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Anthropogenic Perturbation of the Global Carbon Cycle

Perturbation of the global carbon cycle caused by anthropogenic activities, 

averaged globally for the decade 2002–2011 (PgC/yr)

Source: Le Quéré et al. 2012; Global Carbon Project 2012

http://www.earth-syst-sci-data-discuss.net/5/1107/2012
http://www.globalcarbonproject.org/carbonbudget/


Global Carbon Budget

Emissions to the atmosphere are balanced by the sinks

Averaged sinks since 1959: 44% atmosphere, 28% land, 28% ocean

The dashed land-use change line does not include management-climate interactions

The land sink was a source in 1987 and 1998 (1997 visible as an emission)

Source: Le Quéré et al. 2012; Global Carbon Project 2012

http://www.earth-syst-sci-data-discuss.net/5/1107/2012
http://www.globalcarbonproject.org/carbonbudget/


Fossil and Cement Emissions

Global fossil and cement emissions: 9.5±0.5PgC in 2011, 54% over 1990

Projection for 2012: 9.7±0.5PgC, 58% over 1990

Uncertainty is ±5% for one standard deviation (IPCC “likely” range)

Source: Peters et al. 2012a;  Le Quéré et al. 2012; CDIAC Data; Global Carbon Project 2012

Peters et al. 2012
http://www.earth-syst-sci-data-discuss.net/5/1107/2012
http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://www.globalcarbonproject.org/carbonbudget/


Total Global Emissions

Total global emissions: 10.4±0.7PgC in 2011, 37% over 1990

Percentage land-use change: 36% in 1960, 18% in 1990, 9% in 2011

Land-use change black line: Includes management-climate interactions

Source: Le Quéré et al. 2012; Global Carbon Project 2012

http://www.earth-syst-sci-data-discuss.net/5/1107/2012
http://www.globalcarbonproject.org/carbonbudget/
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Ad-hoc CBS-CIMO WIGOS Coordination 

Meeting

WMO/GAW Global CO2 Monitoring Network



WMO - CO2 GLOBAL DISTRIBUTION



http://www.esrl.noaa.gov/gmd/ccgg/globalview/images/gvco2_lg_movie.gif

NOAA GLOBALVIEW-CO2: Cooperative Atmospheric 
Data Integration Project



Atmospheric Concentration

The pre-industrial (1750) atmospheric concentration was 278ppm

This has increased to 390ppm in 2011, a 40% increase

“Seasonally corrected” is a moving average of seven adjacent seasonal cycles

Source: NOAA/ESRL; Global Carbon Project 2012

http://www.esrl.noaa.gov/gmd/ccgg/trends/global.html
http://www.globalcarbonproject.org/carbonbudget/
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EXPERT GROUP RECOMMENDATIONS 

 
EXPERT GROUP RECOMMENDATIONS FOR MEASUREMENTS OF CARBON DIOXIDE, 

OTHER GREENHOUSE GASES, AND RELATED TRACERS 

 
  

 The scientists present at the 17
th
 WMO/IAEA Meeting of Experts on Carbon Dioxide, Other 

Greenhouse Gases and Related Tracers Measurement Techniques (abbreviated as GGMT-2013), 

10-13 June 2013, in Beijing, China, recommend the following procedures and actions, to achieve 
the adopted WMO goals for GAW network compatibility among laboratories and central facilities as 

summarised in Table 1. These goals are motivated from the perspective of the required data 

quality and compatibility for interpretation of global or continental scale atmospheric data, obtained 
from different laboratories, and for example joint use in atmospheric transport model inversion 

studies. These compatibility goals should be reached in the respective specified mole fraction 

ranges observed in the global background troposphere and where calibration scales are well 

defined by the WMO/GAW Central Calibration Laboratories. 
  

 The use of terminology is based on standardized definitions as released by ISO 

(International Organization for Standardization; www.iso.org), in particular the Joint Committee for 
Guides in Metrology (JCGM) (for details see: http://www.iso.org/sites/JCGM/JCGM-

introduction.htm), and has been requested by GAW since WMO/GAW Report No. 142 (2001), 

"Strategy for the Implementation of the Global Atmosphere Watch Programme (2001 – 2007)" and 
highlighted further in the WMO/GAW Strategic Plan: 2008-2015 (WMO/GAW Report No. 172) and 

its Addendum (WMO/GAW Report No. 197). 

 

 Currently, some of the terms related to measurements as well as to Quality Assurance & 

Quality Control (QA/QC) in atmospheric science are used with different meanings and/or on the 

basis of different definitions. Since GAW is a participant in the Bureau International des Poids et 

Mesures (BIPM, web site www.bipm.org) the use of accepted terminology within GAW has become 
even more important.  

 

 A special explanation can be helpful here in the context of the transition from 
"comparability" to "compatibility". "Comparability" means that results (of different labs) are 

comparable i.e. can be compared. In a metrological sense this simply means that results have to 

be on the same scale to be compared. By consistent use of the same scale for the same 

compound (in all steps such as measurements, determination of corrections etc.), one will have 
comparability of results. "Compatibility", a property of a set of measurement results, means that 

results are compatible, within a specified numerical value. Metrologically this means (an 

oversimplification): the absolute value of the difference between any pair of measured values from 
two different measurement results is within a chosen value which does not have to be the same as 

the total combined uncertainty. For instance, the total combined uncertainty in two labs might be 

±0.1 permil (for example) and still results can be compatible within 0.01 permil. 

 
Definitions of terms concerning recommended ISO terminology are given in the 3rd edition 

of the VIM (http://www.bipm.org/en/publications/guides/vim.html). The reader is also referred to the 

ISO publication "Guide to the Expression of Uncertainty in Measurement" (GUM, 1995, and at 
http://www.bipm.org/en/publications/guides/gum.html). More explanations, particularly with respect 

to the transition from VIM2 to VIM3, are given in De Bièvre (2008). All GAW participants are 

strongly encouraged to take note of the ISO documents and consult the GAW glossary on Quality 
Assurance and Quality Control terms at http://gaw.empa.ch/glossary/glossary.html.  

 
 

 

The following definitions and units are used throughout this document: 

GGMT 2013 Technical Recommendations 
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SUMMARY OF PURPOSE: WHY WE NEED HIGH ACCURACY  
ATMOSPHERIC TRACE GAS MEASUREMENTS 

  

 The United Nations Framework Convention on Climate Change (UNFCCC), which has 

been signed by nearly all nations, requires signatories to assess greenhouse gas emissions. Three 
main objectives justify atmospheric observations:  

 

1.  To monitor atmospheric greenhouse gas burdens. 
2.  To quantify natural and anthropogenic emissions and removals of greenhouse gases 

(GHG), including attribution by region and by process, and to understand the 

controlling processes. 

3. To provide the basis for an independent "top-down" audit of the "bottom-up" UNFCCC 
emissions inventories. 

 

The changing global burden can be quantified most accurately and effectively by making well-

calibrated in-situ measurements and by collecting air samples at carefully chosen “baseline” (or 

“background”) sites. These are places with access to air that can represent large areas and where 

short-term variability due to nearby emissions/removals (also called sources/sinks) is minimal. 

Objectives 2 and 3 require a combination of high precision measurement, which includes both in-
situ instrumentation and flask samples, as well as remote sensing from the ground and perhaps 

also from satellite platforms, at many more locations.   

 
Long-term, high-quality in situ observations at the surface, on tall towers, aircraft, and balloons, are 

indispensable for reliable detection and quantification of long-term changes in GHG emissions and 

sinks. Modelling studies of these in situ measurements provide local, regional and global 
assessment of atmospheric emissions and removals by season, source type and location. These 

studies are further strengthened by remote sensing estimates of the total column by ground based 

spectrometers that measure absorption of solar radiation by specific gases. However, remote 

sensing GHG measurements cannot be calibrated because one cannot control the sample in the 
optical path, nor potential interferences. Therefore, the TCCON (Total Column Carbon Observatory 

Network) measurements should be regularly validated with calibrated in-situ measurements on 

aircraft of the partial column and with balloon launched AirCore flights (Karion, 2010), which collect 
a vertically resolved in-situ sample, also measured on calibrated instruments, through ~99% of the 

total column. TCCON also plays a crucial role in the validation of satellite-based remote sensing 

studies that are as yet developmental and of low precision, lack long-term continuity, and are 

subject to a number of biases, some known and probably several as yet unknown. They do not 

cover with sufficient accuracy the full suite of GHG and associated tracers defined by WMO/GAW, 

but they offer the prospect of dense global measurements, especially in the still-poorly measured 

tropical regions, which could greatly help global understanding.  

 

The scientific priorities for GHG study in Global Atmosphere Watch (GAW) are thus to sustain and 

enhance the global in situ measurement network, and simultaneously use it to improve and 
ground-truth developing satellite coverage (in collaboration with the Total Carbon Column 

Observing Network, TCCON) by allowing ongoing diagnosis and elimination of biases in the 

measurements and retrieval algorithms. In fact, without a considerable expansion of the GAW 

network this task will be nearly impossible after the largest biases (~ 1ppm or larger for CO2) have 
been addressed, while sub-ppm biases are very likely to still cause large errors in inferred 

emissions for individual nations and regions. To illustrate this point, a simple mass balance for 

typical meteorological conditions shows that a 1 GtonC/year carbon source in the U.S. causes the 
full column-integrated CO2 mole fraction to increase by only ~0.5 ppm on average. If we want to 

use atmospheric soundings to determine such a source magnitude to 20% uncertainty, a column-

average measurement precision, after averaging over an appropriate number of samples, of ~0.1 
ppm is required. Stated differently, space and time dependent biases need to be eliminated to a 

relative precision of one part in 4000 in ambient atmospheric CO2. This is more demanding than 

any trace gas measurement ever performed from space by more than a factor of ten. Similar 

requirements apply to other long-lived gases, such as the greenhouse gases methane and nitrous 
oxide.  



iv 
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Table 1: Recommended compatibility of measurements within the scope of GGMT 
 

Component Compatibility goal Extended 

compatibility 

goal 

Range in 

unpolluted 

troposphere 

Range covered 

by the WMO 

scale 

CO2 ± 0.1 ppm (Northern 

hemisphere) 

± 0.05 ppm (South. 

hemisphere) 

± 0.2 ppm 360 - 450 ppm 250 – 520 ppm 

CH4 ± 2 ppb ± 5 ppb 1700 – 2100 ppb 300 – 2600 ppb 

CO ± 2 ppb ± 5 ppb 30 – 300 ppb 25 -1000 ppb 

N2O ± 0.1 ppb ± 0.3 ppb 320 – 335 ppb 260 – 370 ppb 

SF6 ± 0.02 ppt ± 0.05 ppt 6 – 10 ppt 2.4 – 9.8 ppt 

H2 ± 2 ppb ± 5 ppb 450 – 600 ppb 140 −1200 ppb 

δ
13

C-CO2 ± 0.01‰ ± 0.1‰ -7.5 to -9‰ vs. 

VPDB 

 

δ
18

O-CO2 ± 0.05‰ ± 0.1‰ -2 to +2‰ vs. 

VPDB 

 

Δ
14

C-CO2 ± 0.5‰ ± 3‰ 0-70‰  

Δ
14

C-CH4 ± 0.5‰  50-350‰  

Δ
14

C-CO 

δ
13

C-CH4 

± 2 molecules cm
-3

 

± 0.02‰ 

 

± 0.2‰ 

0-25 molecules 

cm
-3

 

 

δD-CH4 ± 1‰ ± 5‰   

O2/N2 ± 2 per meg ± 10 per meg -250 to -800 per 

meg (vs. SIO 

scale) 

 

!

Values given in Table 1, column 2, are the scientifically desirable level of compatibility for well 

mixed background air. They may not be the currently achievable minimal measurement 

uncertainty (1 sigma) for individual analyses of most species. As a guideline for many other 

studies in which the highest precision is not required, for example a regionally focused study with 

large local fluxes, column 3 is provided with an extended compatibility goal, in many cases 

useful for meaningful measurements.  

There is no international WMO/GAW CCL for O2/N2 measurements. Current international 

comparisons of O2/N2 indicate that the compatibility between any two laboratories is not 

better than ± 5 per meg. For Δ
1 4

CO2 analyses there is little experience on long-term 

compatibility of different laboratories, but for global as well as regional applications the 

desired reproducibility of individual measurements should be better than ±3‰. 

 

Requirements for regional greenhouse gas networks 

Besides national GHG reduction and mitigations programs, several states/provinces, cities and 

communities have set their own, often more ambitious emission reduction targets for the future, 

and expanded efforts can be anticipated in the future. Estimates of emissions based on 

atmospheric measurements using so-called top-down methodologies may play an essential role 

in supporting these efforts.  

 

The desire for mitigation lead to increasing interest in regional greenhouse gas studies in 

academic research, by regulatory agencies as well as projects driven by commercial interest. 

Their focus is often on quantifying GHG emission using continuous or campaign-based 

atmospheric observations. In regional studies, measurement and calibration requirements may 

differ from those in the unpolluted troposphere, particularly for polluted regions where signals are 

large.  Site selection for regional studies should include consideration of the footprint of the 
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 15. ORGANIZATION OF GGMT-2015  

 

 There was general agreement among all that it would be desirable to convene the next 
meeting, the 18th WMO/IAEA Meeting on Carbon Dioxide, Other Greenhouse Gases and Related 

Tracers Measurement Techniques, at Scripps Institution of Oceanography to celebrate the 40
th
 

anniversary of the first meeting in 1975.   Dr. Ralph Keeling has agreed to organize and host this 
meeting. 

 

  

25 anniversary of the GAW Programme at the 13th iCACGP / 13th IGAC 
Quadrennial Symposium/Conference. Conference will take place on 22-26 
September 2014 in Natal, Brazil (http://igac-icacgp2014.org/ )

http://igac-icacgp2014.org/
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What is GAW?

• WMO/GAW was established 1989 by merging GO3OS 
and BAPMoN. 

• GAW focuses on global networks for GHGs, ozone, 
UV, aerosols, selected reactive gases, and 
precipitation chemistry.

• GAW is a partnership involving contributors from 80 
countries.

• GAW is coordinated by the Environment Division of 
WMO/AREP under the purview of WMO Commission 
for Atmospheric Science (CAS)

• Currently GAW coordinates activities and data from 
27 Global stations, 413 Regional stations, and 164
Contributing stations (http://gaw.empa.ch/gawsis/)
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How does GAW work?
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An Observational Network with Global 
Coverage
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Need for quality control

•Detect small trends (through DQO)

•Detect small spatial gradients

•Ensure long-term stability of 

observations

•Data comparability (on the same 

scale)
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Central Facilities

Five types of central facilities:

• Central Calibration Laboratories 

(CCLs)

• Quality Assurance/Science Activity 

Centres (QA/SACs)

• World Calibration Centres (WCCs)

• Regional Calibration Centres (RCCs)

• World Data Centres (WDCs) 
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Propagation of WMO Mole Fraction 
Scale for CO2
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Propagation of WMO Mole Fraction 
Scale for CO2
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Quality Assurance I

World or Regional Calibration Centres

Linking Observations to World Reference Standards and Ensuring Network 
Comparability through intercomparison campaigns and regular audit

• CO2 - NOAA ESRL USA
- EMPA, Switzerland

• CH4 - EMPA, Switzerland (Am, E/A)
- JMA, Japan (A/O)

• N2O - IMK-IFU Garmisch, Germany

• CFCs, HCFCs, HFCs -WCC is not assigned
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Quality Assurance II

• CH4 and N2O - updated GAW report 185 

• CO2 - GAW report  134 (evolving 
through semi-annual meetings)  

• CFCs, HCFCs, HFCs - MG are not established 

Standard measurements procedures 
and measurements guidelines

The Guide for Data submission and dissemination (by 
WDCGG) is updated (GAW report 188 )
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Quality Assurance III
Stations twinning/ Training/Expert workshops

Twinning
• Empa - Assekrem (Algeria), Bukit Koto Tabang (Indonesia) and Mt. 

Kenya (Kenya)
• The Institute for Meteorology and Climate Research, (IMK-IFU) -

Cape Point (South Africa).
• NOAA (ESRL) - Ushuaia (HATS group), Tiksi (Russia) and a number 

of others
Training
• The GAW Training and Education Centre (GAWTEC)
• EMPA conducts training for operators of stations Mt. Kenya 

(Kenya), Bukit Koto Tabang (Indonesia), Assekrem (Algeria), 
Shangdian’zi (China)

• NCAR (Boulder) has provided training for Mt. Kenya operators 
specifically for their CO2 analyzer installed in 2008.

Expert meetings
• Biennial WMO/IAEA Meeting of Experts on Carbon Dioxide, Other 

Greenhouse Gases, and Related Tracer Measurement Techniques 
(since 1975)
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Example of comparison
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Lab. de Química Atmosférica CQMA/IPEN

Réplica do Laboratório da NOAA/ESRL/GMD

(National Oceanic Atmospheric Administration / Earth System 

Research Laboratory / Global Monitoring Division)





CO2

Tanque de calibração

data



Ref gas – sample – Ref gas – sample – Ref gas – sample …………………..

Sample
_______________________
(Ref gasbefore + Ref gasafter)/2

Calibration curve

Each point in the curve:                   9 Ref gas – 8 Std1, 9 Ref gas – 8 Std2, …….  



Beijin 13
Beijin 13
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Natal IPEN / NOAA weekly inter comparison



Constructing a Brazil Network in 
Climate Change Observation System

-Vertical Profiles



Constructing a Brazil Network in 
Climate Change Observation System

-Towers



1- Vertical profiles

2- Towers

3- Central Laboratory Facilities
- standards from natural air
- produce a prototype for tower GHG calibrated measures
- Training courses 



Developing the capability to produce 
GHG standards from Natural air

CO2: 0.03ppm precision

CH4: 2ppm precison





Comparing Satellites and Aircraft -
Method

ACO

Tropopause
height 

calculated 
from ECMWF

TOMCAT Stratosphere



Comparison between Aircraft and GOSAT ±5°

Tabatinga Santarem

Alta FlorestaRio Branco
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