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Atmospheric GHG measurement

• Why measuring atmospheric GHG composition?
• Stable isotopes
• Ppm vs umolmol-1
• GC/MS
• Optical methods: NDIR, CRDS
• calibration and the WMO scale
• 14C
• Mobile measurements
• Ground base remote sensing
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Svante Arrhenius
Doubling of CO2 = +5°C global T
Arrhenius, 1896



Are there meaningful variations in atmospheric CO2?

Charles Keeling and CO2



Mauna Loa, Hawaii, 1958…



britannica







http://www.ces.fau.edu/nasa/module-2/how-greenhouse-
effect-works.php











Concordia, Antartica





Jouzel et al., 2013

Jouzel et al., 2013



Perturbation of the global carbon cycle caused by anthropogenic activities,
averaged globally for the decade 2010–2019 (GtCO2/yr)

GCP 2020



Global carbon budget

Carbon emissions are partitioned among the atmosphere and carbon sinks on land and in the ocean
The “imbalance” between total emissions and total sinks is an active area of research

Source: Friedlingstein et al 2020; Global Carbon Budget 2020
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https://doi.org/10.5194/essd-12-3269-2020
http://www.globalcarbonproject.org/carbonbudget/


Global fossil CO2 emissions: 34.8 ± 2 GtCO2 in 2020, 53% over 1990
Projection for 2021: 36.4 ± 2 GtCO2, 4.9% [4.1%–5.7%] higher than 2020

The 2021 projection is based on preliminary data and modelling.
Source: Friedlingstein et al 2021; Global Carbon Project 2021

Global Fossil CO2 Emissions

Uncertainty is ±5% for 
one standard deviation 

(IPCC “likely” range)

https://essd.copernicus.org/preprints/essd-2021-386/
http://www.globalcarbonproject.org/carbonbudget/


Source: Le Quéré et al 2020; https://www.icos-cp.eu/gcp-covid19

UEA Projection: Overall impact of COVID-19 on regional emissions

While China’s emissions declined strongly during February, 
emissions declines in the rest of the world reached their peaks in April.

https://doi.org/10.1038/s41558-020-0797-x
https://www.icos-cp.eu/gcp-covid19


Fossil CO2 Emissions by source

Share of global fossil CO2 emissions in 2020: coal (40%), oil (32%), gas (21%), cement (5%), flaring and others (2%, not shown)
Projection by fuel type is based on monthly data (GCP analysis)

Source: Friedlingstein et al 2021; Global Carbon Project 2021

https://essd.copernicus.org/preprints/essd-2021-386/
http://www.globalcarbonproject.org/carbonbudget/




Crill & Thornton 2017 



Sector by sector
potential for 
emission
reduction

Ocko et al., ERL 2021



Prinn & Weiss 2011



CFC-11 emissions from atmospheric
observations

Montzka et al., 2018



Satellite remote sensing: 
Vertical column Global coverage 

medium accuracy

UAV, aircores
Vertical sampling 

medium-high accuracy
Spatial variability

Masts, Tall towers:
Permanent 
monitoring

High accuracy
Multispecies

Ground based remote sensing:
Permanent monitoring

Good accuracy
Satellite calibration

Eddy covariance:
“Direct” 

measurement of 
local fluxes

J.-D. Paris, LSCE



Atmospheric GHG measurement

• Why measuring atmospheric GHG composition?
• Stable isotopes and tracers
• Ppm vs umolmol-1
• GC/MS
• Optical methods: NDIR, CRDS
• calibration and the WMO scale
• 14C
• Mobile measurements
• Ground base remote sensing





C isotopes of CO2

CO2 Pool Δ14C Value
(‰)

δ13C Value
(‰)

Fossil Fuels -1,000 -28
Terrestrial
Biosphere

+45 -26

Ocean +45 -10
Atmosphere +45 -8





Quay et al., 1999; Whiiticar 2019
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Ethane measurements - context

Turner et al., 2018

C2H6/CH4 mole ratio
• 0.1 raw natural gas
• 0.04 processed/refined 

natural gas
Lopez et al.,2017
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Units and conventions

• ‘ppm’ is more rigorously expressed as ‘µmol mol-1’
• ‘concentration’ vs ‘mole fraction’
• 1 ppb = 10-3 ppm
• 1 ppm of atmosphere CO2 = 2.13 Gt C

• (Uses atmospheric mass (Ma) = 5.137 × 1018 kg)

• 1 mole CO2 = 44.009 g CO2 = 12.011 g C
• 1 g C = 0.083 mole CO2 = 3.664 g CO2

• 1 GtC = 1 PgC = 1015gC
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Flask samplers



Gas chromatography Vaporized sample passes through a column, 
carried along by a continuous flow of nonreactive
gas. 
Components of the sample pass through the 
column at different rates, depending on their
chemical and physical properties and the 
resulting interactions with the column lining or 
filling, called the stationary phase. 
As the chemicals exit the end of the column, they
are detected and identified electronically.



Pepin et al., 2001

GC schematics at LSCE



Mass spectrometry
• MS converts molecules to ions and 

accelerates them by external electric and 
magnetic fields. The three essential 
functions of a mass spectrometer, and 
the associated components, are:

• 1. Ionize a small sample. graphite targets
are bombarded with cesium atoms to 
produce negatively charged ions of 
carbon.

• 2. Sort and separate ions according to 
their mass and charge.  A magnet deflects
the ions on a different trajectory, 
depending on their mass

• 3. Measure the separated ions





Atmospheric GHG measurement

• Why measuring atmospheric GHG composition?
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• 14C
• Vertical measurements
• Mobile measurements
• Ground base remote sensing



GHG absorption bands in the EM spectrum



• Fourier Transform IR (FTIR): Infrared light from the light 
source passes through a Michelson interferometer along
the optical path. The Michelson interferometer comprises 
a beam splitter, moving mirror, and fixed mirror. The light 
beam split into two by the beam splitter is reflected from
both mirrors, before being recombined by the beam
splitter. The intensity of the interference light is recorded
in an interferogram, with the optical path difference
recorded along the horizontal axis.



• Tunable Diode Laser Spectroscopy (TDLAS): 
The laser source comes from a diode, 
which induces a low spectral width, 
stability, compactness and ability to 
operate at ambient temperature. In 
addition to concentration, the device is
also able to determine the temperature, 
pressure, velocity and mass flow of the 
observed gas



• Cavity Ring-Down Spectroscopy (CRDS): two or 
three highly reflective mirrors trap a light beam in 
the optical vessel/cavity, allowing light to resonate. 
After obtaining the resonance in the cavity, the 
laser is switched off to allow for the measurement 
of the time of exponential decay of the light 
intensity exiting the cavity, which provides 
information on the concentration of the gas to be 
measured. This principle of loading and then 
unloading the cavity is that of the PICARRO 
instruments



• Off-Axis Integrated Cavity Output Spectroscopy 
(OA–ICOS): technology patented by ABB (formerly 
Los Gatos Research) based on CRDS. In this case, 
the laser penetrates the optical cavity 
(measurement cell) at an off-axis angle. This 
eliminates limitations of previous optical methods 
(extreme alignment stability and laser wavelength 
locking) based on the resonance coupling of the 
laser, but maintains the long optical path 
(thousands of meters) for ultra-high sensitivity and 
detection accuracy



Atmospheric GHG measurement

• Why measuring atmospheric GHG composition?
• Stable isotopes
• Ppm vs umolmol-1
• GC/MS
• Optical methods: NDIR, CRDS
• Networks, calibration and the WMO scale
• 14C
• Vertical measurements
• Mobile measurements
• Ground base remote sensing



Integrated Carbon Observation System
q European Flagship Research Infrastructure - ICOS ERIC created 2015

• 16 European member countries
q ICOS Atmospheric Thematic Center at LSCE

• Internationally recognized metrology lab for GHG measurements
• Reference protocols for ICOS Atmosphere

q NRT data provision to Copernicus Atmosphere
q First ICOS data release (atm) in summer 2018: 11 sites contributing, 

• 26 sites in R2020-1 (septembre)
q France/LSCE : One of the largest national atmospheric network in Europe



ICOS Atmospheric station:
Mandatory and optional parameters

Yver et al., 2020



Near real time concentrations





Precision vs accuracy

Wikipedia

What matters most when comparing measurements made by different laboratories?
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Why ensure international standards for 
measurements?

Example: Using globally available atmos. data, estimated CO2 exchange erroneously 
increase for N America and decrease for Eurasia

when adding a positive hypothetical measurement bias in Wisconsin at LEF 
K. A. Masarie et al. (2011), J. Geophys. Res., 116, D17305.

N America

Eurasia

Too much
‘source’

Too much 
‘sink’

Bias @LEF
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https://www.esrl.noaa.gov/gmd/outreach/isotopes/c14tellsus.html
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Membrive et al., 2017 (AMT)

Aircore sampling principles





Mesure des profils verticaux de concentration de GES : le programme AirCore-France

© LMD/IPSL

AirCore
sous ballons 

météo.

• AirCore = échantillonneur atmosphérique sous ballon
- 2014: démarrage du projet au LMD (Crevoisier et al.)
- Depuis 2018 : lâchers depuis 4 sites en France coordonnés et analysés au LMD.
- Fev. 2020 : 100e vol AirCore-Fr !
- Dès 2021: lachers mensuels au passage de satellites à ASA et Reims

(Membrive et al., 2017)

Validation des colonnes 
mesurées depuis l’espace

Evaluation des modèles de chimie-
transport atmosphérique

© LMD/IPSL
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• Why measuring atmospheric GHG composition?
• Stable isotopes
• Ppm vs umolmol-1
• GC/MS
• Optical methods: NDIR, CRDS
• calibration and the WMO scale
• 14C
• Vertical measurements
• Mobile measurements
• Ground base remote sensing



LSCE aircraft measurement

• Piper Aztec ~monthly candle
profiles up to 3km over ORL tall
tower (forest)
• Flask sampling + in situ (CONDOR, 

Picarro)

CO2 (CONDOR)



YAK-AEROSIB aircraft campaigns in Siberia

Paris et al., 2019Paris et al., Petaja et al., 2020

https://yak.aeris-data.fr



Extreme pollutants and GHG 
concentrations in wildfire plumes
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T. Huyen Vu & JD Paris, 2020



Biogenic vs anthropogenic CH4 in 
the Arctic: longitudinal  gradient

Narbaud et al., ACPD 2022

Sept. 2020  campaign



Shipborne & airborne measurements.

• The Middle East region is poorly covered by current
networks

• What is the contribution from oil and gas sources?

Paris et al., 2019

AQABA campaign, 2017

Paris et al., 2019







Excess methane mainly from oil and gas in the Middle East
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Observational
approaches

5
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1

3

4

High-precision tall tower network & 14CO2
Roof- and street-level network
Tall eddy covariance towers
Ground-based total column network
Satellite-based total column observations 
Biogenic process studies

5
6

2
1

3
4

Pilot applications in urban landscapes (PAUL)
A response to the Green Deal H2020-LC-GD-2020
Lead: ICOS-ERIC 

Paris Munich

Zurich

ffCO2 Point sources
kg yr-1

ffCO2 Emissions
kg yr-1 m-2

10 high-precision sites
30 roof-level sensors

20 roof-level sensors
100 street-level sensors

20 roof-level sensors
60 street-level sensors



Impact of lockdown on measured emissions in Paris, France

Lian et al., 2022

Atmospheric CO2 monitoring over the Greater
Paris region + near-real-time emission inventory
+ atmospheric Bayesian inverse model. 
FFCO2 emissions : decreases by 42–53% during
the first lockdown with stringent measures and by 
only 20% during the second lockdown. 
Both reductions are mainly due to decreases in 
traffic.
Atmospheric CO2 monitoring makes it possible to 
identify significant emission changes (>20%) at 
subannual time scales over an urban region.



Verifying national emission 
inventories: the case of Cyprus

75

§ In Cyprus, 98% methane
emissions are from waste and
agriculture.
§ Mobile measurements
account for about 28% of total
CH4 emission in Cyprus.
§ Landfills: 160% higher than
inventory .
§ closed landfills may be a
significant, underestimated CH4
emission source.
§ Livestock (cattle): 40%
higher than inventory.
§ 21% uncertainty for mobile
emission estimates,

Liu et al. submitted to ERL



Imaging methane in the infrared

Galfalk et al., 2015



Mesure des sources de methane à l’echelle du site industriel

Shah et al.

Defratyka et al., subm.

Joly et al. (GSMA, Total)
AMULSE/AUSEA

MEMO2



Emission calculation – tracer diespersion method

• Mobile platform measures CH4 and tracer gas in the
same time (e.g. C2H2)

• Release tracer gas with known emission rate
• Assumption: the same emission way of the tracer gas

as CH4 (e.g. dispersion, chemical reaction)

Disadvantages ---
⁻ dependence on weather conditions & road access,
⁻ a snapshot in time – no temporal variation
⁻ Required access to the measured site

Advantages +++
₊ measurements of whole plume
₊ information about site’s total emssions
₊ visible wind influence for emission
₊ data can be used as improving input for models

The tracer ratio equation for CH4 source 

emission 𝑬𝒈𝒂𝒔 = 𝑬𝒕𝒓𝒂𝒄𝒆𝒓
𝑪𝒈𝒂𝒔
𝑪𝒕𝒓𝒂𝒄𝒆𝒓

S. Ars et al 2017 78S. Defratyka et al., 2020
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Emission calculation Gaussian plume model

Example of modelled CH4 concentration
Examples of modelled and 
observed CH4 – one plume crossing 

Model input: meteo data + known emission rate (e.g 1 g/s) 

Compare model results with observed concentration

Calculation emission rate from the source



Mapping methane sources in Paris

Defratyka et al., 2021

Ø Driving 720km in Paris and suburbs with in-situ optical analyzers
Ø Peak-based approach + isotopic signatures + hand-held sensor
Ø Identification of previously unquantified sources in Paris : sewage, 

furnaces
Ø Paris is in the lower range of known cities CH4 emission intensity
Ø But Paris CH4 represents mitigation options.



Yacovitch et al.



Ethane to methane ratio
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CH4 leak from the Nordstream
pipelines

Water depth: 55m
NS2 had 300Mm3 pressurized gas

Pressure drop in pipe from 105 to 7 bars
Ebullition diameter: up to 100m

Initial assessment (without atmospheric measurements): 
300-500ktCH4

Atmospheric data compatible with release of 
55-155 kt CH4

Largest single leak ever recorded



Large uncertainties on (natural) marine methane fluxes

Lambert & Schmidt 1993
Diffusive fluxes
3.5 Tg CH4 yr-1

Weber et al., 2019
Diffusive+bubbles fluxes

6-12 Tg CH4 yr-1

Etiope et al., 2019
Geological fluxes
3.9-9 Tg CH4 yr-1

Louis Netz, 2021 
rapport de stage

Marine seepages emit ~65 Tg of CH4/ yr in the water column
Marine sources release ~6 to 12 Tg of CH4/ yr (in a total source of 600 Tg CH4/yr, see e.g. Saunois et al., 2020)
Do we have sufficiently reliable measurements to ensure confidence in global estimates? How robust are
basin-scale estimates?



Weber et al., 2019

Marine methane emissions: main drivers



Revising East Siberian Arctic Shelf (ESAS) fluxes

Berchet et al., ACP 2016

• Subsea permafrost and hydrates in the ESAS 
constitute a large C pool, and a potentially
large source of CH4 to the atmosphere. 
Previous studies based on oceanographic
campaigns estimated ESAS emissions at 8–17 
TgCH4 yr−1. 

• Statistical analysis of high-resolution
simulations of atmospheric CH4 and 
continuous observations during 2012. indicates
annual CH4 emissions from ESAS range from
0.0 to 4.5 TgCH4 yr−1. 


