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Composition de l’atmosphère 

N2 

O2 1% 
Autres gaz 

•  Le diazote, principal 
composant de 
l’atmosphère 

•  3,8 milliards de TgN 

•  N2, gaz inerte, peu réactif 
 
=> Pas d’effet sur le climat  
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Azote réactif 

•  Formes biologiquement ou chimiquement réactives 
–  Formes oxydées 

•  Oxydes d’azote (NO, NO2) 
•  Protoxyde d’azote (N2O)  
•  Nitrate (NO3

-) 
–  Formes réduites 

•  Ammoniac (NH3) 
   / Ammonium (NH4

+) 
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Comment crée-t-on de l’azote réactif naturellement ? 

•  Par fixation biologique  
⇒ Formation de NH4

+ à partir de N2 

 Sur Terre: ~60 TgN par an 
 Par les océans: ~140 TgN  

•  Par l’énergie des éclairs 
⇒ Formation de NOx à partir de  

 N2 (~5 TgN par an) 

 

•  La dénitrification,  
 un processus “inverse” 
⇒ Formation de N2 à partir d’azote  

 réactif 
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Le cycle de l’azote avant l’ère industrielle 

•  L’azote réactif est présent dans tous les compartiments de la 
biosphère 

 
 

•  Un nutriment essentiel  
    pour la croissance des plantes 

 => Ammonium et nitrate sont 
     assimilés par les végétaux 

•  Une ressource longtemps  
 limitée 
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L’azote, une ressource optimisée 

Système agricole “mixte”: culture / élevage 

Transhumance d’hiver 
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L’azote, une ressource optimisée ... et convoitée 

Récolte de guano (Iles Chincha, Pérou) 

•  Exploitation du guano, des îles Chincha (Pérou) durant le 19ème 
siècle 

•  1879-1884 guerre du Pacifique (guerre du salpêtre) entre le Chili et 
le Pérou – conflit pour le guano et salpêtre du désert d’Atacama 
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La synthèse de l’ammoniac par le procédé Haber-Bosch 

Fritz Haber (1868-1934) –  
 Prix Nobel de Chimie 1918 

•  1909  Invention du Procédé par Fritz 
 Haber 

•  1913  Contribution de Carl Bosh 
 permit le début de production 
 industrielle par BASF 

•  1917 Deuxième usine à Leuna 
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Le procédé Haber-Bosch et la révolution agricole 

European	Nitrogen	Assessment,	2011	
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Production globale d’azote réactif depuis 1850 

Expertise scientifique collective INRA , 2012, adapté de Galloway et al.,2003 
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La cascade de l’azote 

Expertise scientifique collective INRA , 2012 
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La cascade de l’azote 

Expertise scientifique collective INRA , 2012 
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Evolution des concentrations de GES dans l’atmosphère 

•  durée de vie de 120 
ans 

•  300 fois plus 
réchauffant que le 
CO2 

44

Topic 1 Observed Changes and their Causes

1

high confidence that it did not exceed 10 m above present. During the 
last interglacial period, the Greenland ice sheet very likely contributed 
between 1.4 and 4.3 m to the higher global mean sea level, implying 
with medium confidence an additional contribution from the Antarctic 
ice sheet. This change in sea level occurred in the context of different 
orbital forcing and with high-latitude surface temperature, averaged 
over several thousand years, at least 2°C warmer than present (high 
confidence). {WGI SPM B.4, 5.3.4, 5.6.2, 13.2.1}

1.2 Past and recent drivers of climate change 

Anthropogenic greenhouse gas emissions have 
increased since the pre-industrial era driven largely 
by economic and population growth. From 2000 to 
2010 emissions were the highest in history. Historical 
emissions have driven atmospheric concentrations of 
carbon dioxide, methane and nitrous oxide to levels 
that are unprecedented in at least the last 800,000 
years, leading to an uptake of energy by the climate 
system.

Natural and anthropogenic substances and processes that alter the 
Earth’s energy budget are physical drivers of climate change. Radiative 
forcing  quantifies the perturbation of energy into the Earth system 
caused by these drivers. Radiative forcings larger than zero lead to a 
near-surface warming, and radiative forcings smaller than zero lead to 
a cooling. Radiative forcing is estimated based on in-situ and remote 
observations, properties of GHGs and aerosols, and calculations using 
numerical models. The radiative forcing over the 1750–2011 period is 
shown in Figure 1.4 in major groupings. The ‘Other Anthropogenic’ 
group is principally comprised of cooling effects from aerosol changes, 
with smaller contributions from ozone changes, land use reflectance 
changes and other minor terms. {WGI SPM C, 8.1, 8.5.1}

1.2.1 Natural and anthropogenic radiative forcings

Atmospheric concentrations of GHGs are at levels that are 
unprecedented in at least 800,000 years. Concentrations of 
carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) 
have all shown large increases since 1750 (40%, 150% and 20%, 
respectively) (Figure 1.3). CO2 concentrations are increasing at the 
fastest observed decadal rate of change (2.0 ± 0.1 ppm/yr) for 2002–
2011. After almost one decade of stable CH4 concentrations since the 
late 1990s, atmospheric measurements have shown renewed increases 
since 2007. N2O concentrations have steadily increased at a rate of 
0.73 ± 0.03 ppb/yr over the last three decades. {WGI SPM B5, 2.2.1, 
6.1.2, 6.1.3, 6.3}

The total anthropogenic radiative forcing over 1750–2011 
is calculated to be a warming effect of 2.3 [1.1 to 3.3] W/m2 
(Figure 1.4), and it has increased more rapidly since 1970 than 
during prior decades. Carbon dioxide is the largest single con-
tributor to radiative forcing over 1750–2011 and its trend since 
1970. The total anthropogenic radiative forcing estimate for 2011 
is substantially higher (43%) than the estimate reported in the IPCC 

Fourth Assessment Report (AR4) for the year 2005. This is caused by 
a combination of continued growth in most GHG concentrations and 
an improved estimate of radiative forcing from aerosols. {WGI SPM C, 
8.5.1}

The radiative forcing from aerosols, which includes cloud 
adjustments, is better understood and indicates a weaker 
cooling effect than in AR4. The aerosol radiative forcing over 
1750–2011 is estimated as –0.9 [–1.9 to −0.1] W/m2 (medium 
confidence). Radiative forcing from aerosols has two competing 
components: a dominant cooling effect from most aerosols and 
their cloud adjustments and a partially offsetting warming con-
tribution from black carbon absorption of solar radiation. There 
is high confidence that the global mean total aerosol radiative forcing 
has counteracted a substantial portion of radiative forcing from well-
mixed GHGs. Aerosols continue to contribute the largest uncertainty to 
the total radiative forcing estimate. {WGI SPM C, 7.5, 8.3, 8.5.1}

Changes in solar irradiance and volcanic aerosols cause natu-
ral radiative forcing (Figure 1.4). The radiative forcing from strato-
spheric volcanic aerosols can have a large cooling effect on the climate 
system for some years after major volcanic eruptions. Changes in total 
solar irradiance are calculated to have contributed only around 2%  
of the total radiative forcing in 2011, relative to 1750. {WGI SPM C, 
Figure SPM.5, 8.4}
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Figure 1.3 | Observed changes in atmospheric greenhouse gas concentrations. 
Atmospheric concentrations of carbon dioxide (CO2, green), methane (CH4, orange), and 
nitrous oxide (N2O, red). Data from ice cores (symbols) and direct atmospheric measure-
ments (lines) are overlaid. {WGI 2.2, 6.2, 6.3, Figure 6.11}

+ 20 %  
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Bilan global de N2O 2007-2016 (TgN/an) 
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2000, such emissions began to increase slowly, owing to increasing 
fossil fuel combustion (Extended Data Fig. 5a, b).

Our analysis of process-based model estimates indicates that soil N2O 
emissions have accelerated substantially as a result of climate change 
since the early 1980s, and this has offset the reduction due to feedback 
with increased CO2 concentration and climate (Extended Data Fig. 6a). 
Increased CO2 concentrations enhance plant growth and thus increase 
nitrogen uptake, which in turn decreases soil N2O emissions16,19. Con-
version of land from tropical mature forests, which have higher N2O 
emissions, to pastures and other unfertilized agricultural lands has 
considerably reduced global natural N2O emissions11,20,21. This decrease, 
however, has been partly offset by an increase in soil N2O emissions 
attributed to the temporary increase in emissions after deforestation 
(the post-deforestation pulse effect) and to background emissions from 
converted croplands or pastures21 (see Methods; Extended Data Fig. 7).

From the ensemble of process-based land model emissions15,16, we esti-
mate a global agricultural soil emission factor of 1.8% (1.3%–2.3%), which 
is considerably larger than the IPCC Tier 1 default for direct emission of 
1%. This higher emission factor, derived from process-based models, 
suggests a strong interactive effect between nitrogen additions and other 
global environmental changes (Table 1, ‘Perturbed fluxes from climate, 
atmospheric CO2 and land cover change’). Previous field experiments 
reported a better fit to local observations of soil N2O emissions when 
assuming a nonlinear response to fertilizer nitrogen inputs under varied 

climate and soil conditions17,22. The nonlinear response is also likely to 
be associated with long-term nitrogen accumulation in agricultural 
soils from nitrogen fertilizer use and in aquatic systems from nitrogen 
loads (the legacy effect)18,23, which provides more substrate for microbial 
processes18,24. The increasing N2O emissions estimated by process-based 
models16 also suggest that recent climate change—particularly warm-
ing—could have boosted soil nitrification and denitrification processes, 
contributing to the growing trend in N2O emissions together with increas-
ing nitrogen additions to agricultural soils16,25–27 (Extended Data Fig. 8).

Regional N2O budgets (2007–2016)
Bottom-up approaches give estimates of N2O emissions in each of the 
five source categories, whereas top-down approaches provide only 
total emissions (Fig. 2). Bottom-up and top-down approaches indicate 
that Africa was the largest source of N2O in the last decade, followed 
by South America (Fig. 2). Bottom-up and top-down approaches agree 
well regarding the magnitudes and trends of N2O emissions from South 
Asia and Oceania (Extended Data Fig. 3j, l). For the remaining regions, 
bottom-up and top-down estimates are comparable in terms of trends 
but diverge when estimating the strengths of the sources. Clearly, 
much more work on regional N2O budgets is needed, particularly for 
South America and Africa where there are larger differences between 
bottom-up and top-down estimates and larger uncertainties in each 
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Fig. 1 | Global N2O budget for 2007–2016. The coloured arrows represent N2O 
fluxes (in Tg N yr−1 for 2007–2016) as follows: red, direct emissions from 
nitrogen additions in the agricultural sector (agriculture); orange, emissions 
from other direct anthropogenic sources; maroon, indirect emissions from 
anthropogenic nitrogen additions; brown, perturbed fluxes from changes in 
climate, CO2 or land cover; green, emissions from natural sources. The 
anthropogenic and natural N2O sources are derived from bottom-up estimates. 
The blue arrows represent the surface sink and the observed atmospheric 

chemical sink, of which about 1% occurs in the troposphere. The total budget 
(sources + sinks) does not exactly match the observed atmospheric 
accumulation, because each of the terms has been derived independently and 
we do not force top-down agreement by rescaling the terms. This imbalance 
readily falls within the overall uncertainty in closing the N2O budget, as 
reflected in each of the terms. The N2O sources and sinks are given in Tg N yr−1. 
Copyright the Global Carbon Project.

52% 
14% 

Tian et al., 2020 
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Emissions de N2O par les sols 1861–2016  

but lower than the estimate of Xu‐Ri et al. (2012) (1 Tg N per year/

°C). Rising CO2 concentration reduced global soil N2O emissions

with its effect increasing through time. In the recent decade, the

CO2 effect reduced global soil N2O emissions by 0.6 ± 0.6 Tg N2O‐
N/year, equivalent to 10% of the N2O emissions in preindustrial

level. The linear regression of CO2 concentration against soil N2O

emissions (Supporting Information Figure S7) indicated that the tran-

sient sensitivity of global soil N2O emissions to rising CO2 concen-

tration was −4.6 Gg N2O‐N per year/ppm. The negative CO2 effect

is likely caused by the increased vegetation N use efficiency and

higher N uptake from soils. LPJ‐GUESS simulated the strongest CO2

reduction effect on global soil N2O emissions (−1.8 Tg N2O‐N/year

in the recent decade). ORCHIDEE‐CNP is the only model simulating

a small positive CO2 effect (0.1 Tg N2O‐N/year in the recent decade)

likely due to the simulated CO2 effect on soil moisture and substrate

availability. LCC had minor impacts on soil N2O emissions when

manure and mineral fertilizer use were not used. Model ensemble

results showed that LCC effects on emissions were close to neutral

(−0.0 ± 0.5 Tg N2O‐N/year in the recent decade), indicating that

LCC can either increase or decrease soil N2O emissions over differ-

ent regions. Model results of LCC effect diverged, ranging between

−0.9 Tg N2O‐N/year (LPJ‐GUESS) and 0.4 Tg N2O‐N/year (ORCHI-

DEE). Four models (LPX‐Bern, ORCHIDEE, DLEM, and ORCHIDEE‐
CNP) simulated positive effect, two models (OCN and LPJ‐GUESS)
simulated negative effect, and one model (VISIT) simulated a nearly

neutral effect.

Significant changes were found in the driving factors between

the preindustrial period and the contemporary period over all of the

18 regions (Supporting Information Table S4). The top five regions

for increases in N addition (NDEP + MANN + NDEP) were CHN

(47 Tg N/year), SAS (26.6 Tg N/year), EU (18.4 Tg N/year), USA

(16.3 Tg N/year), and SEAS (11.9 Tg N/year). The contributions of

driving factors to changes in soil N2O emissions varied across

regions (Figure 8). Spatially, in the recent decade, MANN effects

were stronger in East CHN and EU. NFER had the strongest effects

in stimulating soil N2O emissions between 20°N and 50°N, particu-

larly in East US, EU, SAS, East CHN, and SEAS. The impacts of

NDEP, CO2, and CLIM were more uniformly distributed across the

global land area, although NDEP impacts were stronger in EAST US,

EU, SAS, East CHN, and SEAS. Rising CO2 concentration reduced

soil N2O emissions over most of the global land areas, with stronger

impacts in the tropics.

At the regional level, NFER was the key factor in enhancing soil

N2O emissions over seven regions, namely, USA, EU, MIDE, CHN,

KAJ, SAS, and SEAS (Figure 9). For each of the seven regions, NFER

effect contributed at least 40% of the increased soil N2O emissions.

Particularly, the contributions of NFER reached up to 63% in CHN

and 74% in SAS. In contrast, CLIM was the dominant factor affecting

soil N2O emissions in ten regions with less intensive human manage-

ment activities, including CAN, CAM, NSA, BRA, SSA, NAF, EQAF,

SAF, RUS, and OCE (Figure 9).

4 | DISCUSSION

4.1 | Preindustrial soil N2O emissions

Preindustrial N2O emissions were recently estimated from ice core

and marine N2O measurements (Battaglia & Joos, 2018). The prein-

dustrial atmospheric lifetime of N2O (Prather et al., 2015) in combi-

nation with the ice core N2O concentration measurements

F IGURE 5 Global N2O emissions from
cropland and other ecosystems during
1861–2016: (a) Long‐term trend and
variations and (b) relative change

10 | TIAN ET AL.

Répartition entre 
zones cultivées et 
zones naturelles 
 

6.3 Tg 

10 Tg  (+ 60 %) 

6.7 Tg 

3.3 Tg 

Tian et al., 2019 
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Emissions de N2O par les sols à l’échelle régionale 

(Macfarling Meure et al., 2006) yields a net global preindustrial N2O

source to the atmosphere of 10.5 ± 1.0 Tg N2O‐N/year. Marine N2O

emissions were constrained in a Bayesian model framework by water

column and surface water N2O measurements and preindustrial

emission was estimated to be between 3.1 and 6.1 Tg‐N/year. This

implies by difference with the total source a preindustrial soil N2O

source of about 5.9 (4.1–7.7) Tg N2ON/year (Battaglia & Joos, 2018).

This value is consistence with our multi‐model estimate of

6.3 ± 1.1 Tg N2O‐N/year in the preindustrial era. Our average prein-

dustrial soil N2O emissions from other ecosystems were estimated

to be 6.0 Tg N2O‐N/year, which is 0.3 Tg N2O‐N/year higher than

the estimate of Xu et al. (2017), but 0.7 Tg N2O‐N/year lower than

the estimate of Bouwman et al. (1993). Direct N2O emissions from

global cropland soil in this study (0.3 Tg N2O‐N/year) is consistent

F IGURE 6 Decadal changes and variations of regional soil N2O emissions from cropland and other ecosystems between the 1860 s and the
2010 s (Tg N2O‐N/year). The last decade (the 2010s) in each panel refers to the period of 2010–2016

F IGURE 7 Contributions of natural and
anthropogenic factors (Manure use
[MANN], N fertilizer application [NFER], N
deposition [NDEP], Land cover change
[LCC], CO2 concentration rising, and
climate conditions [CLIM]) to global soil
N2O emissions from the 1860s to the
2010s. The 2010s refers to the period of
2010–2016. Black line is the sum of the
contribution of all factors

TIAN ET AL. | 11
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Tian et al., 2019 
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Les interactions entre NOx, ozone et méthane 

•  Rôle du radical hydroxyle (OH), « agent nettoyant » de 
l’atmosphère 
–  NOx précurseurs de l’ozone troposphérique (O3), gaz à effet de serre 
–  Photolyse de l’ozone, source majeure de production de OH 
–  Oxydation du méthane, puits de OH 

  

NOx 

O3 
CH4 

NO2 
NO 

OH 

OH 
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Evolution des émissions de NOx 1750-2010 
R. M. Hoesly et al.: Historical (1750–2014) anthropogenic emissions of reactive gases 383
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Figure 3. Emission estimates by region compared to Lamarque et al. (2010) (dots) and CDIAC (line) for CO2. For a like-with-like compar-
ison, these figures do not include aviation or agricultural waste burning on fields. The “International” region shows international shipping
emissions.

more dramatically after 1990 than rural population, presum-
ably reflecting the spread of modern energy sources as rural
residential per capita biomass use decreases in this data set.

Of the emission species estimated, SO2 is the most respon-
sive to global events such as war and depressions. SO2 emis-
sions are primarily from non-residential fuel burning and in-
dustrial processes which vary with economic activity, where

other species have a base of residential biomass burning or
agriculture and waste emissions. In this data set, these emis-
sions remain steady within the backdrop of variable eco-
nomic conditions, while events such as World Wars or the
collapse of the Soviet Union can be seen most clearly in an-
nual SO2 emissions. We note that the relative constancy of
residential and agricultural emissions is, to some extent, a re-

www.geosci-model-dev.net/11/369/2018/ Geosci. Model Dev., 11, 369–408, 2018

R. M. Hoesly et al.: Historical (1750–2014) anthropogenic emissions of reactive gases 383
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Figure 3. Emission estimates by region compared to Lamarque et al. (2010) (dots) and CDIAC (line) for CO2. For a like-with-like compar-
ison, these figures do not include aviation or agricultural waste burning on fields. The “International” region shows international shipping
emissions.

more dramatically after 1990 than rural population, presum-
ably reflecting the spread of modern energy sources as rural
residential per capita biomass use decreases in this data set.

Of the emission species estimated, SO2 is the most respon-
sive to global events such as war and depressions. SO2 emis-
sions are primarily from non-residential fuel burning and in-
dustrial processes which vary with economic activity, where

other species have a base of residential biomass burning or
agriculture and waste emissions. In this data set, these emis-
sions remain steady within the backdrop of variable eco-
nomic conditions, while events such as World Wars or the
collapse of the Soviet Union can be seen most clearly in an-
nual SO2 emissions. We note that the relative constancy of
residential and agricultural emissions is, to some extent, a re-

www.geosci-model-dev.net/11/369/2018/ Geosci. Model Dev., 11, 369–408, 2018

Hoesly et al., 2018 

•  Contribution historique de 
l’Amérique du Nord et de 
l’Europe 

•  Forte augmentation de 
l’Asie depuis 1950 = la 
moitié des émissions 
actuelles 
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Emissions de NOx par secteur 

Mc Duffie et al., 2020 
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Emissions de NH3 et formation d’aérosols secondaires 

Ammonium nitrate 

Ammonium sulfate Atmospheric 
aerosol H2SO4 

Schéma détaillant les  voies de devenir de l’azote réactif dans l’atmosphère. 
Hertel et al., 2006 
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Evolution des émissions de NH3 1750-2010 

R. M. Hoesly et al.: Historical (1750–2014) anthropogenic emissions of reactive gases 383
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Figure 3. Emission estimates by region compared to Lamarque et al. (2010) (dots) and CDIAC (line) for CO2. For a like-with-like compar-
ison, these figures do not include aviation or agricultural waste burning on fields. The “International” region shows international shipping
emissions.

more dramatically after 1990 than rural population, presum-
ably reflecting the spread of modern energy sources as rural
residential per capita biomass use decreases in this data set.

Of the emission species estimated, SO2 is the most respon-
sive to global events such as war and depressions. SO2 emis-
sions are primarily from non-residential fuel burning and in-
dustrial processes which vary with economic activity, where

other species have a base of residential biomass burning or
agriculture and waste emissions. In this data set, these emis-
sions remain steady within the backdrop of variable eco-
nomic conditions, while events such as World Wars or the
collapse of the Soviet Union can be seen most clearly in an-
nual SO2 emissions. We note that the relative constancy of
residential and agricultural emissions is, to some extent, a re-

www.geosci-model-dev.net/11/369/2018/ Geosci. Model Dev., 11, 369–408, 2018

Hoesly et al., 2018 
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Figure 3. Emission estimates by region compared to Lamarque et al. (2010) (dots) and CDIAC (line) for CO2. For a like-with-like compar-
ison, these figures do not include aviation or agricultural waste burning on fields. The “International” region shows international shipping
emissions.

more dramatically after 1990 than rural population, presum-
ably reflecting the spread of modern energy sources as rural
residential per capita biomass use decreases in this data set.

Of the emission species estimated, SO2 is the most respon-
sive to global events such as war and depressions. SO2 emis-
sions are primarily from non-residential fuel burning and in-
dustrial processes which vary with economic activity, where

other species have a base of residential biomass burning or
agriculture and waste emissions. In this data set, these emis-
sions remain steady within the backdrop of variable eco-
nomic conditions, while events such as World Wars or the
collapse of the Soviet Union can be seen most clearly in an-
nual SO2 emissions. We note that the relative constancy of
residential and agricultural emissions is, to some extent, a re-

www.geosci-model-dev.net/11/369/2018/ Geosci. Model Dev., 11, 369–408, 2018
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Emissions d’ammoniac par secteur 

Mc Duffie et al., 2020 
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Contributions au réchauffement global 

Approved Version Summary for Policymakers IPCC AR6 WGI 

SPM-� Total pages: �� 

�bserved warming is driven by emissions from human activitiesķ with 
greenhouse gas warming partly mashed by aerosol cooling
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Panel a�: 2bserved global warming (increase in global surface temperature) and its very likely range {3.3.1, 
Cross-Chapter Box 2.3}.
Panel b�: (vidence Irom attribution studies, which synthesize information from climate models and 
observations. The panel shows temperature change attributed to total human influence, changes in well-mixed 
greenhouse gas concentrations, other human drivers due to aerosols, ozone and land-use change (land-use 
reflectance), solar and volcanic drivers, and internal climate variability. Whiskers show likely ranges {3.3.1}. 
Panel c�: (vidence Irom tKe assessment oI radiative Iorcing and climate sensitivit\. The panel shows 
temperature changes from individual components of human influence, including emissions of greenhouse gases, 
aerosols and their precursors; land-use changes (land-use reflectance and irrigation); and aviation contrails. 
Whiskers show very likely ranges. Estimates account for both direct emissions into the atmosphere and their effect, 
if any, on other climate drivers. For aerosols, both direct (through radiation) and indirect (through interactions with 
clouds) effects are considered.{6.4.2, 7.3}

Figure SPM.2:    Assessed contributions to observed warming in 2010–2019 relative to 1850–1900.  

GIEC, AR6 WG1, résumé pour décideurs, 2021 

2010-2019 relativement à la période 1850-1900 
°C °C 
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Contributions au réchauffement global 
Final Government Distribution Technical Summary IPCC AR6 WGI 
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Figure TS.15: Contribution to ERF and b) global surface temperature change from component emissions 4 
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of individual components.  The derived emission-based ERFs are rescaled to match the concentration-11 
based ERFs in Figure 7.6. Error bars are 5-95% and for the ERF account for uncertainty in radiative 12 
efficiencies and multi-model error in the means. In panel b), the global mean temperature response is 13 
calculated from the ERF time series using an impulse response function. In panel c), the AR6 14 
assessment is based on energy balance constraints, observational evidence from satellite retrievals, 15 
and climate model-based evidence. For each line of evidence the assessed best-estimate contributions 16 
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observational assessment for ERFari is taken from the instantaneous forcing due to aerosol-radiation 19 
interactions (IRFari). Uncertainty ranges are given in black bars for the total aerosol ERF and depict 20 
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Augmentation des dépôts atmosphériques d’azote 

Expertise scientifique collective INRA , 2012 
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Sources et puits de CO2 

•  Puits biosphérique terrestre 
~33% des émissions anthropiques 

1804 P. Friedlingstein et al.: Global Carbon Budget 2019

Figure 3. Combined components of the global carbon budget il-
lustrated in Fig. 2 as a function of time, for fossil CO2 emissions
(EFF, grey) and emissions from land use change (ELUC, brown),
as well as their partitioning among the atmosphere (GATM, blue),
ocean (SOCEAN, turquoise), and land (SLAND, green). The parti-
tioning is based on nearly independent estimates from observations
(for GATM) and from process model ensembles constrained by data
(for SOCEAN and SLAND), and it does not exactly add up to the
sum of the emissions, resulting in a budget imbalance, which is
represented by the difference between the bottom pink line (re-
flecting total emissions) and the sum of the ocean, land, and at-
mosphere. All time series are in gigatonnes of carbon per year.
GATM and SOCEAN prior to 1959 are based on different methods.
EFF is primarily from Gilfillan et al. (2019), with uncertainty of
about ±5 % (±1� ); ELUC is from two bookkeeping models (Ta-
ble 2) with uncertainties of about ±50 %; GATM prior to 1959 is
from Joos and Spahni (2008) with uncertainties equivalent to about
±0.1–0.15 GtC yr�1 and from Dlugokencky and Tans (2019) from
1959 with uncertainties of about ±0.2 GtC yr�1; SOCEAN prior to
1959 is averaged from Khatiwala et al. (2013) and DeVries (2014)
with uncertainty of about ±30 % and from a multi-model mean
(Table 4) from 1959 with uncertainties of about ±0.5 GtC yr�1;
SLAND is a multi-model mean (Table 4) with uncertainties of about
±0.9 GtC yr�1. See the text for more details of each component and
their uncertainties.

3.1.3 Model evaluation

The evaluation of the ocean estimates (Fig. B1) shows a
RMSE of 15 to 17 µatm for the three pCO2-based flux prod-
ucts over the globe, relative to the pCO2 observations from
the SOCAT v2019 database for the period 1985–2018. The
GOBM RMSEs are a factor of 2 to 3 larger and range be-
tween 29 and 49 µatm. The RMSEs are generally larger at
high latitudes compared to the tropics, for both the flux prod-

ucts and the GOBMs. The three flux products have similar
RMSEs of around 12 to 14 µatm in the tropics, around 17 to
18 µatm in the north, and 17 to 24 µatm in the south. Note that
the flux products are based on the SOCAT v2019 database;
hence these are no independent data sets for the evaluation
of the flux products. The GOBM RMSEs are more spread
across regions, ranging from 21 to 34 µatm in the tropics,
32 to 48 µatm in the north, and 31 to 77 µatm in the south.
The higher RMSEs occur in regions with stronger climate
variability, such as the northern and southern high latitudes
(poleward of the subtropical gyres).

The evaluation of the DGVMs (Fig. B2) shows gener-
ally high skill scores across models for runoff, and to a
lesser extent for vegetation biomass, gross primary produc-
tivity (GPP), and ecosystem respiration (Fig. B2, left panel).
Skill score was lowest for leaf area index and net ecosys-
tem exchange, with the widest disparity among models for
soil carbon. Further analysis of the results will be provided
separately, focusing on the strengths and weaknesses in the
DGVM ensemble and its validity for use in the global carbon
budget.

The evaluation of the atmospheric inversions (Fig. B3)
shows long-term mean biases in the free troposphere bet-
ter than 0.4 ppm in absolute values for each product. These
biases show some dependency on latitude and are different
for each inverse model, which may reveal biases in the sur-
face fluxes (e.g. Houweling et al., 2015). Such model- and
campaign-specific performance will be analysed separately.

3.1.4 Budget imbalance

The carbon budget imbalance (BIM, Eq. 1) quantifies the mis-
match between the estimated total emissions and the esti-
mated changes in the atmosphere, land, and ocean reservoirs.
The mean budget imbalance from 1959 to 2018 is small (av-
erage of 0.17 GtC yr�1) and shows no trend over the full time
series. The process models (GOBMs and DGVMs) have been
selected to match observational constraints in the 1990s but
no further constraints have been applied to their representa-
tion of trend and variability. Therefore, the near-zero mean
and trend in the budget imbalance is indirect evidence of
a coherent community understanding of the emissions and
their partitioning on those timescales (Fig. 4). However, the
budget imbalance shows substantial variability of the order of
±1 GtC yr�1, particularly over semi-decadal timescales, al-
though most of the variability is within the uncertainty of the
estimates. The positive carbon imbalance during the 1960s,
early 1990s, and in the last decade suggests that either the
emissions were overestimated or the sinks were underesti-
mated during these periods. The reverse is true for the 1970s
and around 1995–2000 (Fig. 4).

We cannot attribute the cause of the variability in the bud-
get imbalance with our analysis. We only note that the budget
imbalance is unlikely to be explained by errors or biases in
the emissions alone because of its large semi-decadal vari-

Earth Syst. Sci. Data, 11, 1783–1838, 2019 www.earth-syst-sci-data.net/11/1783/2019/

Sources 
Puits 

Friedlingstein et al., ESSD, 2019 
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Renforcement du puits biosphérique de C par les 
dépôts azotés 

1800 1850 1900 1950 2000 

Avec dépôts azotés observés 

Avec dépôts azotés pré-industriels 

+ 25 GtC 

Puits biosphérique terrestre : 
  

 33% avec dépôts azotés                     26% sans l’augmentation des dépôts  
   

Gerber et al., 2013 



Université d’été de Sauvons le Climat – 2-5 Novembre 2021, Chinon

Conclusions    

•  Très forte perturbation anthropique du cycle de l’azote sur les 
100 dernières années: +100% d’augmentation de création d’azote 
réactif ! 

•  Emissions de multiples composés azotés (N2O, NOx, NH3) 
ayant différents impacts directs ou indirects sur le climat 

•  Interconnection des cycles du Carbone et de l’Azote, le cycle de 
l’azote a aussi un impact sur le cycle du carbone !   
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Quelques voies d’atténuation 

N2O 

 
Des productions plus efficientes 

Emissions de N2O 
par kg de viande 
produit 

Nombre de porcs élevés par 
grandes régions 

Origine de l’alimentation du 
bétail 

Surplus d’azote dans les 
pays de l’OCDE (kgN ha-1) 
Surplus d’azote dans les 
pays de l’OCDE (kgN ha-1) 

1985       1995                      2005  

Rendement en fonction de 
la dose d’engrais azoté  

 
Des consommations 
plus sobres 


