
Investigating the Utility of 
CO2 and CO Analysis in 
Tracking Fossil Fuel CO2

Ave Arellano



Manuscript in Review

funding from

Tang, W., B. Gaubert, A.F. Arellano, L. 
Emmons, Y. Choi, J. DiGangi, G. Diskin, 
X. Xu, C. He, H. Worden, S. Tilmes, R. 
Buchholz , H. Ha l l iday, and M. 
Zou  (2019), Investigating the Utility of 
CO2 and CO Analysis in Tracking Fossil 
Fuel CO2, J. Geophys. Res., in review.



Project Collaborators

funding from

NASA ACMAP: Substantiating Key Synergies 
Between Air Quality (AQ) and Greenhouse 
Gas (GHG) Monitoring from Space: A Case 
for Anthropogenic CO2 and CH4 Constraints 
from CO and NO2

B. Gaubert (NCAR), K. Miyazaki 
(JAMSTEC/JPL), H. Worden (NCAR),  J. 
DiGangi (NASA LaRC), A. Chatterjee 
(NASA GMAO) 

Related IGAC Activity

A synthesis of research using observations-
based analysis techniques that aim to better 
quantify emissions



CO is mainly a product of incomplete combustion
Ecosystem Respiration
Biomass Burning
Low Temp Combustion

Biogenic CO 
Photosynthesis

Power Plant
Cement Factories

High Temp Combustion
Automobiles

Biological Nitrification
Thunderstorms

high ΔNO2

hi
gh

 Δ
C

O
2

Ecosystem Respiration
Biomass Burning

Low Temp Combustion

Biogenic CO Photosynthesis

Power Plant

Cement Factories
High Temp Combustion

Automobiles

Biological Nitrification
Thunderstorms

high ΔCO

hi
gh

 Δ
C

O
2

!"#$"%&"'(")*"+ +-.(1 + 1)(&3 + 3.76(3) → 
-3!&3 +-9$3& + -:&3 +-;(3 + 
-<!& + -=(& +->(&3 + -?*&3 + -.@! + ⋯      
 

 

Low Temperature Combustion: High CO, Low NO2

Combustion Products

Fuel Combustion Efficiency

High Temperature Combustion: Low CO, High NO2, High BC

Observations from AQ can provide information on efficiency and sectoral 
emission characteristics (at city scale and chemical weather scale).



…a loss in CO is  
a gain in CO2

CO plays a role in global AQ chemistry

Since CO (𝛕 ~month) is right in the middle between OH (𝛕 ~seconds) and  CH4 & CO2 (𝛕 ~years),  
one can suppose that AQ chemistry should  matter at the scales of carbon weather

![#$]
!& = ()*+ +	.*/0→*+ +.234+*→*+) − (7*+8+/[$9][#$]) 

![#$% ]
!' = )*+, − (/*+,01+[2$][#$%]) 

 

 
![#$]
!& = ()* − (-.)/)*[#$][0#])	

− 3-.*4/)*[#$][0$5 ]6− (-7/)*[#$][8]) 
 

 
!"#$→"& '"#$→"&(  

 

Main OH loss

A loss in CH4 is  
a gain in CO…
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Abstract. Long-term measurements from satellites and sur-
face stations have demonstrated a decreasing trend of tropo-
spheric carbon monoxide (CO) in the Northern Hemisphere
over the past decade. Likely explanations for this decrease in-
clude changes in anthropogenic, fires, and/or biogenic emis-
sions or changes in the primary chemical sink hydroxyl rad-
ical (OH). Using remotely sensed CO measurements from
the Measurement of Pollution in the Troposphere (MOPITT)
satellite instrument, in situ methyl chloroform (MCF) mea-
surements from the World Data Centre for Greenhouse Gases
(WDCGG) and the adjoint of the GEOS-Chem model, we es-
timate the change in global CO emissions from 2001 to 2015.
We show that the loss rate of MCF varied by 0.2 % in the past
15 years, indicating that changes in global OH distributions
do not explain the recent decrease in CO. Our two-step in-
version approach for estimating CO emissions is intended to
mitigate the effect of bias errors in the MOPITT data as well
as model errors in transport and chemistry, which are the pri-
mary factors contributing to the uncertainties when quantify-
ing CO emissions using these remotely sensed data. Our re-
sults confirm that the decreasing trend of tropospheric CO in
the Northern Hemisphere is due to decreasing CO emissions
from anthropogenic and biomass burning sources. In particu-
lar, we find decreasing CO emissions from the United States
and China in the past 15 years, and unchanged anthropogenic
CO emissions from Europe since 2008. We find decreasing
trends of biomass burning CO emissions from boreal North

America, boreal Asia and South America, but little change
over Africa. In contrast to prior results, we find that a posi-
tive trend in CO emissions is likely for India and southeast
Asia.

1 Introduction

Tropospheric CO is a product of incomplete combustion and
a byproduct of the oxidation of hydrocarbons. It plays a key
role in atmospheric chemistry because it is the main sink for
OH and an important precursor for tropospheric ozone (O3).
Recent studies have demonstrated significant change in tro-
pospheric CO abundance in the past decade. Using Atmo-
spheric Infrared Sounder (AIRS) CO measurements, Warner
et al. (2013) indicated that the Northern Hemispheric CO
mixing ratio decreased by 1.28 ppb yr�1 in the period of
2003–2012. Worden et al. (2013a) demonstrated that North-
ern Hemispheric CO column measurements from MOPITT
show a decrease of ⇠ 0.92 % yr�1 in the period of 2000–
2011. Using observations from Mt. Bachelor Observatory,
Gratz et al. (2015) also show a negative trend of CO concen-
tration by 1.9 % yr�1 in the period of 2004–2013. However,
the reason for the large variation of tropospheric CO abun-
dance is still unclear; for example, Strode et al. (2016) found
decreases in modeled CO abundance over North America and
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3UPMC Univ. Paris 06; Université Versailles St-Quentin; CNRS/INSU, LATMOS-IPSL, Paris, France
4Dept. of Physics and Atmospheric Science, University of Toronto, Toronto, Ontario, Canada
5SRON Netherlands Institute for Space Research, Utrecht, The Netherlands
6Spectroscopie de l’Atmosphère, Service de Chimie Quantique et Photophysique, Libre Université de Bruxelles (ULB),
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Abstract. Atmospheric carbon monoxide (CO) distributions
are controlled by anthropogenic emissions, biomass burning,
transport and oxidation by reaction with the hydroxyl radical
(OH). Quantifying trends in CO is therefore important for
understanding changes related to all of these contributions.
Here we present a comprehensive record of satellite observa-
tions from 2000 through 2011 of total column CO using the
available measurements from nadir-viewing thermal infrared
instruments: MOPITT, AIRS, TES and IASI. We examine
trends for CO in the Northern and Southern Hemispheres
along with regional trends for Eastern China, Eastern USA,
Europe and India. We find that all the satellite observations
are consistent with a modest decreasing trend ⇠ �1%yr�1
in total column CO over the Northern Hemisphere for this
time period and a less significant, but still decreasing trend
in the Southern Hemisphere. Although decreasing trends in
the United States and Europe have been observed from sur-
face CO measurements, we also find a decrease in CO over
E. China that, to our knowledge, has not been reported previ-
ously. Some of the interannual variability in the observations
can be explained by global fire emissions, but the overall de-
crease needs further study to understand the implications for
changes in anthropogenic emissions.

1 Introduction

Carbon monoxide (CO) is measured from space by several
instruments due to its important role in atmospheric chem-
istry and climate. CO emissions have an indirect radiative
forcing around 0.2Wm�2 (Forster et al., 2007, IPCC AR4)
since CO is a chemical precursor of greenhouse gases CO2
and tropospheric O3. The sources of CO are incomplete com-
bustion processes, including fossil fuel and biofuel burn-
ing, wildfires and agricultural biomass burning, as well as
secondary chemical production from hydrocarbon oxidation.
The primary sink of CO is oxidation by the hydroxyl radical
(OH). Because CO has a medium lifetime (weeks to months),
it can be transported globally, but does not become evenly
mixed in the troposphere. This makes CO an ideal tracer of
transport processes from pollution sources which often pro-
duce significant enhancements over background values (e.g.,
Edwards et al., 2004; 2006).
Global direct emissions of CO are dominated by rela-

tively stable anthropogenic emissions (⇠500–600 Tg yr�1)
and by biomass burning with significant interannual variabil-
ity (⇠300–600 Tg yr�1), (e.g., Granier et al., 2011, van der
Werf et al., 2010). Satellite observations of CO can clearly
identify areas of intense burning (e.g., Edwards et al., 2006;
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1) Help assess/monitor combust ion 
efficiency (and MCE for fires)

2) Help identify errors in spatial and temporal 
distribution of emissions in the absence of 
CO2 (and/or CH4) data

3) Help track pollution plume transport at 
carbon  weather scale (incl. convection)

4) Identify sectoral shifts/changes in fuel use/
type (e.g., coal to natural gas)

5 ) H e l p p r o v i d e m o r e a c c u r a t e 
representation of CH4 loss

Constraints from CO: Constraints from NO2:

1) Help distinguish high temperature 
combustion activities (in the absence of 
lightning)

2) Help identify errors in spatial and temporal 
distribution of emissions in the absence of 
CO2 (and/or CH4) data

3) Help track pollution plumes (and 
transport) at city scale

4) Identify sectoral shifts/changes in fuel use/
type (e.g., coal to natural gas)

5 ) H e l p p r o v i d e m o r e a c c u r a t e 
representation of CH4 loss (via OH source) 
and O3

On AQ/GHG Synergies: Chemical Tracer Info  
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Table 3. Enhancement ratios of CO to CO2 (ppbv ppmv�1), CO and CO2 correlations, and bias of CO to bias of CO2 correlations from
airborne measurements, CAMS FC16s, ANs, and FC9s.

Seoul Taehwa West Sea Seoul–Jeju Seoul–Busan All
jetway jetway

dCO/dCO2 DC-8 measurement 9.09 ± 0.48 15.3 ± 0.56 28.17 ± 0.75 10.37 ± 0.31 15.86 ± 0.73 13.29 ± 0.21
(ppbv ppmv�1) FC16s 9.84 ± 0.29 14.31 ± 0.40 30.86 ± 1.64 13.00 ± 0.27 13.39 ± 0.51 12.28 ± 0.15

ANs 8.21 ± 0.45 13.71 ± 0.48 30.60 ± 1.73 14.98 ± 0.45 12.68 ± 0.47 12.60 ± 0.2
FC9s 11.56 ± 0.62 16.06 ± 0.57 32.44 ± 1.77 11.68 ± 0.35 13.87 ± 0.54 12.52 ± 0.2

Correlation of DC-8 measurement 0.78 0.68 0.89 0.62 0.60 0.66
CO and CO2 FC16s 0.94 0.83 0.42 0.83 0.74 0.82

ANs 0.77 0.71 0.25 0.61 0.76 0.63
FC9s 0.78 0.70 0.36 0.60 0.73 0.65

Correlation of FC16s 0.90 0.61 0.80 0.46 0.55 0.61
BiasCO and ANs 0.66 0.59 0.82 0.36 0.63 0.51
BiasCO2 FC9s 0.64 0.52 0.82 0.33 0.54 0.49

Overall, the observed dCO/dCO2 during the KORUS-AQ
campaign is ⇠ 13 ppbv ppmv�1 (or ⇠ 1.3 %). This is a rel-
atively low value compared to reported ratios in more pol-
luted megacities such as Beijing. The lowest dCO/dCO2
among the five flight groups is observed over Seoul (⇠
9 ppbv ppmv�1). The observed dCO/dCO2 for other groups
within South Korea ranges from ⇠ 10 ppbv ppmv�1 (Seoul–
Jeju) to ⇠ 16 ppbv ppmv�1 (Seoul–Busan and Taehwa). Tae-
hwa is close to and sometimes downwind of Seoul but
has higher observed dCO/dCO2 than Seoul. We attribute
this difference to biogenic CO sources and biospheric in-
fluence on CO2 over Taehwa. The highest dCO/dCO2 (⇠
28 ppbv ppmv�1) is observed over the West Sea. This ra-
tio is a sharp contrast to Seoul and other flight groups over
South Korea. This indicates that the bulk combustion ef-
ficiency over Seoul is higher in Seoul than in the China
pollution outflows over the West Sea. The ratio over the
West Sea is very consistent with dCO/dCO2 observed over
China (upwind of the West Sea) during KORUS-AQ by
ARIAs (20–100 ppbv ppmv�1. Such “combustion signature
contrast” is consistent with previous studies in the region.
During TRACE-P in 2001, the observed ratio over Japan was
⇠ 12–17 and ⇠ 50–100 ppbv ppmv�1 over northern China
(Suntharalingam et al., 2004). Over Shangdianzi, China,
and the Tae-Ahn Peninsula (TAP), South Korea, Turnbull et
al. (2011) reported CO : CO2ff ratios (which are derived from
measurements of CO and 114CO2 in flask samples taken
during winter 2009/2010), of ⇠ 47 and ⇠ 44 ppbv ppmv�1,
respectively. They also reported that the South Korean sam-
ples from TAP have CO : CO2ff of ⇠ 13 ppbv ppmv�1. Wang
et al. (2010) reported a change in observed dCO/dCO2
near Beijing from 34–42 ppbv ppmv�1 in 2005–2007 to
22 ppbv ppmv�1 in 2008. Finally, dCO/dCO2 values derived
from satellite retrievals in 2010 indicate a similar contrast
between Beijing/Tianjin (⇠ 25–50 ppbv ppmv�1) and Seoul
(⇠ 7–9 ppbv ppmv�1). Despite the differences in the data

sources (satellites, airborne measurements, flask samples)
and time period, these dCO/dCO2 values are consistent and
all point to a “combustion signature contrast” between South
Korea and China. We expect that this contrast may be de-
creasing over time as Chinese combustion activities become
more efficient.

These observed ratios are remarkably consistent with
dCO/dCO2 from CAMS (see Table 3). The three CAMS
configurations have dCO/dCO2 over the Seoul metropoli-
tan area of ⇠ 8 to 12 ppbv ppmv�1 and over the West Sea
of ⇠ 31–32 ppbv ppmv�1. Our rough estimates of CO to
CO2 emission ratios in CAMS over Seoul and China during
KORUS-AQ also show marked similarity with CAMS en-
hancement ratios. The CO to CO2 emission ratio over China
is about 28 (ppbv ppmv�1) and about 10 (ppbv ppmv�1) over
South Korea. Our results suggest that CAMS emission ra-
tios reflect this contrast and that the modeled dCO/dCO2 is
indicative of emissions of Seoul and China. To further un-
derstand the skill of CAMS in capturing this contrast, we
compare the observed correlation between CO and CO2 and
the correlation from CAMS FC16s, FC9s, and ANs. This
corr(CO2,CO) is presented in the second row of Table 3.
Over Seoul, the observed corr(CO2,CO) is moderately high
(⇠ 0.8), which is likely driven by common CO and CO2
sources (mostly local anthropogenic emissions from Seoul).
This correlation is well captured by ANs and FC9s but not
FC16s. We attribute this difference to a better initializa-
tion in ANs and FC9s due to assimilation. The observed
corr(CO2,CO) over the West Sea is even higher (0.89), in-
dicating that CO and CO2 come from common sources in
China. However, this corr(CO2,CO) is not captured by any
of the three configurations (0.25–0.42). A few factors may
contribute to this low corr(CO2,CO) over the West Sea.
First, the flight on 12 May is a noteworthy source of low
corr(CO2,CO) in CAMS. We have shown in Fig. 2 that the
major goal of this flight is to study AQ conditions during
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While we find overestimation in CO2 (and underestimation in CO), CAMS shows a remarkable 
agreement in observed ratios (i.e., being able to capture the observed combustion contrast between 

Korea and China) . We also found that CAMS have issues at local-to-urban scale (e.g., weak PBL 
mixing). More importantly, we find that initial condition AND resolution matter in forecast skill of 

these species (Tang et al., ACP, 2018).
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Tractable Approach to Joint CO2 and CO Simulation

Posterior GHG fluxes are incorporated in CESM/CAM-Chem ‘CTM’. We use CO emissions based on 
‘fine tuning’ HTAP prior emissions to match observed CO (Tang et al., JGR, 2019). However, 

ensemble of CO emissions (and NO2) are planned. We also plan to incorporate other sources of 
posterior CO2 (and CH4) fluxes in our succeeding work (e.g., CMS flux, OCO-2 Flux MIP)



    CO2 (PgC) CO (TgC) 

    Region  CT2017 CTE2018 CAMS   

Sources 

fossil fuel or 
anthropogenic 

Korea 0.01 0.01 / 0.11 
Japan 0.02 0.03 / 0.13 
EA-S 0.07 0.07 / 1.68 
EA-M 0.11 0.11 / 2.71 
EA-N 0.05 0.04 / 1.05 

the rest 0.53 0.53 / 18.44 
fire 0.11 0.11 / 9.69 
biosphere / / / 3.25 
ocean / / / 0.61 
chemical production / / / 58.40 

  source total 0.90 0.89 / 96.07 

Sinks 
biosphere 0.63 0.90 / / 
ocean 0.26 0.18 / / 
chemical loss* / / / 102.76 

  sink total 0.88 1.08 / 102.76 
Net (Sources-Sinks) 
 

  0.01 -0.19 -0.04 -6.69 

Initial Burden  854.83 854.37 853.98 156.82 

Final Burden  854.93 854.19 853.93 145.10 

Initial-Final  -0.10 0.18 0.05 11.72 

Budget delta  -0.08 -0.01 0.01 5.03 
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Sanity Check: CO2 and CO Budget during KORUS-AQ 

CAM-Chem with CT2017 fluxes match CT2017 
CO2, providing some confidence in CAM-Chem 
(i.e., no significant bias in conserving mass and 
synoptic-scale transport). Incorporating GHG in 
AQ CTMs, enables us to probe AQ constraints 

on FFCO2 (and CH4).
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Figure 7. Spatial distribution (averaged across KORUS-AQ) of modeled total CO2 (ppm) and CO 
(ppb), modeled ffCO2 and ffCO2 tags at model surface, 800 hPa, and 500 hPa. 
 
  

Tagging FFCO2 and CO in CAM-Chem 

 

 

Appendix A. Tagging ffCO2 and ffCO in CAM-chem 

We developed tagging capabilities in CAM-chem for CO and CO2. Tagging CO has been 
developed in the past by treating CO from a particular basis function as tracers. That is, we solve 
the continuity equation for every tagged CO in the same way as the default CO variable in the 
model but making sure that each tagged CO does not interact with model chemistry (i.e., by 
treating it as a passive tracer). This mechanism is mentioned in Emmons et al. (2010) and 
previously used in Bayesian synthesis inversion studies (e.g., Arellano and Hess, 2006) and 
chemical budget studies (Gaubert et al., 2016). A similar approach is also used by Fisher et al. 
(2017) with GEOS-Chemv9 model. This tagging capability is further illustrated in Eq. A.1 for a 
particular tag CO (itag).  
 
7[9];<=>

7? = 7[9];<=>
7? ?@ABCD$@?

+ 7[9];<=>
7? C$F@GHC

− 7[9];<=>
7? CIBJC

     (A.1) 

 
The temporal evolution of a tracer [K]I?AL for each grid cell in the model is calculated using the 
same continuity equation for species [K]. This includes transport (dynamics and physics incl. 
advection, diffusion, mixing, convection, and CO flux convergence and divergence), all sources 
(emissions and chemical production), and all sinks (CO+OH reaction, and deposition). These tags 
or basis can be either disaggregated sectoral components and/or regional source components of 
CO depending on the problem to be addressed. Here, we use ffCO emitted from a few regions 
around Korea as our basis. All these regions are defined in Figure 1. The response of this basis or 
the contribution of this source region to overall abundance in CO is estimated by integrating Eq. 
1. Hence, the simulated [MN]I?AL for example corresponds to [MN] mixing ratio for a given mass 
of CO emitted to the atmosphere by this itag region. The CO tags added in CAM-chem consists 
of the following edits to the code: (1) The CO tags are defined in the chemical preprocessor 
(variable names are arbitrary defined as “CO01”, “CO02” …); (2) emission files for the tags of 
emissions from specific regions are prepared and defined in the namelist; (3) chemical production 
of CO for CO tags of chemical sources are defined by adding related chemical reactions in 
chemical preprocessor; (4) the OH chemical loss is defined in the chemical preprocessor, OH is 
not affected by the oxidation of tags; (5) dry deposition for the CO tags is applied in the same way 
as for the default CO variable. Detailed evaluation and validation of CAM-chem CO tags can be 
found in Tang et al. (2019a) and https://wiki.ucar.edu/display/camchem/. 
 
We apply a similar approach in tagging ffCO2 (Eq. A.1). However, we do not account for chemical 
production in the source term nor deposition in the sink term. The sink of each ffCO2 tags is derived 
from the negative surface flux OPQR

I?AL, which we define as the product of the negative surface flux 
of CO2 (OPQR) at a given time and the ratio of the associated CO2 mixing ratio of the tag ([MN(]C@SI?AL) 
at the surface and the modeled CO2 mixing ratio [MN(]C@S at the surface; i.e.,  
 

OPQR
I?AL = OPQR ∙ 	

[MN(]C@SI?AL

[MN(]C@S        (A.2) 

In this manner, the sink of model CO2 can be disaggregated into the sum of the sinks for all tags. 
This ensures that the relative abundance of the tagged CO2 to the total CO2 is conserved. Edits to 
the model include: 1) The CO2 tags are defined in the chemical preprocessor similarly as 
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around Korea as our basis. All these regions are defined in Figure 1. The response of this basis or 
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not affected by the oxidation of tags; (5) dry deposition for the CO tags is applied in the same way 
as for the default CO variable. Detailed evaluation and validation of CAM-chem CO tags can be 
found in Tang et al. (2019a) and https://wiki.ucar.edu/display/camchem/. 
 
We apply a similar approach in tagging ffCO2 (Eq. A.1). However, we do not account for chemical 
production in the source term nor deposition in the sink term. The sink of each ffCO2 tags is derived 
from the negative surface flux OPQR

I?AL, which we define as the product of the negative surface flux 
of CO2 (OPQR) at a given time and the ratio of the associated CO2 mixing ratio of the tag ([MN(]C@SI?AL) 
at the surface and the modeled CO2 mixing ratio [MN(]C@S at the surface; i.e.,  
 

OPQR
I?AL = OPQR ∙ 	

[MN(]C@SI?AL
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In this manner, the sink of model CO2 can be disaggregated into the sum of the sinks for all tags. 
This ensures that the relative abundance of the tagged CO2 to the total CO2 is conserved. Edits to 
the model include: 1) The CO2 tags are defined in the chemical preprocessor similarly as 

&

This enables us to examine regional/sectoral emission contributions. While CO2 appears to be broadly 
consistent in spatial pattern with CO, FFCO2 is even more correlated to CO, suggesting (qualitatively) 

that CO might be a good tracer of FFCO2 (esp. useful in the absence (or lack) of CO2 data).
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Table 4. Summary statistics of CO and CO2 from surface (in-situ/CCGG, column/TCCON), 
aircraft (DC-8), and remote sensing (OCO-2, MOPITT) measurements. Model equivalent and 
model evaluation against CO and CO2 data are also shown. Units are ppm for CO2 and ppb for CO. 
 

  NOAA/ESRL CCGG TCCON NASA DC-8 KORUS-AQ OCO-2 
MOPITT 

  AMY LLN UUM WLG Amy Sag Tsu Rik Seoul Taehwa West 
Sea 

Seoul 
Jeju 

Seoul 
Busan 

Study 
Domain 

Obs 
Mean 

CO2 415 407 406 405 403 406 403 403 415 408 411 411 408 405 

CO 217 124 142 130 109 108 103 99 266 163 234 223 183 111 

Obs 
Std 

CO2 12 3 6 3 3 2 2 3 13 5 5 10 4 2 

CO 67 55 26 26 8 15 14 15 113 73 143 101 64 19 

Obs RCO2,CO 0.32 0.31 0.48 0.36 0.59 0.52 0.37 0.28 0.79 0.68 0.89 0.62 0.60 0.22 

Obs dCO/dCO2 5.90 18.90 4.53 9.42 2.86 7.40 5.63 4.81 9.13 15.28 28.20 10.37 15.92 11.90 

Model 
Mean 

CO2 414 405 405 406 403 405 404 403 411 407 408 411 408 405 

CO 239 142 129 187 105 111 102 93 237 143 202 213 155 118 

Model 
Std 

CO2 6-8 2 6-8 5-7 2-3 ~2 ~2 3-4 6-11 2-4 2-4 7-10 2-6 1-2 
CO 124 103 52 173 12 19 17 20 133 70 119 117 62 27 

Model RCO2,CO 
(min/max) 

-0.12 

0.18 

0.46 

0.70 

0.16 

0.27 

0.40 

0.71 

-0.2 

-0.1 

0.51 

0.54 

0.33 

0.44 

0.05 

0.29 

0.56 

0.73 

0.21 

0.60 

-0.10 

0.76 

0.65 

0.81 

0.25 

0.66 

0.25 

0.41 

Model dCO/dCO2 
(min/max) 

21.01 

26.17 

48.85 

59.80 

6.64 

8.68 

33.88 

44.47 
NaN 

9.53 

11.24 

7.43 

8.67 

5.57 

7.53 

12.61 

20.91 

16.56 

30.91 

33.66 

48.28 

11.54 

16.08 

10.68 

26.79 

16.96 

27.05 

Bias 
Model 
minus 
Obs 

CT3h -0.2 -1.4 -0.6 -0.1 -0.6 -1.0 0.9 -0.1 -3.3 0.1 -1.9 -1.3 1.2 0.8 

CTm -0.2 -1.4 -0.7 0.3 -0.2 -1.0 1.1 0.2 -3.5 -0.2 -1.5 -1.4 0.4 0.5 

CTE2018 1.4 -1.2 -0.3 1.5 0.5 -0.6 1.6 0.6 -2.7 0.0 -1.6 -0.7 1.1 0.2 

CAMS -3.4 -1.6 -1.0 0.1 -0.9 -1.5 0.3 -0.5 -7.4 -2.5 -4.4 -5.3 -2.5 0.0 

CO 22.0 18.1 -13.7 57.1 -4.3 2.3 -0.9 -6.1 -29.2 -20.4 -32.6 -34.5 -27.9 6.4 

R 
Model 
versus 
Obs 
 

CT3h 0.74 0.46 0.84 0.83 0.92 0.85 0.87 0.94 0.60 0.46 0.38 0.41 0.10 0.46 

CTm 0.70 0.71 0.86 0.81 0.92 0.87 0.86 0.94 0.72 0.64 0.54 0.53 0.60 0.68 

CTE2018 0.81 0.62 0.88 0.69 0.91 0.86 0.84 0.91 0.71 0.58 0.60 0.50 0.55 0.60 

CAMS 0.67 0.67 0.92 0.82 0.92 0.86 0.89 0.95 0.65 0.46 0.06 0.35 0.60 0.63 

CO 0.68 0.92 0.21 0.22 0.40 0.63 0.61 0.66 0.63 0.64 0.67 0.59 0.72 0.76 

RMSE 

CT3h 8.1 3.0 4.5 4.4 1.3 1.5 1.5 1.2 10.9 4.7 5.3 9.1 6.8 1.7 

CTm 8.6 2.5 3.3 2.8 1.2 1.4 1.6 1.1 9.7 3.8 4.6 8.4 3.4 1.3 

CTE2018 7.4 2.6 3.0 4.0 1.4 1.2 2.1 1.4 9.3 3.9 4.4 8.5 3.8 1.3 

CAMS 9.7 2.7 2.7 2.6 1.5 1.8 1.2 1.1 12.0 5.0 7.1 10.5 4.2 1.4 

CO 94.6 59.0 54.7 177.9 12.1 15.5 14.1 16.2 111.5 64.0 113.6 90.3 55.2 18.5 

 

Evaluating CAM-Chem CO and CO2 using KORUS-AQ
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Simulated regional contributions in FFCO2 in comparison with 
CO2 and CO 

Simulated and Observed FFCO2 during KORUS-AQ

CAM-Chem tagged FFCO2 shows good overall agreement with derived FFCO2 from radiocarbon samples. 
Again, we find that CO is more correlated with FFCO2 than CO2, suggesting that CO data can be useful to 

track FFCO2. Our ability to estimate regional contributions may be useful for complementary FFCO2 
inversions (e.g. chemical downscaling).
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Profiles of Tagged CO and FFCO2 over Seoul
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CO as a Chemical Tracer of FFCO2 Transport
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CHemical Inverse Modeling system Experiments

An intercomparison activity on current chemical 
data assimilation and inverse modeling systems 
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Research Objectives

1. Assess the state of CO as 
inferred from these reanalyses 
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Abstract.Negative trends of carbon monoxide (CO) concen-
trations are observed in the recent decade by both surface
measurements and satellite retrievals over many regions of
the globe, but they are not well explained by current emis-
sion inventories. Here, we analyse the observed CO concen-
tration decline with an atmospheric inversion that simultane-
ously optimizes the two main CO sources (surface emissions
and atmospheric hydrocarbon oxidations) and the main CO
sink (atmospheric hydroxyl radical OH oxidation). Satellite
CO column retrievals from Measurements of Pollution in the
Troposphere (MOPITT), version 6, and surface observations
of methane and methyl chloroform mole fractions are assim-
ilated jointly for the period covering 2002–2011. Compared
to the model simulation prescribed with prior emission in-
ventories, trends in the optimized CO concentrations show
better agreement with that of independent surface in situ
measurements. At the global scale, the atmospheric inversion
primarily interprets the CO concentration decline as a de-
crease in the CO emissions (�2.3%yr�1), more than twice
the negative trend estimated by the prior emission invento-
ries (�1.0%yr�1). The spatial distribution of the inferred
decrease in CO emissions indicates contributions from west-
ern Europe (�4.0%yr�1), the United States (�4.6%yr�1)
and East Asia (�1.2%yr�1), where anthropogenic fuel com-
bustion generally dominates the overall CO emissions, and
also from Australia (�5.3%yr�1), the Indo-China Peninsula
(�5.6%yr�1), Indonesia (�6.7%yr�1), and South America
(�3%yr�1), where CO emissions are mostly due to biomass
burning. In contradiction with the bottom-up inventories that
report an increase of 2%yr�1 over China during the study
period, a significant emission decrease of 1.1%yr�1 is in-
ferred by the inversion. A large decrease in CO emission
factors due to technology improvements would outweigh the

increase in carbon fuel combustions and may explain this de-
crease. Independent satellite formaldehyde (CH2O) column
retrievals confirm the absence of large-scale trends in the at-
mospheric source of CO. However, it should be noted that the
CH2O retrievals are not assimilated and OH concentrations
are optimized at a very large scale in this study.

1 Introduction

Carbon monoxide (CO) is an air pollutant that leads to the
formation of tropospheric ozone (O3) and carbon dioxide
(CO2). It is the major sink of the tropospheric oxidant hy-
droxyl radical (OH), and hence influences concentrations
of methane (CH4) and non-methane volatile organic com-
pounds (NMVOCs) (Logan et al., 1981). It contributes to
an indirect positive radiative forcing of 0.23± 0.07Wm�2

at the global scale (IPCC, 2013). Atmospheric CO has two
main sources: (i) direct surface CO emissions from fuel
combustion and biomass burning, estimated to be ⇠ 500–
600 TgCOyr�1 and ⇠ 300–600 TgCOyr�1, respectively, by
emission inventories (Granier et al., 2011, and references
herein), and (ii) secondary chemical oxidation of hydrocar-
bons in the troposphere, estimated to be a source of ⇠ 1200–
1650 TgCOyr�1 with considerable differences among stud-
ies (Holloway et al., 2000; Pétron et al., 2004; Shindell et al.,
2006; Duncan and Logan, 2008). The sink of CO is mainly
through oxidation by OH (Logan et al., 1981), which defines
an average lifetime of 2 months for CO in the atmosphere.
Surface in situ measurements in Europe (Zellweger et al.,

2009; Angelbratt et al., 2011), over the USA (Novelli et al.,
2003; EPA, 2015), in some large cities in China (Li and
Liu, 2011), and in many other places (Yoon and Pozzer,

Published by Copernicus Publications on behalf of the European Geosciences Union.

 Product Model 
*****

Resolution* 
lono x lato  

lev

Period 
**

Emissions 
***

Update 
****

CO Obs 
*****

Algorithm 
****** Main Reference

 CAMSiRA IFS/CY40R2

C-IFS CB05

~1.1 x ~1.1 (T159)

60 lev 2003-2015 

MACCity,

GFASv1.2


MEGAN2.1
State MOPITTv5 4D-Var


IFS/CY40r2
Flemming et al., 

ACP, (2017)

 CAMSRA IFS/CY42R1

MOZART-3

~1.-0 x ~1.0 (T255)

60 lev 2003-2016

MACCity

GFED&GFASv0


MEGAN2.1
State MOPITTv6 4D-Var


IFS/CY42r1
Inness et al., 
ACP, (2019)
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~1.1 x ~1.1 (T255)

60 lev 2003-2012

MACCity

GFED&GFASv0
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State MOPITTv4 & 

IASI
4D-Var


IFSCY36r2
Inness et al., 
ACP, (2013)

 CAM-Chem CESM1.2/

CAM-Chem

2.5 x ~1.9

 26 lev 2002-2013

MACCity

FINN1.5


MEGAN2.1
State MOPITTv5 EAKF


DART
Gaubert et al., 

JGR, (2016)

 Geos-Chem GEOS-Chem 5 x 4

30/47 lev 2001-2015

EDGAR3.2 FT2K

GFED3


MEGAN2.0
Source MOPITTv6 4D-Var Jiang et al., 

ACP, (2017)

 TCR-1 CHASER ~2.8 x ~2.8

32 (26) lev 2005-2012

EDGAR4.2

GFED3.1


GEIA

State & 
Source MOPITTv6 LETKF Miyazaki et al., 

ACP, (2015)

 TCR-2 MIROC-Chem ~1.1 x ~1.1

32 (26) lev 2005-2017

EDGAR

GFED

GEIA

State & 
Source MOPITTv7 LETKF Miyazaki et al., 

ACP, in prep

 LMDZ-1 LMDz 

SACS

~ 3.7 x ~1.9

39 lev 2000-2017

MACCity

GFED4s


MEGAN/POET
Source MOPITTv7 4D-Var


PYVAR
Zheng et al., 
ERL, (2018)

 LMDZ-2 LMDz v4

SACS

~3.7 x ~1.9

32 lev

(2002-2011)

2010-2015

MACCity

GFED3.1


LMDz-INCA
Source MOPITTv6 4D-Var


PYVAR
Yin et al., 


ACP, (2015)
* approximate resolution based on post-processing from the product team or as requested

** published original period may be longer, period as requested, use of full year for starting year 

*** base anthro/fire emission, actual may be an updated version, see details in main reference

**** can be multi-species

***** may have other observational constraints
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(�3%yr�1), where CO emissions are mostly due to biomass
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report an increase of 2%yr�1 over China during the study
period, a significant emission decrease of 1.1%yr�1 is in-
ferred by the inversion. A large decrease in CO emission
factors due to technology improvements would outweigh the
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retrievals confirm the absence of large-scale trends in the at-
mospheric source of CO. However, it should be noted that the
CH2O retrievals are not assimilated and OH concentrations
are optimized at a very large scale in this study.

1 Introduction

Carbon monoxide (CO) is an air pollutant that leads to the
formation of tropospheric ozone (O3) and carbon dioxide
(CO2). It is the major sink of the tropospheric oxidant hy-
droxyl radical (OH), and hence influences concentrations
of methane (CH4) and non-methane volatile organic com-
pounds (NMVOCs) (Logan et al., 1981). It contributes to
an indirect positive radiative forcing of 0.23± 0.07Wm�2

at the global scale (IPCC, 2013). Atmospheric CO has two
main sources: (i) direct surface CO emissions from fuel
combustion and biomass burning, estimated to be ⇠ 500–
600 TgCOyr�1 and ⇠ 300–600 TgCOyr�1, respectively, by
emission inventories (Granier et al., 2011, and references
herein), and (ii) secondary chemical oxidation of hydrocar-
bons in the troposphere, estimated to be a source of ⇠ 1200–
1650 TgCOyr�1 with considerable differences among stud-
ies (Holloway et al., 2000; Pétron et al., 2004; Shindell et al.,
2006; Duncan and Logan, 2008). The sink of CO is mainly
through oxidation by OH (Logan et al., 1981), which defines
an average lifetime of 2 months for CO in the atmosphere.
Surface in situ measurements in Europe (Zellweger et al.,

2009; Angelbratt et al., 2011), over the USA (Novelli et al.,
2003; EPA, 2015), in some large cities in China (Li and
Liu, 2011), and in many other places (Yoon and Pozzer,

Published by Copernicus Publications on behalf of the European Geosciences Union.

Spatial Distribution of CO Burden

Geos-Chem (2001-2015), 421 Tg

TCR-1 (2005-2015), 379 Tg TCR-2 (2005-2017), 385 Tg CAM-Chem (2003-2013), 389 Tg

LMDZ-2 (2010-2015), 413 TgLMDZ-1 (2000-2017), 411 Tg

CAMSIRA (2005-2015), 381 TgCAMSRA (2003-2016), 369 Tg

IASI (2008-2016), 385 Tg MOPITTv7 (2001-2017), 388 Tg

MACCRA (2005-2012), 384 Tg

MOPITTv8 (2001-2017), 386 Tg

1.0 2.0
1018 molecule cm-2

CO Total Column (mean)

3.0
MEAN

Geos-Chem (2001-2015), 57 Tg

TCR-1 (2005-2015), 56 Tg TCR-2 (2005-2017), 47 Tg CAM-Chem (2003-2013), 63 Tg

LMDZ-2 (2010-2015), 53 TgLMDZ-1 (2000-2017), 67 Tg

CAMSIRA (2005-2015), 54 TgCAMSRA (2003-2016), 56 Tg

IASI (2008-2016), 58 Tg MOPITTv7 (2001-2017), 53 Tg

MACCRA (2005-2012), 57 Tg

MOPITTv8 (2001-2017), 53 Tg

0.0 0.5 1.0
1018 molecule cm-2

CO Total Column (std dev)
SPREAD



Observations Chemical Reanalysis Chemical Inversion

N
or

th
er

n 
H

em
is

ph
er

e
Tr

op
ic

s
So

ut
he

rn
 

H
em

is
ph

er
e

G
lo

ba
l

MOPITTv7 MOPITTv8

CAM-ChemCAMSRA

MACCRACAMSiRA

Geos-Chem

TCR-2TCR-1

LMDZ-2LMDZ-1

Temporal Distribution of CO Burden



Northern Hemisphere Southern Hemisphere

Tropics Global

-0.63 ± 0.31 % year-1 (ens mean) -0.68 ± 0.28 % year-1 (ens mean)

-0.49 ± 0.27 % year-1 (ens mean)

-0.57 ± 0.27 % year-1 (ens mean)

-0.41% year-1 (satellite) -0.45% year-1 (satellite)

-0.25% year-1 (satellite)

-0.38% year-1 (satellite)

Long-term Trend Relative to 01/2005 (satellite)



Mean Seasonality of CO Abundance
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Mean Seasonality of CO Abundance
NH amplitude appears 
to decrease with time 

Underestimation of 
amplitude in MBL (but 
ens spread suggests 
some analysis are close 
to obs)  
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Interannual Variability (IAV)
IAV smaller than 
seasonality with a large 
spike in strong El Niño 
year (2016) 

IAV in MBL appears to 
be mostly overestimated 
by the ensemble. 
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Summary:
• CO and NO2 data can be used as chemical tracers of 

FFCO2, as well as constraints on tropospheric O3 

chemistry (via OH on CH4 loss). 

• Careful consideration on how these observational 
constraints are translated to top-down emission 
estimates is warranted.

• Development of a tractable, ensemble-based, GHG/
AQ system which uses posterior fluxes from 
inversions and reanalysis is on-going; Has potential 
application with TROPOMI, GOSAT 2/3, GeoCarb, 
and OCO-2/3 for example. Collocated in-situ and 
airborne measurements of these species are critical.

• They shou ld be cons ide red as aux i l i a ry /
supplementary datasets in tracking FFCO2 and CH4 
and in reducing uncertainties on associated emission 
estimates (esp. w/ regards to consistency across 
species).


