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Emissions
1 Megatonne (Mt) = 1 million (metric) tonnes =1D'°g = 1 Teragram (TQ)

1 kg nitrogen in nitrous oxide (N) = 1.57 kg nitrous oxid®N
1 Mt N = 1.57 million tonnes,®= 1.57 Mt NO

Atmospheric concentrations
1 part per billion (ppb) of atmospheric N iIpN(NO-N) = 4.79 million tonnes of,A-N
= (x1.57) 7.5 million tonnes of,®

Disclaimer
The Global Carbon Budget and the information presented here are intended for those interested in learning about the ahritoogam
cycles, and how human activities are changing them. The information contained herein is provided as a public serviogr and@sto
best understanding, but with no warranties, either expressed or implied, concerning the accuracy, completeness, reliilighility of
the information.
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A N,O is a powerful greenhouse gas (GHG) and a stratospheric-depfeting substance

A Per unit of mass, JO is 273 times more powerful greenhouse gas thagv@@n
Integrated over 10§/ears.

A Once emitted, MO stays in the atmosphere for an average of 117 years

A N,O is the third most important GHG contributing to hurdaduced global warming,
after carbon dioxide (Cpand methane (Cj

A N,O is responsible for 6.5% of the global warming due to the three most important GH(
(CQ, CH and NO) (Forster et al. (2023N,0 concentration in the atmosphere reached
336 parts per billion (ppb) in 2022, about 24% above levels around the year 1750, befc
the industrial era began.

A In addition to NO emissions, the inefficient use of synthetic nitrogen fertilizers and
animal manure, also leads to the pollution of groundwater, drinking water, and inland
and coastal waters.
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GHet Key Findings

1. Global annual ND emissions were 17.8 (1€#8.1) Tg N yrfrom 2010 to 2019 (based on two
approaches: bottorrup and topdown atmospheric inversions).

2. Global anthropogenic emissions increased by 40% from 1980 to 2020.

3. Agricultural production (due to the use of nitrogen fertilizers and animal manure) contributed
74% of the total anthropogenic,® emissions in the last decade.

4. The concentration of JD in the atmosphere reached 336 parts per billion in 2022 (25% above
pre-industrial levels), and anthropogenic emissions were almost exclusively responsible for the
growth.

2. N,O accumulation in the atmosphere has accelerated in the last four decades, with growth rates
over the past three years (202D22) higher than any previous observed year since 1980.

6. Soil NO emissions are increasing due to interactions between nitrogen inputs and global
warming, constituting an emerging positived{climate feedback.

/. The increase in atmospheric® concentrations exceeds the projections of the least optimistic

scenarios used by the Intergovernmental Panel on Climate Change (IPCC AR5 and ARG),
underscoring the urgent need to mitigatg® emissions.
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Overview of the Global MO Budget (201€019)
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GLOBAL N;O BUDGET @%@@

CHANGE IN ATMOSPHERIC
ANTHROPOGENIC SOURCES ABUNDANCE NATURAL SOURCES
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Detailed Global NO Budget (201€019)
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Anthropogenic sources contributed 36% to total globgDMmissions (median estimate)
|

GLOBAL N,O BUDGET
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The global BD concentrationhas increased by about 25%, from 270 parts per billion (ppb) in
1750 to 336 ppb in 2022
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The growth in global atmospheric® is accelerating. The mean growth rate for 2@009 was 0.96 ppb yr
The mean growth rate in 2020 was 30% higher than in ZM®, with a continuation of high growth in 202022.
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Global Anthropogenic BD Emissions

A Global anthropogenic JD emissions are
growing at over 1% per year

A Agriculture is the single largest
anthropogenic source of D emissions

Anthropogenic Emissions Sources:

(b) Direct emissions from nitrogen additions in agricultoesult
from the application of synthetic N fertilizers and manure in crog
and pasture lands.

(c) Other direct emissionsclude fossil fuel and industry, waste
and wastewater, and biomass burning (both humaduced and
wildfires).

(d) Indirect emissionfrom anthropogenic nitrogen additions due
to nitrogen deposition on land and oceans, and N loads in inlan
waters, estuaries, and costal vegetation.

(e) Perturbed fluxesesult from the impacts of anthropogenic
climate change, CQertilization on vegetation, and changes in
land cover (e.g., deforestation)

Anthropogenic N>O emissions (Tg N yr™)

(a) Anthropogenic total

1980 1985 1990 1995

1 additions in agriculture

(b) Direct emissions from nitrogen

2000
4

2005 2010 2015 2020

S

(c) Other direct anthropogenic
emissions

071580 1985 1990 1995 2000 2005 2010 2015 2020

0 1980 1985 1990 1995 2000 2005 2010 2015 2020

(d) Indirect emissions

(e) Perturbed fluxes from climate/
CO,/land cover change

007550 1985 1990 1995 2000 2005 2010 2015 2020

Year

41980 1985 1990 1995 2000 2005 2010 2015 2020
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Global Agricultural Emissions From Bottebp Models

Biogeochemical models (NMIP2) show increasing direct soil emissions at a higher rate than inventory

Anthropogenic N>O emissions (Tg N yr'')
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models. Aquaculture emissions are highly uncertain.
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cwm@w Anthropogenic Emissions by World Region

The recent global increase i@ emissions is driven by Asia, followed by Africa and Central & South
America, while emissions in Europe have significantly decreased (this figure includes biomass burning
from anthropogenic fires and wildfires).
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coc\o Anthropogenic Emissions per Person by World Region

There is a broad range of,® emissions per person, with wealthier regions generally above the world average (this figure inclu
biomass burning). Per capita emissions are also influenced by how much food@ugemérating products are exported or

imported.
3.0kg N _Anthropogenic NO Emissions: Total
/person
25 ]
2.0 % o—Russia
1.5

, ’ Brazil
< A ;
‘ . "‘ ~ -Central Asia
NP

X North America
/

N O Europe
‘\ >~ ~Central & South America

\ %~ Japan, Korea, Australiasia
i L\ Y7\ __—Africa

o e I\ A =0~ World
A TWV N=_ 2 \-Middle East
‘1"\* R - S & 7N > =5 ‘:Ai\““ ""LQ}‘?:?:LHA”‘;) Y e Chlna
~ \/“’-/ SN\ =\ \_ G theast Asia
South Asia

107

0.5

0 I I I | I I I |
1980 1985 1990 1995 2000 2005 2010 2015 2020

@®Global Carbon Project & International Nitrogen Initiative e Data: Tian et al (2024)




GLOBAL CARBON
PROJECT

Changes in Anthropogenic,® Emissions

Emissions from Europe and Russia decreased by a total of 0.6 TgN/yr ov&0P@8Wvhile emissions from

F 9dzNR LISQA
N,O emissions
decline were due
to a decrease in
industry
emissions;
agricultural
emissions have
remained
constant for the
past two
decades.

the remaining regions increased by a total of 2.5 TgN/yr.

Changes in Anthropogenic N,O Emissions from 1980 to 2020 (MtN/yr)
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Regional Trends in Anthropogenic, Emissions

Europe and Russia show a net decrease in emissions from 1980 to 2020, while China, South Asia and

Southeast Asia show substantial increases
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Regional NO Budgets for 2012019

In China, Europe, USA, Southern Asia, and Middle East agricultural emissions far exceed natural emissions.
Agricultural emissions are exceeded by other anthropogenic emissions in Korea + Japan, Central America, and Soutt
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Global total NO emission estimates from BU and TD are comparable in magnitude and trend fe2(A®8
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Observed Atmospheric )0 Higher than Predicted

The observed atmospheric,® concentrations in the past decade have exceeded the most pessimistic
illustrative future GHG scenarios used by the IPCC.
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The budget include21 natural and anthropogenic source categories

1980-1989 1990-1999 2000-2009 2010-2019 2020
Anthropogenic sources Mean min ™ Mean min "™ |MeaN  min frax MEAN  min "EC | MEAN  min mrax
Direct <oil emission 1.2 14 1.3 1.5 1.2 18 1.7 14 20 2.0 1.6 24 2.1 1.7 28
Manure left on pasture 0.9 as 3 1.1 06 14 1.2 a7 18 1.3 aE is 1.4 0o 14
Direct agricultural Manure management 0.2 oz 93 0.3 0z Qs 0.2 0z 0.2 0.3 0.2 03 0.3 0z 03
Aguaculture 0.0 oo 2@ 0.0 an a1 0.1 an 0.2 0.1 a0 02 0.1 0.0 03
subtotal 2.4 i8 30 2.8 24 34 3.2 23 4.0 3.6 27 48 3.9 28 51
Emeail € imd smed fom el i !_|| 10 1.0 |_|| a8 1.1 Il 10 1.1 || ' 4 1.2 -I-I 10 11
Other direct 0.1 ag 94 0.2 a3 0z 0.2 a3 0.2 0.3 a3 Q.3 0.3 a.3 Q.3
anthropogenic iiomass burning 0.9 os 2 0.9 1.2 0.8 L 0.8 = 0.8 og
subtotal 2.0 1z %4 2.1 18 - 2.1 1s - 73l 18 - 2.1 17 -
. N Inland waters, estuaries, coastal | b 04 0.3 oa 9 |p4 g1 05 04 o012 © |04 o1 08
Indirect emissions  [zones
from anthropogenic [&tmas, N dep, onland 0.5 os °F 0.6 os o7 0.7 o6 08 0.7 0.6 0F 0.8 0.6 o8
N additions Atmos. N dep. on ocean 0.1 o2 ®2 0.1 T L T W 0.1 O L T T
subtotal 0.9 o7 2 1.1 0F = Ll 08 =i 1.2 08 =i 1l,2) as zi
CO; effect 0.4 0F 0.2 -0.5 a0 0z -0.6 .3 0.3 -0.7 a5 0.3 0.8 a8 0.z
Perturbed fluxes  |Climate effect 0.4 o1 O 0.5 oz %7 |06 pa_ °F 0.7 oz 2 |pg g4 3%
from Post-deforestation pulse effect 0.8 og 34 0.9 05 iz 109 05 1.3 0.9 04 13 0.8 pa 13
subtotal 0.4 44 or -0.5 A4 Qs -0.6 A8 08 -0.6 .24 12 0.6 -2.2 18
Anthropogenic total S0 s 73 55 31 '® |58 31 86 65 32 180 g7 a3 108
Natural sources
Matural soils baseline 6.4 zg 05 6.4 =5 5.8 6.4 5 8s 6.4 28 as 6.4 25 87
Open ocean baseline 3.7 n OF 3.6 o5 a5 |ag 27 a7 3.5 28 a7 3.5 25 a7
Cortinental shelves 1.2 os ¢ 1.2 o8 1.8 1.2 o8 18 1.2 o8 18 1.2 a6 18
Natural (inland waters, estuaries, coastal vegetation) 0.1 oo 72 0.1 an % |01 oo ™M 0.1 e |01 e
Lightning and atmospheric production 0.6 oz 2 0.6 o % |06 CER 0.6 oz ¥ [0E oz 12
Surface sink 0.0 oo 0% 0.0 oo ©3 100 oo s 0.0 0.0 0 0.0 0.0 0
Matural total 12.0 79 158 11.9 77 155 11.9 75 59 11.8 7.3 158 11.8 7.4 181
BUtotal 16.9 309 282 17.4 107 8 |17.7 108 BS 182 108 = 185 108 TR
TD ocean 2.8 26 a2 3.0 27 3 2.7 27 z
TD land 13.2  aza  MF |145  g3p 143 gp W
TD total net flux 16.0 128 ¥* 174 155 % (170 1es Y*
TD stratospheric sink 13.2 17 128 12,6 123 138 12,9 128 12
AﬂﬂOsF"’lE’iC chemical sink 12.8 117 153 13.4 12,2 145 140 128 152
Change in atmospheric abundance 3.6 s ¥ 46 a5 M |64 g 5F
Atmospheric burden 1528 1570 1592
Lifetime (from MLS) 119 117
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A The global BD budget is constructed with 43 independent flux estimates, including emission
inventories, procesd A SR | YR S YLIA NARUIE SYRRASY Al DR (MR
YSIAdzZNBYSyYyida | YR ANPDEWESSY¥2RGEAFAO D a2 LI

A Processhased models were used to estimate emissions from agriculture andus@ad¢hange, as
well as natural emissions from soils, inland waters, and oceans.

A Processhased models were used to determine the interactions between nitrogen additions and
climate showing a positive,R-climate feedback.

A Empirical models were used to estimate emissions from agriculture, waste, fossil fuel combustion,
Industry, biomass burning, and aquaculture.

A Measurements of atmospheric,® were used in statistical models to optimize independent
emissions estimates with multiple atmospheric inversion frameworks. This approach estimates the
sum of NO sources over land and ocean.

A Atmospheric chemistry transport models were used to estimate the stratosphe@cshk.



cLosAL‘%\c\&g?Eoc? Key Uncertainties

A Topdown approaches have uncertainties due to errors in the modelled atmospheric transport and
stratospheric loss of JD, as well as due to the limited coverage of atmospheric observations, especiall
in the tropics and Southern Hemisphere.

A Processhased models are subject to large uncertainties in various sources from land and oceans. The
are mostly associated with the model configuration and process parameterization. For land models, t
lack of representation of human management (e.q. tillage) also contributes to the uncertainty.

A GHG inventories using default Emission Factors (EFs) have large uncertainties at the global scale,
especially for agricultural JO emissions due to the poorly captured dependence of EFs on regional
climate, land management, and soil biophysical properties.

A Aguacultural emissions have large uncertainties due to the large uncertainty in EFs owing to the scar
of measurements of N flows in freshwater and marine aquaculture.

A Missing fluxes from permafrost thawing and freghaw cycles.

A The relative proportion of ocean,® from oxygerminimum zones, oxic versus soRic ocean zones, is
highly uncertain.
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c(\o Top National Emitters

PROJECT

Anthropogenic N,O Emissions

Excludes biomass burning i :
N\ /\‘/\‘\» China

/

1200 Mt N

1000 -

800 -
Europe
600 < ~ P~ ; India
o : - USA

== Brazil

___~Indonesia
R o —: = L Russia

1980 1985 1990 1995 2000 2005 2010 2015 2020

@®Global Carbon Project & International Nitrogen Initiative ¢ Data: Tian et al (2024)



GLoBAL|CARBON China: Anthropogenic JO Emissions

PROJECT

800 Mt N “Anthropogenic N;O Emissions: China

Agricultural emissions: direct soil emissions, manure, aquaculture
Non-agricultural emissions: fossil fuels, industry, waste

700 4 Indirect emissions: nitrogen deposition, freshwater, coastal
Biomass burning could be natural or anthropogenic

Agricultural
600 -

500 -

Non-Agricultural
—Indirect emissions

100 Omm

Biomass burning

1980 1985 1990 1995 2000 2005 2010 2015 2020

@® Global Carbon Project & International Nitrogen Initiative ¢ Data: Tian et al (2024)



Europe: Anthropogenic )0 Emissions

PROJECT

Anthropogenic N,O Emissions: Europe*

Agricultural emissions: direct soil emissions, manure, aquaculture
Non-agricultural emissions: fossil fuels, industry, waste

Indirect emissions: nitrogen deposition, freshwater, coastal

500 . Rjomass burni gould be natural or anthropogenic

600 Mt N -

- - -
™ Q)

o

400 Agricultural

300 -

200 -+ Non-Agricultural
- o—Non-Agricultura
: A e S NN o

100 - Indirect emissions

1980 1985 1990 1995 2000 2005 2010 2015 2020

@® Global Carbon Project & International Nitrogen Initiative ¢ Data: Tian et al (2024)
*Europe includes EU27+UK+18 other countries. See Tian et al. 2024 for the full list of countries.



India: Anthropogenic DO Emissions

PROJECT

Anthropogenic N>O Emissions: India

Agricultural emissions: direct soil emissions, manure, aquaculture Agricultural
Non-agricultural emissions: fossil fuels, industry, waste

350 - Indirect emissions: nitrogen deposition, freshwater, coastal

Biomass burning could be natural or anthropogenic

400 Mt N -

300 -
250 -
200 -
150 : __~o—Indirect emissions

—r N
e Non-Agricultural

Biomass burning

@® Global Carbon Project & International Nitrogen Initiative ¢ Data: Tian et al (2024)
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cLoeaL\caRBON USA: Anthropogenic JO Emissions

Anthropogenic N>O Emissions: USA

Agricultural emissions: direct soil emissions, manure, aquaculture
Non-agricultural emissions: fossil fuels, industry, waste

300 - In.direct emiss.ions: nitrogen deposition, freshwate.r._ coastal
Biomass burning could be natural or anthropogenic

350 Mt N -

Agricultural

250

200 -

150 - Non-Agricultural

100 — T I NSNS Indirect emissions
90 -

- /™ X A\ ~—Biomass burning

1980 1985 1990 1995 2000 2005 2010 2015 2020

@® Global Carbon Project & International Nitrogen Initiative ¢ Data: Tian et al (2024)
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Brazil: Anthropogenic hD Emissions

350 Mt N -

300 -

250 -

200 -

150 -

C

100 -

Anthropogenic N,O Emissions: Brazil

Agricultural emissions: direct soil emissions, manure, aquaculture

Non-agricultural emissions: fossil fuels, industry, waste Agricu|tura|
Indirect emissions: nitrogen deposition, freshwater, coastal

Biomass burning could be natural or anthropogenic

Biomass burning
>—Indirect emissions

N— N - —— Non-Agricultural

Co——1
T
—

1980 1985 1990 1995 2000 2005 2010 2015 2020

@® Global Carbon Project & International Nitrogen Initiative e Data: Tian et al (2024)
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GLosaL|caraon Russia: Anthropogenic JD Emissions

Anthropogenic N,O Emissions: Russia

Agricultural emissions: direct soil emissions, manure, aquaculture
Non-agriculturgl emissions: fossil fuels, industry, waste
120 Indirect egagsionS™a#Qgen deposition, freshwater, coastal

Biopfd®S burning could 8¢ natural or anthropogenic
. [

100 ™=

140 Mt N

80 -

40 -

20 1

0

@® Global Carbon Project & International Nitrogen Initiative ¢ Data: Tian et al (2024)

1980 1985 1990 1995 2000 2005 2010 2015 2020

Agricultural
Non-Agricultural

Biomass burning
Indirect emissions
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rolean Indonesia: Anthropogenic fO Emissions

500 Mt N “Anthropogenic N>O Emissions: Indonesia

Agricultural emissions: direct soil emissions, manure, aquaculture
Non-agricultural emissions: fossil fuelsgindustry, waste

Indirect emissions: nitrogen depositionffreshwater, coastal
Biomass burning could be natural or agghropogenic

150 -

~p—Agricultural
100 - a

A ~~>—INdirect emissions

N B >— Non-Agricultural

Biomass burning
1980 1985

1990 1995 2000 2005 2010 2015 2020

@® Global Carbon Project & International Nitrogen Initiative ¢ Data: Tian et al (2024)
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Other Major National Emitters

Ethiopia Mexico

Anthropogenic N,O Emissions: Ethiopia Anthropogenic NO Emissions: Mexico

80MtN - el 70 Mt N _ i . 160 Mt N
Agricultural emissions: direct soil emissions, manure, aquaculture ) Agricultural emissions: direct soil emissions, manure, aquaculture - Agricultural
Non-agricultural emissions: fossil fuels, industry, waste — Agricultural Non-agricultural emissions: fossil fuels, industry, waste - g 140
70 4 Indirect emissions: nitrogen deposition, freshwater, coasta | Indirect emissions: nitrogen deposition, freshwater, coasta
Biomass burning could be natural or anthropogenic 60 Biomass burning could,be natural or ant ic
1 120
60 50 |
50 | 7 100
40
40 - 80
30
30 60
20
20 v . —===— Indirect emissions 0
10 R L SN A AA _-Non-Agricultural 10 -,523%_./ »—Non-Agricultural .
* == ae=mE—=TE" |ndirect emissions ¢ . Biomass buming
— g == — “-Biomass burning ‘
0+ T : ‘ . ‘ 0+ ‘ T T ‘ ‘ : 0
1980 1985 1990 1995 2000 2005 2010 2015 2020 1980 1985 1990 1995 2000 2005 2010 2015 2020 1
olc) Project & Interr trogen Init « Dat tal (2024 DGlobal Carbon Project & Ir Nitrog tive * Data: Tian et al (2024
Australia Pakistan
120 Mt N -Anthropogenic N.O Emissions: Australia 100 Mt N Anthropogenic N;O Emissions: Pakistan .
Agricultural emissions: direct soil emissions, manure, aquaculture Agricultural emissions: direct soil emissions, manure, aquaculture
Non-agricultural emissions: fossil fuels, industry, waste Non-agricultural emissions: fossil fuels, industry, waste J—Agricuﬂural 80
Indirect emissions: nitrogen deposition, freshwater, coast Indirect emissions: nitrogen deposition, freshwater, coasta 1
100 Biomass burning could be natural or anthropoge ﬂ 80 Biomass burning could be natural or anthropogenic
1 70
80 - 60
60
~— Agricultural 50
60 -
) 40
40 -
40 Biomass burning —/-/ 30
) 20 ] . Non-Agricultural 20
20 - ===, NoON-Agricultural e ~.-,.__.47" Indirect emissions
_’A:ﬁ-:: e | NAirECt @MIiSSiONS == #:::._:;,.;g::_ﬂ-— 10
i — — R 2Cct emissions | P
ol 0« : Biomass burning 0
1

1980 1985 1990 1995 2000 2005 2010 2015 2020 1980 1985 1990 1995 2000 2005 2010 2015 2020

- val Carbon Project & International N ] r * D Tian al (2

Democratic Republic of the Congo

Anthropogenic N;O Emissions: Democratic Republic of the Congo
Agricultural emissions: direct soil emissions, manure, aquaculture

\/\N— Biomass burning

Indirect emissions
Agricultural

= ; -~-Non-Agricultural
2010 2015 2020

e o g o o

0 2005
al Carbon Project & International Nitrogen Ir

=

980 1985 1990 1995 200

Argentina

Anthropogenic NO Emissions: Argentina
Agricultural emissions: direct soil emissions, manure, aquaculture
Non-agricultural emissions: fossil fuels, industry, waste

Agricultural

Indirect emissions: nitrogen d
Biomass burning could be natural or anthropogenic

position, freshwater, coe

o

~— Biomass burning
R Indirect emissions
z ~—Non-Agricultural
[
980 1985 1990 1995 2000 2005 2010 2015 2020

al Cart Project & Interr r N jen Ir

Yo :&4:{}::,- — j:i}E.-."Q =
e
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Other Major National Emitters

Tarkiye

Anthropogenic N,O Emissions: Tirkiye

60 Mt N
Agricultural emissions: direct soil emissions, manure, aguaculture
Mon-agricultural emissions: fossil fuels, industry, waste
Non-Agricultural
50 -| Biomass buming cauld be natural or anthropogenic B g
Agricultural
40 1
30 f"‘"\/\.‘ M\——"""‘V
20
‘\/_ e Ve
o —— / e g lire
10 e P S T Y
0« Biomass buming

1980 1985 1990 1995 2000 2005 2010 2015 2020

Germany

80 Mt N

70 5

60 4

France

Anthropogenic N,O Emissions: France
Agricultural emissions: direct soil emissions, manure, aguaculture
ral amissions: fossil fuels, industry, waste

501

404

30 4

20

= RN

______ PN e

10

0
1980 1985 1990 1995 2000 2005 2010 2015 2020

SN e
= = -

e

Myanmar

Canada

wmmM /\_,,v —Agricultural

lirec or
Non-Agricultural

Biomass burning

Nigeria

Thailand

Angola



