
K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

Nitrogen Cycling
and

Soil modeling

Klaus Butterbach-Bahl
Institute for Meteorology and Climate Research

Garmisch-Partenkirchen, Germany



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

N Fertilizer 
Produced

100

The fate of nitrogen



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

N Fertilizer 
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Consumed

100 14

14% of the N produced in the Haber-Bosch process enters the
human mouth……….

Galloway JN and Cowling EB. 2002

The fate of nitrogen
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N Fertilizer 
Produced

N Fertilizer 
Consumed

N 
in Crop

N 
Harvested

N
in Food

N
Consumed

-6 -47 -12

100 144794 2631

-5-16

14% of the N produced in the Haber-Bosch process enters the
human mouth……….if you are a vegetarian.

Galloway JN and Cowling EB. 2002

The fate of nitrogen
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Global human population and meat production
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Poultry density
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N Fertilizer 
Produced

N Fertilizer 
Applied

N 
in Crop

N 
In Feed

N
in Store

N
Consumed

-6 -47 -3

100 44794 731

-24-16

4% of the N produced in the Haber-Bosch process and 
used for animal production enters the human mouth.

Galloway JN and Cowling EB. 2002

The fate of nitrogen
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The global nitrogen cycle
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Nr creation 1995 (left) and 2050 (right) [Tg N yr-1]
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Nr creation 1995 (left) and 2050 (right) [Tg N yr-1]
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Hours days Weeks months years decades centuries

materials
climate change

Vegetation changes
soil processes

forest ecosystem 
health

soil nutrient reserves

Carbon sequestration

air concentrations
visibility

Deposition
health (acute) health (chronic)

aquatic (episodic) aquatic (chronic)
plant responses

Ecological and social consequences of Nr
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The Nr cascade
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Increase in nitrogen flows in rivers
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Nr deposition in 1860 and 1993 [mg m-2 yr-1]
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Nr deposition in 1860 and 1993 [mg m-2 yr-1]



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

0

N-mineralization

N-inputs
Nitrification

NO3
--leaching

N2O- + NO-
emission

R
el

at
iv

e 
U

ni
ts

Stage    0                       1                          2   3
Additions begin Saturation Decline

R
el

at
iv

e 
U

ni
ts

Stage    0                       1                          2   3
Additions begin Saturation Decline

0

NPP

Foliar Biomass

Nitrate assimilation

Fine root mass

Foliar N-conc.

Aber et al., 1998, 
BioScience 48, 921-934

Nr deposition and forest ecosystem health
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Closed nutrient cycles

Man labor

Intensive agriculture

Industrialisation

Historical development
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The Global Nitrogen Budget in 1860 and mid-1990s, TgN/yr



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

Soils as principal receptors and transformators of Nr
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Seitzinger et al., 2006, Ecol. Applic., 16
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N2O

IPCC 2007



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

Industrial sources

Agriculture, forests, ozeans

Soils: 60-70%

N2O

Atmospheric N2O concentrations
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N2O-sources 

Relative 
contribution to 
all identified 
sources [%] 

 
 

Tg (1012 g) N2O-N a-1 

Natural N2O sources    
Ocean 18.5 3.0 (1.0-5.0) 
Tropical soils    
 Wet forests 18.5 3.0 (2.2-3.7) 
 Dry savannas 6.2 1.0 (0.5-2.0) 
Temperate soils    
 Forests 6.2 1.0 (0.1-2.0) 
 Grasslands 6.2 1.0 (0.5-2.0) 
    
Anthropogenic N2O 
sources 

   

Agricultural soils 20.4 3.3 (0.6-14.8) 
Biomass burning 3.1 0.5 (0.2-1.0) 
Industrial sources 8.0 1.3 (0.7-1.8) 
Cattle and feedlots 13.0 2.1 (0.6-3.1) 
    
Total N2O sources  16.2 (6.4-34.4) 
    
N2O sinks and atmospheric increase   
Stratospheric destruction 12.3 (9.0-16.0) 
Removal by soil microbes ? (?) 
Atmospheric increase  3.9 (3.1-4.7) 
 

IPCC 2001, 2007

Sources and sinks of N2O
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The effect of N on the GHG balance
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The effect of N on the GHG balance
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Complexity of Nr reactions in soils
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Nitrification

NH4
+→NH2OH →NO2

- →NO3
- NO3

-

NO N2O

Denitrification

NO3
-→NO2

- → NO → N2O →N2

N2ONO

N2NH4
+

Plant and microbial
uptake/immobilisation/

conversion

Davidson et al., 1993, 2000

N trace gas emission =
• Rate or mass flow through the pipes
• Leaks through holes

N trace gas production in soils
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In addition, e.g.:
- microbial community
- soil pH

Controlling factors of N trace gas production in soils
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N trace gases and ecosystem N cycling
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Detailed C and N ecosystem model!

model descriptions: e.g. Li et al. ,2000 / Li 2000
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respirationdeath
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C, N limitation
Temperature,
Moisture, etc

Plant residues
C
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decomposition

Double lines show carbon mass flows and dashed lines show influences 
described in model

Modeling C mineralisation
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Modeling N turnover and microbial biomass dynamics
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Anaerobic balloon
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denitrification

CH4-production
CO2
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anaerobic soil matrix

CH4-consumption
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NO3
- → NO2

- → NO → N2O → N2

NO3
- NO2
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NO
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aerobic soil matrix

Anaerobic balloon
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Dominant oxidant  Eh (mV)  Reactions  

650
Oxygen (O2) CH2O + O2 = CO2 + H2O

CH4 + 2O2 = CO2 + 2H2O
NH4

*+ 2O2 = NO3
- + 2H+ + H2O

500
Nitrate (NO3

-)
Nitrite (NO2

-)
Nitric oxide (NO)
Nitrous oxide (N2O)

200
Manganese (Mn4+) Mn4+ + 2e- = Mn2+

100
Iron (Fe3+) Fe3+ + e- = Fe2+

0
Sulfate (SO4

2-) SO4
2- + 10H + 8e- = H2S + 4H2O

-150
Hydrogen (H2) 4H2 + CO2 = CH4 + 2H2O

-350

NO3
- → NO2

- → NO → N2O → N2

Anaerobic balloon
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Li et al., 2005,Glob.Biogeochem. Cycl.

Model evaluation:  N2Oand CH4 exchange in rice paddies
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Model evaluation: forest growth
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Model evaluation: soil water
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Model evaluation: Nitrate leaching
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Testing the DNDC model for simulating SOC dynamics
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Testing the DNDC model for N2O emissions
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Testing the DNDC model for NO emissions
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Simulated forest area of Europe: 1 410 477km2

248
220
254

98
85
99

45
38
45

1990
1995
2000

Maximum 
Scenario
kt N a-1

Average
Scenario
kt N a-1

Minimum 
Scenario
kt N a-1

NO 
Emissions

Inventorying soil N trace gas fluxes and identifying feedbacks

-50 -20 -10 0 10 20 50

-40

-30

-20

-10

0

10

20

30

40

50

 

 

R
el

at
iv

e 
ch

an
ge

 in
 N

2O
 a

nd
 N

O
 e

m
is

si
on

s 
[%

]

N Deposition change in %

 N2O
 NO

Kesik et al., 2006; Biogeosciences



K. Butterbach-Bahl | IMK-IFU | March 2008

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

Background +
Fertilizer loss (2.5%) +

Temperature effects (3 classes) +
Pulse emissions (4 classes) =

__________________________

NO emissions (daily)

Background +
Fertilizer loss (0.3%) =

__________________________

NO emissions (annual)

Simple versus complex

Butterbach-Bahl et al., 2008; Atm. Environm.
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Agriculture Forests

Simple versus complex – daily patterns

Butterbach-Bahl et al., 2008; Atm. Environm
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Soil agricultural NOx Emissions are contributing in average for

entire Europe up to 10% to the tropospheric NOx burden

Soil sources versus industrial sources

Butterbach-Bahl et al., 2008; Atm. Environm
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The future:

• Improved understanding of global change feedbacks on C and N cycling

• Getting more complex?

• Linking with hydrology

• Development towards a regional earth system model
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