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Ross Salawitch 

Class Web Site: http://www.atmos.umd.edu/~rjs/class/spr2015

Lecture 06
12 February 2015

Biogeochemical Cycles of Methane and Nitrous Oxide
AOSC 433/633 & CHEM 433/633

Goals :
• CH4

− sources and sinks
− lifetime
− human influence

• N2O
− sources and sinks

• Connection of CH4 and N2O to stratospheric O3

http://www.atmos.umd.edu/%7Erjs/class/spr2013
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Group Quiz #2

If the mass of the atmosphere equals 5.27 × 1021 gm

if 1 ton = 106 gm  , if the mean atomic weight of air is 28.8 gm / mole, 

and if the rise in CO2 MR between years 1959 to 2012 was 82.5 ppm

then how much did the mass of carbon (C, atomic weight 12) in the atmosphere rise between 
these years, in units of Gt C (gigatons of C or 109 tons of C) ?

∆ mass of C = 82.5 ppm (10–6 / ppm) × 5.27 × 1021gm × (12 gm C/mole / 28.8 gm/mole)
= 1.81 × 1016 gm C
= 1.81 × 1017gm C × 10–6 ton/gm
= 1.81 × 1011 tons C
= 181 × 109 tons C  = 181 Gt C



3Copyright © 2015 University of Maryland. 
This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch.

Radiative Forcing of Climate, 1750 to 2005

CH4 & N2O have contributed
about 38% of the RF of CO2



CO2, CH4 & N2O time series
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What do these time series resemble ?

IPCC 2007 FAQ



CO2, CH4 & N2O time series
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 RCP: Representative Concentration Pathway
Integer represents W m−2 RF of climate that occurs at end of this century, for each scenario

 Mixing ratio time series for GHGs CO2, CH4, N2O as well as CFCs, HCFCs, & HFCs      
provided to climate model groups

Figure courtesy Austin Hope
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CO2, CH4, N2O, & CFC-12

Chapter 3, Chemistry in Context

Chapter 3, Chemistry in Context
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CH4 & N2O

IPCC (2007)

IPCC (2013) raises GWP of CH4, lowers GWP of N2O, and adds complexity of another GWP found upon
consideration of Carbon Cycle Feedback

cc fb  Carbon Cycle Feedback
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CH4 is the most reduced form of carbon

CO2
Carbon dioxide

+4

CO
Carbon Monoxide

CH2O
Formaldehyde

CH4
Methane

+20-4

CO2
Carbon dioxide

+4

CO
Carbon Monoxide

CH2O
Formaldehyde

CH4
Methane

+20-4

Decreasing oxidation number (reduction reactions)Decreasing oxidation number (reduction reactions)

Increasing oxidation number (oxidation reactions)Increasing oxidation number (oxidation reactions)

Oxidation state represents number of electrons:
added to an element (negative #) or removed from an element (positive #)

C in CH4: has received an electron from each H atom.
All electrons are paired compound relatively stable

C in CO2: has donated two electrons to each oxygen atom,
completing L shell & resulting in electron configuration
analogous to helium
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Atmospheric Time Series of CH4 – Recent Data

Nisbet et al., Science, 2014.
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Biological Production of CH4

Warneck, Chemistry of the Natural Atmosphere, 2000

CH4 produced by “methanogenic” bacteria:
• grow only in low O2 environments
• fermentation of cellulose and other organic material
• swamps, marshes, rice paddy fields
• rumina of cows and sheep.
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Biological Production of CH4

Frankenberg et al., JGR, 2006

MAM: March, April, & May
SCIAMACHY: SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY

European satellite instrument, operated from March 2002 to April 2012.
TM4: Global chemistry–transport model driven by observed winds, precipitation, and EDGAR version 3.2

emissions inventory

The most pronounced feature we observe is due to the temporal variation of methane emissions from rice paddies in
Southeast Asia with typical maxima from August through October, resulting in higher VMRs in the periods June–
August and September–November … In Africa, the highest methane abundances are situated towards the south in
Dec/Jan/Feb, while they are strongest and situated further northward in Sep/Oct/Nov. This, on the whole,
corresponds well to the temporal evolution and spatial distribution of wetland emissions
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Sources and Sinks of CH4

Evans, New Phytologist, 2007.

Human



CH4 versus time, past millennia
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What was the mixing ratio of CH4 about 1000 years ago?

Fig 3.6, Houghton
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Sources and Sinks of CH4

Chapter 3, Global Warming, Houghton
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Latitudinal Distribution of CH4

Warneck, Chemistry of the
Natural Atmosphere, 2000

A nice animation of CH4 vs latitude, as time evolves, is at
http://www.esrl.noaa.gov/gmd/ccgg/globalview/ch4/ch4_intro.html

http://www.esrl.noaa.gov/gmd/ccgg/globalview/ch4/ch4_intro.html
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CH4 is lost by reaction with OH

CH4 + OH → H2O + CH3

4
4

CH Production  Loss = Production  [OH][CH ]d k
dt

  = − −   

12 1775 / 3 12.45 10  cm  secTk e− −   − = × ×

Arrhenius  Expression for rate constant:

4
4

4

[CH ]Abundance 1Lifetime of CH
Loss [OH][CH ] [OH]k k

   =  =  = 
 

Commonly T = 272 K and [OH] = 1 × 106 molec cm−3 are used (see Box 1-3 of 
http://www.unep.ch/ozone/Assessment_Panels/SAP/Scientific_Assessment_2010/03-Chapter_1.pdf)
yielding :

http://www.unep.ch/ozone/Assessment_Panels/SAP/Scientific_Assessment_2010/03-Chapter_1.pdf
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Ozone Depletion and Halocarbons
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CH3CCl3 (methyl chloroform) is lost by reaction with OH 
& its atmospheric abundance / industrial production are well known

CH3CCl3 + OH → CH2CCl3+H2O

3 3
3 3

CH CCl Production  Loss = Production  [OH][CH CCl ]d k
dt

  = − −   

WMO/UNEP (2014) WMO/UNEP (2014)

http://www.esrl.noaa.gov/csd/assessments/ozone/2014/chapters/chapter1_2014OzoneAssessment.pdf

The global average OH concentration, 9.4 ± 1.3 ×105 molec cm−3, for observations obtained from 1978 to 2000, does not 
vary statistically from that derived by us earlier for the 1978 to 1994 period 9.7 ± 1.3 ×105 molec cm−3

Prinn et al., Science, 2001 

http://www.esrl.noaa.gov/csd/assessments/ozone/2014/chapters/chapter1_2014OzoneAssessment.pdf
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So Why Do Both Readings Give a Lifetime for CH4 of 12 Years?

http://www.grida.no/publications/other/ipcc%5Ftar/?src=/climate/ipcc_tar/wg1/134.htm

http://www.grida.no/publications/other/ipcc_tar/?src=/climate/ipcc_tar/wg1/134.htm
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CH4 and Stratospheric Ozone

Computer models project stratospheric column O3 will increase as CH4 rises
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Stratospheric O3 difference in the 2090s found for a computer simulation run
using CH4 from RCP 8.5 minus that of a simulation using CH4 from RCP 2.6

Revell et al., ACP, 2012

Rising CH4 leads to:
a) ozone loss in the upper stratosphere by increasing the speed of OH and HO2 (HOx) mediated loss cycles.
b) a cooler stratosphere, slowing the rate of all ozone loss cycles.
c) speeds up the rate of Cl+CH4, shifting chlorine from ClO into HCl
d) more HO2 in the lowermost stratosphere where there is sufficient CO to result in O3 production by smog chemistry
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Atmospheric CH4 and Energy from Gas, Rice, Cattle Trends

Data from http://cdiac.ornl.gov/ftp/trends/atm_meth
NOAA ESRL

Data from http://faostat.fao.org

Data from http://cdiac.ornl.gov

Ice Cores →

↑
Modern

Air

http://www.esrl.noaa.gov/gmd/obop/mlo/programs/esrl/methane/methane.html

http://cdiac.ornl.gov/ftp/trends/atm_meth
http://faostat.fao.org/
http://cdiac.ornl.gov/
http://www.esrl.noaa.gov/gmd/obop/mlo/programs/esrl/methane/methane.html
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Recent trends in CH4

These papers offer conflicting views on the cause of the leveling off of 
methane:

• Aydin et al. (Nature, 2011) suggest “rising economic value of natural gas”
and “development of cleaner technologies” have led to a sharp decline in
unintentional release of CH4 by the petroleum industry, based on the
temporal evolution of CH4 and ethane (C2H6)

• Kai et al. (Nature, 2011) suggest changes in agricultural practices,  
particularly in China, including new high yield rice species, use of more    
fertilizer, and most importantly shorter water inundation periods have led 
to a sharp decline in microbial release of CH4, based on the temporal 
evolution of the isotopic composition of CH4



Fracking
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http://www.eia.gov/forecasts/aeo/mt_naturalgas.cfm

CH4 (or natural gas) production
from fracking

Airborne measurements by Karion et al. GRL 2013 over Utah indicate
fugitive CH4 emission is ~9 % of average hourly CH4 production

Surface measurements at 190 onshore natural gas sites by Allen et al. PNAS 2013 show
fugitive CH4 emission is ~0.42 % of gross CH4 production
Break even point for “climate”  is  _____  ?  (Problem Set #1)

http://www.eia.gov/forecasts/aeo/mt_naturalgas.cfm


Four Corners 
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 Box shows major hot spot for CH4 emissions, 2003 to 2009 from SCIAMACHY
 Likely source is leakage from CH4 extracted from coal
 About 10% of the total US CH4 emissions estimated by EPA inventory, that does

not consider this source
Kort et al., GRL, 2014.
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CH4 Hydrates and Permafrost

Chapter 3, Chemistry in Context

There is concern that melting of the surface in the Northern latitudes might trigger a massive 
release of methane into the atmosphere … there is geological evidence that such a release has
occurred in the past, and led to higher global temperatures.

Schematic depicting future of CH4 emissions from 
northern lakes, as the north changes from a permafrost-
rich landscape to a landscape free of surface permafrost.

Methane is also released from the oceans, where a
substantial amount of it appears to be trapped in cages
made of water molecules.  Such deposits are known
as methane hydrates.  Australia’s CSIRO has been
taking a series of ocean core measurements to gather
evidence about methane hydrates and their role in
global warming.
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Nitrous Oxide: N2O

N2O Lifetime ≈ 120 yrs
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Oxidation state represents number of electrons:
added to an element (negative #) or removed from an element (positive #)
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NO3

-
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NO2
Nitrogen 
dioxide

+4

HONO
Nitrous acid
NO2

-
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NO
Nitric 
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-
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Decreasing oxidation number (reduction reactions)Decreasing oxidation number (reduction reactions)

Increasing oxidation number (oxidation reactions)Increasing oxidation number (oxidation reactions)

See http://guweb2.gonzaga.edu/faculty/cronk/chemistry/L00-index.cfm?L00resource=Lewis_structures
for Lewis Dot Structure of N2O … please note we will not ask questions

about Lewis Dot Structures on exams !

http://guweb2.gonzaga.edu/faculty/cronk/chemistry/L00-index.cfm?L00resource=Lewis_structures
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Sources and Sinks of N2O

Chapter 7, IPCC 2007

http://www.esrl.noaa.gov/gmd/hats/combined/N2O.html

http://www.esrl.noaa.gov/gmd/hats/combined/N2O.html
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The Nitrogen Cycle

Chapter 6, Chemistry in Context

Haber-Bosch: N2(gas) + 3 H2 (gas) → 2 NH3 (gas)
Led to large scale, economical production of ammonia based fertilizer
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The Nitrogen Cycle

Chapter 6, Chemistry in Context

The reactive forms of nitrogen in this cycle continuously change chemical forms.  Thus,
the ammonia that starts out as fertilizer may end up as NO, in turn increasing the acidity

of the atmosphere.  Or the NO may end up as N2O, a GHG that is currently rising.
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Chapter 6, WMO 1998 Ozone
Assessment Report.

N2O and NOy

Loss of N2O occurs mainly in the stratosphere, due to: 
photolysis − main sink
reaction with electronically excited O(1D) − minor sink

Minor sink for N2O loss has a path that results in “fixed 
nitrogen”:

N2O + O(1D)       NO + NO

This is critical: source of stratospheric total fixed
nitrogen (NOy) is crucial to stratospheric chemistry

We’ll later see that nitrogen oxides catalyze loss of O3 &
participate in a series of chemical reactions that
affect partitioning of chlorine radicals, etc.

Minschwaner, Salawitch, and McElroy, JGR, 1993
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N2O and Stratospheric Ozone

Computer models project stratospheric column O3 will decline as N2O rises
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Stratospheric O3 difference in the 2090s found for a computer simulation run
using N2O from RCP 8.5 minus that of a simulation using N2O from RCP 2.6

Revell et al., ACP, 2012

Rising N2O leads to:
a) ozone loss in the middle & upper stratosphere by increasing the speed of NO and NO2 (NOx) mediated loss cycles.

b) speeds up the rate of OH+NO2+M→HNO3 & ClO+NO2+M→ ClNO3+M in the lowermost stratosphere, leading to
slower ozone loss by these cycles & less O3 where these cycles dominate total loss of O3
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Nitrous Oxide (N2O): The Dominant Ozone-Depleting Substance
[to be] Emitted in the 21st Century

http://www.sciencemag.org/content/326/5949/123.full

http://www.sciencemag.org/content/326/5949/123.full
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Future ODP of N2O depends on CH4 & CO2

From “The Changing Ozone Depletion Potential of N2O in a Future Climate”, Revell et al.,
Nature Climate Change, submitted 9 Feb 2015. 

ODP of N2O in year 2100 found by a Swiss three dimensional,
chemistry climate model called SOCOL (Solar Climate Ozone Links)
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