong
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molecul
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t al., 2
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this
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N2O release from agro-biofuel production negates global warming
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Abstract. The relationship, on a global basis, between the

amount of N fixed by chemical, biological or atmospheric

processes entering the terrestrial biosphere, and the total

emission of nitrous oxide (N2O), has been re-examined, us-

ing known global atmospheric removal rates and concentra-

tion growth of N2O as a proxy for overall emissions. For both

the pre-industrial period and in recent times, after taking into

account the large-scale changes in synthetic N fertiliser pro-

duction, we find an overall conversion factor of 3–5% from

newly fixed N to N2O-N. We assume the same factor to be

valid for biofuel production systems. It is covered only in

part by the default conversion factor for “direct” emissions

from agricultural crop lands (1%) estimated by IPCC (2006),

and the default factors for the “indirect” emissions (follow-

ing volatilization/deposition and leaching/runoff of N: 0.35–

0.45%) cited therein. However, as we show in the paper,

when additional emissions included in the IPCC methodol-

ogy, e.g. those from livestock production, are included, the

total may not be inconsistent with that given by our “top-

down” method. When the extra N2O emission from biofuel

production is calculated in “CO2-equivalent” global warm-

ing terms, and compared with the quasi-cooling effect of

“saving” emissions of fossil fuel derived CO2, the outcome

is that the production of commonly used biofuels, such as

biodiesel from rapeseed and bioethanol from corn (maize),

depending on N fertilizer uptake efficiency by the plants, can

contribute as much or more to global warming by N2O emis-

sions than cooling by fossil fuel savings. Crops with less N

demand, such as grasses and woody coppice species, have

more favourable climate impacts. This analysis only consid-

ers the conversion of biomass to biofuel. It does not take

Correspondence to: A. R. Mosier

(armosier@ufl.edu)

into account the use of fossil fuel on the farms and for fertil-

izer and pesticide production, but it also neglects the produc-

tion of useful co-products. Both factors partially compensate

each other. This needs to be analyzed in a full life cycle as-

sessment.

1 Introduction

N2O, a by-product of fixed nitrogen application in agricul-

ture, is a “greenhouse gas” with a 100-yr average global

warming potential (GWP) 296 times larger than an equal

mass of CO2 (Prather et al., 2001). As a source for NOx ,

i.e. NO plus NO2, N2O also plays a major role in strato-

spheric ozone chemistry (Crutzen, 1970). The increasing use

of biofuels to reduce dependence on imported fossil fuels and

to achieve “carbon neutrality” will further cause atmospheric

N2O concentrations to increase, because of N2O emissions

associated with N-fertilization. Here we propose a global av-

erage criterion for the ratio of N to dry matter in the plant

material, which indicates to what degree the reduced global

warming (“saved CO2”) achieved by using biofuels instead

of fossil fuel as energy sources is counteracted by release

of N2O. This study shows that those agricultural crops most

commonly used at present for biofuel production and climate

protection can readily lead to enhanced greenhouse warming

by N2O emissions.

2 A global factor to describe N2O yield from N fertiliza-

tion

We start this study by deriving the yield of N2O from fresh

N input, based on data compiled by Prather et al. (2001) and

Galloway et al. (2004) with some analysis of our own. Fresh

Published by Copernicus Publications on behalf of the European Geosciences Union.



Carbon	Tracker	Lagrange
Regional	inverse	modeling	framework
• Jan 2007-Aug	2014,	daily	time	step,
• North	America	1°x1° spatial	resolution
• Hmatrix	from	STILT	particle	back	trajectories
• Solve	Ls =	0.5*(z-Hs)T	R-1(z-Hs)	+	0.5(s-sp)T	Q-1(s-sp)
• Ground	and	aircraft	data	from	NOAA	GGGRN	



NOAA	data	compared	to	
Empirical	Background



Dual	spring	maxima	in	excursions	above	
background	at	WBI	(Iowa)



Annual	Mean	Posterior	Flux	(2008-2013)



Uncertainty	reduction	greatest	in	
Midwestern	corn/soybean	belt



Seasonal	and	interannual variability	in	posterior	N2O	
flux	from	Midwest	corn/soybean	belt	(38-43�N)

N	fertilizer	applications															Pre-plant				Sidedress Fall	NH3/manure



Changing	use	of	United	States	Corn	Crop
about	40%	of	total	production	is	classified	as	“other”	than	food

Data	from	FAOSTAT



Fossil	CO2 emissions	avoided	due	to	
biofuel	vs.	N2O	produced	(2008-2013)

130	Tg/yr “other”	Corn	*	0.44gC/g	biomass*0.37	gC in	fuel/gC in	biomass	

~	0.02	Pg C/yr fossil	CO2 avoided

300	million	barrels/yr EtOH*	1	Mg	EtOH/8	barrels*24	gC/46	gEtOH

(0.43	Tg N2O-N	-0.08‡)*300	mol CO2,eq/mol CO2 (GWP)*	12g	C/28	g	N
‡EDGAR	industrial/energy	source

total	corn/soybean	N2O	emissions	=	0.045	Pg CO2,eq
Attribute	up	to	40%	of	this	to	“other”	corn												

biofuel-related	N2O	emissions ~	0.02	Pg CO2,eq



Conclusions

1. North	American	N2O	emissions	=	1.5	± 0.2	Tg N/yr
with	hotspot	(~25%	of	total)	in	Midwestern	
corn/soybean	belt.

2. Variability	in	N2O	emissions	from	corn/soybean	belt	is	
influenced	by	both	N	fertilizer	inputs	and	climate.

3. Growing	corn	for	biofuel	may	not	lead	to	a	net	
reduction	in	greenhouse	gas	emissions.



Annual	Mean	Posterior	N2O	Flux
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Globally important nitrous oxide emissions from
croplands induced by freeze–thaw cycles
ClaudiaWagner-Riddle1*, Katelyn A. Congreves1, Diego Abalos2, Aaron A. Berg3, Shannon E. Brown1,
Jaison Thomas Ambadan3, Xiaopeng Gao4 and Mario Tenuta4

Seasonal freezing induces large thaw emissions of nitrous oxide, a trace gas that contributes to stratospheric ozone destruction
and atmospheric warming. Cropland soils are by far the largest anthropogenic source of nitrous oxide. However, the global
contribution of seasonal freezing to nitrous oxide emissions from croplands is poorly quantified, mostly due to the lack
of year-round measurements and di�culty in capturing short-lived pulses of nitrous oxide with traditional measurement
methods. Here we present measurements collected with half-hourly resolution at two contrasting cropland sites in Ontario
and Manitoba, Canada, over 14 and 9 years, respectively. We find that the magnitude of freeze–thaw-induced nitrous oxide
emissions is related to the number of days with soil temperatures below 0 �C, and we validate these findings with emissions
data from 11 additional sites from cold climates around the globe. Based on an estimate of cropland area experiencing seasonal
freezing, reanalysis model estimates of soil temperature, and the relationship between cumulative soil freezing days and
emissions that we derived from the cropland sites, we estimate that seasonally frozen cropland contributes 1.07 ± 0.59 Tg of
nitrogen as nitrous oxide annually. We conclude that neglecting freeze–thaw emissions would lead to an underestimation of
global agricultural nitrous oxide emissions by 17 to 28%.

Large rates of change in nitrous oxide (N2O) fluxes are induced
by soil thawing1–3 (⇠800–4,000%), as observed for a range of
terrestrial ecosystems4, but the N2O flux magnitude is highest

for cropland3. More than half of the annual N2O emissions may
result from thaw-related fluxes1,5. However, 30 years after this
phenomenon was first reported6, the spatial extent of seasonally
frozen cropland and its contribution to global anthropogenic N2O
budgets7 is not known.

Soil freeze–thaw cycles are important drivers of N2O emissions
due to a combination of three mechanisms related to biological
denitrification due to increased anaerobiosis and substrate availabil-
ity (release of substrates via freeze–thaw action on soil aggregates,
microbial cell lysis, microbial cytoplasmic release8, presence of
residual nitrate (NO3

�) and carbon (C) in soil due to crop residue9);
changes in the structure and activity of denitrifying enzymes10–12;
and the physical trapping and release of previously produced N2O
as ice or snow cover thaws13,14. Consequently, it is important that
research encompasses non-growing season N2O fluxes to better
estimate global N2O budgets.

Here we combine half-hourly long-term N2O flux data sets
taken with a multi-plot micrometeorological approach at two
cold region cropland sites in Canada (Supplementary Table 1).
Micrometeorological methods provide spatially integrated, high
temporal resolution fluxes ideal for capturing short-lived thaw
events, and address flux measurement shortcomings identified by
several authors7,15. We conducted measurements over a combined
23 years, yielding an unprecedented record of year-round N2O
flux values for seasonally frozen croplands. In each year and site,
four field-scale plots (1.5 to 4 ha each; Supplementary Table 1)
with variable crop management (Supplementary Table 2) were
monitored. Across the two sites, the overall number of available
half-hourly and daily flux measurements was 149,492 and 22,272,

respectively. A subset of 42,118 half-hours and 6,185 days occurring
over the non-growing season (Nov.–Apr.) was used in the analysis,
ensuring that N2O fluxes induced by short-term freeze–thaw
events were captured (Supplementary Table 1). The two sites had
contrastingwinters spanning awide range of soil freezing conditions
(Fig. 1). Soil temperature and liquid water content indicated less
soil freezing and of shorter duration (<0 �C for 87 days) at Elora,
Ontario (henceforth CA1), located in proximity to the moderating
e�ect of the North American Great Lakes (Fig. 1a). At this warmer
site, N2O fluxes were associated with thaw events which occurred
throughout the winter and a main thaw event usually between mid-
to end of April, when air temperature rose above 0 �C and the
snow pack melted (Fig. 1a). The continental climate site (Glenlea,
Manitoba; henceforth CA2) did not have significant N2O fluxes
during the prolonged freeze period (mean soil temperature <0 �C
for 138 days), but had greater emission peaks over a longer thaw
period (day of year 70 to 120) when soil temperature and liquid
water content increased more slowly than at CA1 (Fig. 1b).

Cumulative N2O emissions over the non-growing season for
both sites were a�ected by management, with perennial crops (for
example, alfalfa, hay) resulting in lower emissions compared to
annual crops (for example, corn, soybean) (Supplementary Fig. 1).
We chose to determine the controlling factors for freeze–thaw-
induced N2O emissions using data for annual crops only because
they comprised themajority of our data set (SupplementaryTable 1).
Further, because most cropland in cold regions is fertilized in
spring, and to keep our analysis conservative, we did not include
fall nitrogen (N) fertilizer application (Supplementary Fig. 2). To
establish an empirical relationship between N2O emissions and
freeze–thaw events for annual crops, we selected a set of variables
shown to be good predictors of N2O emissions induced by freeze–
thaw events (cumulative freezing degree-days, CFD1, snow depth16
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Figure 1 | Daily N2O fluxes and soil surface conditions at two seasonally frozen sites. a,b, Mean maximum air temperature (red line, with T<0 �C shaded),
snow depth (grey), soil temperature at 5 cm depth (blue), soil liquid water content at 0–10 cm depth (black), and box plot of N2O fluxes (error bars indicate
10th and 90th percentiles, and symbols indicate outliers) from 1 November to 30 April at Elora, Ontario (CA1) (a) and Glenlea, Manitoba (CA2) (b) in
Canada. Data shown are for 56 and 36 plot years for CA1 and CA2, respectively, including annual and perennial crops with a range of management.
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Figure 2 | Relationship between cumulative N2O emissions and CFD at 5 cm soil depth for November to April. a, Model fit based on data from two study
sites in Canada (CA1 and CA2, n=44). The solid line shows the exponential-to-plateau model N2O = 1.98(1�e(�0.00724CFD)), pseudo-R2 =0.74. b, Model
validation using published data from 11 additional sites in: Canada (CA3, CA4 and CA5); USA (US1, US2 and US3); Japan (JP1 and JP2); China (CH1); and
Germany (GR1 and GR2). The solid line shows the model from a.

and soil NO3
� concentrations17). Factor analysis showed that N2O

emissions were most closely related to CFD (that is, degree-
days when soil temperature at 5 cm depth <0 �C) (Supplementary
Fig. 2a).

Nitrous oxide model based on freezing-degree days
An exponential-to-plateau model significantly fits the data,
characterizing larger N2O emissions as CFD increased (Fig. 2a;
Supplementary Table 3). The close relationship between CFD and

N2O emissions largely explains why the variability in cumulative
N2O emissions was di�erent at the two sites, based on principal
component analysis (Supplementary Fig. 2b). Cumulative freezing
degree-days and N2O emissions from Nov.–Apr. at CA2 were
distinctly greater than at CA1 (Supplementary Table 1). In a
previous study with data from the CA1 site only (CFD < 400
degree-days)1 we suggested a linear response of N2O emissions
to CFD, but the addition of data from the much colder CA2
site highlights that other factors limit N2O emissions with more

2
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