
3èmes Journées de Modélisation des Surfaces Continentales 
14 -15 Novembre 2019, Paris 

Prise en compte du cycle de l'azote dans 
le modèle ORCHIDEE 
impact sur la productivité primaire brute 
 

N. Vuichard, P. Messina, S. Luyssaert, B. Guenet, S. Zaehle, 
J. Ghattas, V. Bastrikov, P. Peylin 



3èmes Journées de Modélisation des Surfaces Continentales 
14 -15 Novembre 2019, Paris 

Human-induced changes on C & N cycles 

modeling approach can be more effective and reliable 
in estimating magnitude and spatial and temporal 
patterns of terrestrial N2O emissions and quantify-
ing relative contributions of environmental drivers 
to N2O dynamics.

MAJOR CHARACTERISTICS OF PARTICI-
PATING MODELS. The N cycle in the Earth 
system involves complex biogeochemical processes, 
in which N is transformed into various chemical 
forms and circulates among the atmosphere, terres-
trial, and aquatic ecosystems. Important terrestrial 
processes in the N cycle include biological N fixation 
(BNF), mineralization (conversion of organic N to 
inorganic N during the processes of organic matter 
decomposition), immobilization (transformation 
of soil inorganic N to organic N), volatilization 
(transformation of soil ammonium N to ammonia 
gas), nitrification (transformation of ammonium 
N to nitrate and nitrite N), denitrification (the 
process of nitrate/nitrite reduction by microbial 
activities), plant uptake from soil, resorption by 
living plant organs, adsorption and desorption by 

soil mineral particles, and N leaching from soil to 
aquatic systems. The modeled N processes include 
N transformation between organic and inorganic 
forms and movements among atmosphere, vegeta-
tion, soil, and riverine systems. Although N processes 
are tightly coupled with carbon processes in soil and 
vegetation, the greater variability in N processes 
compared to C processes makes it more difficult to 
simulate N cycling. At the current stage, the NMIP 
has included 10 ecosystem models with explicit ter-
restrial N cycling processes (Table 2; Fig. 1). Nine 
models [DLEM, LM3V-N, ORCHIDEE, ORCHIDEE 
with nitrogen and phosphorous cycles (ORCHIDEE-
CNP), O-CN, Lund–Potsdam–Jena General Ecosys-
tem Simulator (LPJ-GUESS), LPX-Bern, TRIPLEX-
GHG, and vegetation-integrated simulator for trace 
gases (VISIT)] are capable of simulating N2O emis-
sions from both natural and agriculture ecosystems, 
while one model (CLM-CN) only simulates N2O 
emissions from natural vegetation. The biophysical 
processes (such as canopy structure, albedo, and 
evapotranspiration), biogeochemical processes (such 
as decomposition and denitrification), and N input 

FIG. 3. Spatial distribution of (a),(d),(g),(j) N deposition (g N m–2 yr–1); (b),(e),(h),(k) N fertilizer application 
(g N m–2 cropland yr–1); and (c),(f),(i),(l) manure N production (g N m–2 yr–1) in (first row) 1860, (second row) 
1900, (third row) 1950, and (fourth row) 2015.
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Carbon and Other Biogeochemical Cycles Chapter 6

6

Box 6.2 |  Nitrogen Cycle and Climate-Carbon Cycle Feedbacks

Human creation of reactive nitrogen by the Haber–Bosch process (see Sections 6.1.3 and  6.3.4), fossil fuel combustion and agricultural 
biological nitrogen fixation (BNF) dominate Nr creation relative to biological nitrogen fixation in natural terrestrial ecosystems. This 
dominance impacts on the radiation balance of the Earth (covered by the IPCC; see, e.g., Chapters 7 and 8), and affects human health 
and ecosystem health as well (EPA, 2011b; Sutton et al., 2011).

The Nr creation from 1850 to 2005 is shown in Box 6.2 (Figure 1). After mid-1970s, human production of Nr exceeded natural production. 
During the 2000s food production (mineral fertilisers, legumes) accounts for three-quarters of Nr created by humans, with fossil fuel 
combustion and industrial uses accounting equally for the remainder (Galloway et al., 2008; Canfield et al., 2010; Sutton et al., 2011).

The three most relevant questions regarding the anthro-
pogenic perturbation of the nitrogen cycle with respect to 
global change are: (1) What are the interactions with the 
carbon cycle, and the effects on carbon sinks (see Sections 
6.3.2.6.5 and 6.4.2.1), (2) What are the effects of increased 
Nr on the radiative forcing of nitrate aerosols (Chapter 7, 
7.3.2) and tropospheric ozone (Chapters 8), (3) What are 
the impacts of the excess of Nr on humans and ecosystems 
(health, biodiversity, eutrophication, not treated in this 
report, but see, for example, EPA, 2011b; Sutton et al., 2011).

Essentially all of the Nr formed by human activity is spread 
into the environment, either at the point of creation (i.e., 
fossil fuel combustion) or after it is used in food production 
and in industry. Once in the environment, Nr has a number 
of negative impacts if not converted back into N2. In addi-
tion to its contributions to climate change and stratospheric 
ozone depletion, Nr contributes to the formation of smog; 
increases the haziness of the troposphere; contributes to the 
acidification of soils and freshwaters; and increases the pro-
ductivity in forests, grasslands, open and coastal waters and 
open ocean, which can lead to eutrophication and reduction 
in biodiversity in terrestrial and aquatic ecosystems. In addition, Nr-induced increases in nitrogen oxides, aerosols, tropospheric ozone, 
and nitrates in drinking water have negative impacts on human health (Galloway et al., 2008; Davidson et al., 2012). Once the nitrogen 
atoms become reactive (e.g., NH3, NOx), any given Nr atom can contribute to all of the impacts noted above in sequence. This is called the 
nitrogen cascade (Galloway et al., 2003; Box 6.2, Figure 2). The nitrogen cascade is the sequential transfer of the same Nr atom through 
the atmosphere, terrestrial ecosystems, freshwater ecosystems and marine ecosystems that results in multiple effects in each reservoir. 
Because of the nitrogen cascade, the creation of any molecule of Nr from N2, at any location, has the potential to affect climate, either 
directly or indirectly, as explained in this box This potential exists until the Nr gets converted back to N2.

The most important processes causing direct links between anthropogenic Nr and climate change include (Erisman et al., 2011): (1) 
N2O formation during industrial processes (e.g., fertiliser production), combustion, or microbial conversion of substrate containing 
nitrogen—notably after fertiliser and manure application to soils. N2O is a strong greenhouse gas (GHG), (2) emission of anthropogenic 
NOx leading to (a) formation of tropospheric O3, (which is the third most important GHG), (b) a decrease of CH4 and (c) the formation of 
nitrate aerosols. Aerosol formation affects radiative forcing, as nitrogen-containing aerosols have a direct cooling effect in addition to 
an indirect cooling effect through cloud formation and (3) NH3 emission to the atmosphere which contributes to aerosol formation. The 
first process has a warming effect. The second has both a warming (as a GHG) and a cooling (through the formation of the OH radical 
in the troposphere which reacts with CH4, and through aerosol formation) effect. The net effect of all three NOx-related contributions is 
cooling. The third process has a cooling effect.

The most important processes causing an indirect link between anthropogenic Nr and climate change include: (1) 
 nitrogen-dependent changes in soil organic matter decomposition and hence CO2 emissions, affecting heterotrophic respiration; 
(2) alteration of the  biospheric CO2 sink due to increased supply of Nr. About half of the carbon that is emitted to the atmosphere is 
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Box 6.2, Figure 1 |  Anthropogenic reactive nitrogen (Nr) creation rates (in TgN yr–1) 
from fossil fuel burning (orange line), cultivation-induced biological nitrogen fixation 
(blue line), Haber–Bosch process (green line) and total creation (red line). Source: 
Galloway et al. (2003), Galloway et al. (2008). Note that updates are given in Table 
6.9. The only one with significant changes in the more recent literature is cultivation-
induced BNF) which Herridge et al. (2008) estimated to be 60 TgN yr–1. The data are 
only reported since 1850, as no published estimate is available since 1750.

(continued on next page)

Production of reactive nitrogen per source 
(IPCC, Chapter 6, 2014) 

modeling approach can be more effective and reliable 
in estimating magnitude and spatial and temporal 
patterns of terrestrial N2O emissions and quantify-
ing relative contributions of environmental drivers 
to N2O dynamics.

MAJOR CHARACTERISTICS OF PARTICI-
PATING MODELS. The N cycle in the Earth 
system involves complex biogeochemical processes, 
in which N is transformed into various chemical 
forms and circulates among the atmosphere, terres-
trial, and aquatic ecosystems. Important terrestrial 
processes in the N cycle include biological N fixation 
(BNF), mineralization (conversion of organic N to 
inorganic N during the processes of organic matter 
decomposition), immobilization (transformation 
of soil inorganic N to organic N), volatilization 
(transformation of soil ammonium N to ammonia 
gas), nitrification (transformation of ammonium 
N to nitrate and nitrite N), denitrification (the 
process of nitrate/nitrite reduction by microbial 
activities), plant uptake from soil, resorption by 
living plant organs, adsorption and desorption by 

soil mineral particles, and N leaching from soil to 
aquatic systems. The modeled N processes include 
N transformation between organic and inorganic 
forms and movements among atmosphere, vegeta-
tion, soil, and riverine systems. Although N processes 
are tightly coupled with carbon processes in soil and 
vegetation, the greater variability in N processes 
compared to C processes makes it more difficult to 
simulate N cycling. At the current stage, the NMIP 
has included 10 ecosystem models with explicit ter-
restrial N cycling processes (Table 2; Fig. 1). Nine 
models [DLEM, LM3V-N, ORCHIDEE, ORCHIDEE 
with nitrogen and phosphorous cycles (ORCHIDEE-
CNP), O-CN, Lund–Potsdam–Jena General Ecosys-
tem Simulator (LPJ-GUESS), LPX-Bern, TRIPLEX-
GHG, and vegetation-integrated simulator for trace 
gases (VISIT)] are capable of simulating N2O emis-
sions from both natural and agriculture ecosystems, 
while one model (CLM-CN) only simulates N2O 
emissions from natural vegetation. The biophysical 
processes (such as canopy structure, albedo, and 
evapotranspiration), biogeochemical processes (such 
as decomposition and denitrification), and N input 

FIG. 3. Spatial distribution of (a),(d),(g),(j) N deposition (g N m–2 yr–1); (b),(e),(h),(k) N fertilizer application 
(g N m–2 cropland yr–1); and (c),(f),(i),(l) manure N production (g N m–2 yr–1) in (first row) 1860, (second row) 
1900, (third row) 1950, and (fourth row) 2015.
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are tightly coupled with carbon processes in soil and 
vegetation, the greater variability in N processes 
compared to C processes makes it more difficult to 
simulate N cycling. At the current stage, the NMIP 
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with nitrogen and phosphorous cycles (ORCHIDEE-
CNP), O-CN, Lund–Potsdam–Jena General Ecosys-
tem Simulator (LPJ-GUESS), LPX-Bern, TRIPLEX-
GHG, and vegetation-integrated simulator for trace 
gases (VISIT)] are capable of simulating N2O emis-
sions from both natural and agriculture ecosystems, 
while one model (CLM-CN) only simulates N2O 
emissions from natural vegetation. The biophysical 
processes (such as canopy structure, albedo, and 
evapotranspiration), biogeochemical processes (such 
as decomposition and denitrification), and N input 
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ORCHIDEE-CN version 

•  Inclusion of the features from OCN (Zaehle & Friend, 2010) 
–  N cycle 
–  C/N interactions 
–  Allocation scheme with short- / long-term reserve pool 

•  ... Into the trunk version of ORCHIDEE (Peylin et al., in 
prep.) 
–  New hydrological scheme : 11-layeer, 2m depth, accounts for deep 

drainage 
–  New snow model and soil freezing process  
–  New background albedo based on MODIS data 
–  New parameterization of the roughness length 
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C & N land interactions 

Sönke Zaehle LSCE Seminar 2 / 25
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From Thornton et al., 2009 

N deposition  
N fertilisers 



3èmes Journées de Modélisation des Surfaces Continentales 
14 -15 Novembre 2019, Paris 

•  Based on Farquahr model 
•  Vcmax : photosynthetic capacity (µmol 

CO2 m-2 s-1) 
 

 
Vcmax = NUE x NL 
 
with NUE the Nitrogen Use Efficiency 
(PFT-dependant) 
and NL the leaf N content (gN m-2

[leaf]) 

Photosynthesis scheme 
  

  Vmax vs. Leaf N content 

Kattge et al. (2009) 
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Leaf C/N ratio 

•  A key variable of the N-version 
•  Varies across two constrained boundaries : CNleaf,min and CNleaf,max 
•  C/N allocation 

 
•  Plant uptake 

CNmin 
(high N) 

CNmax 
(low N) 

Nreserve > Nalloc 
needed  
for maintaining CN ì  

leaf N 
content 

f (CNleaf , Nmin , temp, root biomass) 
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Questions 

①  How does the N-version perform @ site level and @ 
global-scale ? 

②  Does it increase the model predictive skill at simulating 
GPP fluxes at site and the inter-site differences ? 

③  How does it change the modelled GPP response to 
elevated CO2 ? 

④  What has been the contribution of the C/N interactions on 
the GPP evolution over the 20th century ? 
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Model evaluation @ fluxnet sites 1 
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Model evaluation @ global scale 1 



3èmes Journées de Modélisation des Surfaces Continentales 
14 -15 Novembre 2019, Paris 

CNleaf variations over time and across site 

CNfix-time configuration 
 
CNfix-timePFT configuration 
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Does it improve the predictive skill ? 2 
Mean Square Error of Daily GPP flux 
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GPP response to eCO2 3 

Mean increase compared to present-day  
90% under CNfix 
50% under CNdyn 
 



3èmes Journées de Modélisation des Surfaces Continentales 
14 -15 Novembre 2019, Paris 

Impact on Water Use Efficiency 3 
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Drivers of the GPP 

•  Based on the NMIP 
protocol (N2O Model 
Intercomparison 
Project) 

 

CLIMATE CO2 

N DEPOSITION LAND COVER 

SYNTH. FERTILISERS ORG. FERTILISERS 

From Tian et al., 2018 
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Role of the C/N interactions on GPP 

•  Additive scenarios 

From Tian et al., 2018 
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Role of the C/N interactions on GPP 4 

CN dyn 
Clim + LUC + CO2 

CN dyn 
Clim + LUC + CO2 + 
N input 

CN fix – 1850 
Clim + LUC + CO2 
 

Mean increase compared to preindustrial era  
~ 25% without N inputs increase, with C/N interactions 
~ 50% with N inputs, with C/N interactions 
~ 50% with CN fixed to pre-industrial values (= no C/N interactions) 
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Role of the C/N interactions on GPP 4 

CN dyn 
Clim + LUC + CO2 

CN dyn 
Clim + LUC + CO2 + 
N input 

CN fix – 1850 
Clim + LUC + CO2 
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Summary 

•  Overall good performances at simulating GPP fluxes at site-level 
and globally 

•  Accounting for C/N interactions does not substantially improve the 
predictive skill of the model for present-day conditions 

•  The GPP response to elevated-CO2 is significantly different 
across model configurations (w and wo C/N) 

•  Over the historical period, N acted as a factor limiting GPP 
increase over forests, while it fostered the GPP increase over 
grass- and croplands 


