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Response to Anonymous Referees on acp-2022-686

Tropical tropospheric ozone and carbon monoxide distributions:
characteristics, origins and control factors, as seen by IAGOS and
IASI

Maria Tsivlidou et al.

We thank the Reviewers for their comments and suggestions. Below we
provide our answers to their specific comments and the details of the
changes made to the revised manuscript.

Response to Anonymous Referee 1

> Comment 1: Paragraph 2.1. The term "accuracy" should not be used
in a quantitative way. Do the author refer to the systematic error,
instead (since the precision is quantified)?

The measurement uncertainties are considered to be caused by
random error (Nedelec et al., 2015).

We rephrased the sentence in lines 95-96, page 4 of the revised
manuscript as follows:

"with an accuracy of 2 ppb (resp. 5 ppb), a precision of 2 % (resp.
5 %) an overall uncertainty of ±2 ppbv ±2 % (±5 ppbv ±5 %) and
a time resolution of 4 (resp. 30) seconds (Thouret et al., 1998;
Nedelec et al., 2003) (Nedelec et al., 2015)."

> Comment 2: Pag 5, line 127. "The RSE is defined as the
*fraction*"...This is unclear. Do you mean *ratio*?

Yes. Corrected.

> Comment 3: Figure 2. The stripes visible for ozone need more
discussion. These discontinuities do not represent geophysical features
but uncertainty in the data products. For some regions discontinuities of
5-10 ppb were visible which could be considered a quantification of the



uncertainty related to the use of the different a priori profiles. Are these
spatial discontinuities visible also in other vertical layers?

The stripes are visible in other vertical layers. However, Barret et al.
2020 validated SOFRID-O3 v1.6 (considering a single a priori profile)
and v3.5 (considering a dynamical a priori profile) using
ozonesondes for the period 2008 to 2017. Despite the presence of
the stripes, their study clearly documents the improvements in O3
retrievals for v3.5, in terms of variability and correlation in most
latitudinal bands. The biases between SOFRID and sondes are also
lower for v3.5 than for v1.6. This indicates that SOFRID v1.6
provides a smooth O3 distribution with larger biases, while in
SOFRID v3.5 the effect of the a priori profile is visible but the biases
are lower. Therefore, despite the presence of stripes the use of a
dynamical a priori profile significantly improves the O3 retrievals.

Figure 2 in section 3.1 “O3 and CO over the Northern and Southern
Tropics” of the original manuscript has been removed from the
revised manuscript in order to take into consideration Reviewers
#2’s comments 1 and 2. However, in order to take into account
Reviewers #1 comment we added the lines 190-193 in page 8 in the
revised manuscript to discuss the stripes visible on the ozone
distributions:

"The stripes along the 10° latitude bands in IASI O3 maps (Fig. 2
e–h and q–t) are due to the use of a dynamical a priori profile,
resulting in discontinuities between adjacent latitude bands with
different a priori profiles. Nevertheless, the use of a dynamical a
priori profile largely improves the retrieved O3 profiles in terms of
biases, variability and correlation relative to the previous version
based on a single a priori profile (Barret et al., 2020). "

> Comment 4: Moreover a kind of noise that was not discussed in the
paper was visible for ozone over the desertic regions of the northern
Africa and Arabian peninsula. Since especially the first feature affects the
regional average values, I would like to see a discussion about potential
impact to the obtained results.

As mentioned just above, Figure 2 of the original manuscript is
removed in accordance to Reviewers #2 comment 1 and 2. However,
Reviewer #1 is right, the noise over the desertic regions is not
discussed in the original manuscript. Our results related to northern
tropical Africa are focused on latitudes southern than the desertic
african region. Since IASI distributions are analyzed in a
complementary way to IAGOS, we are mostly focused on Western
Africa where most IAGOS sites are located. Despite some missing
values over the Arabian peninsula, the IASI O3 distributions and
seasonal characteristics over Arabia agree qualitatively with IAGOS.



For instance, IASI captures the O3 maximum in July also seen by
IAGOS, and documented by previous studies (e.g. Barret et al.,
2016; Park et al., 2007).

In order to make this issue clearer we added the following statement
in lines 188-189 in page 8 of the revised manuscript:

"The measurements above Northern Africa are erroneous, due to
retrieval problems in the presence of desert ground with sand
emissivity interfering with the O3 signature (Boynard et al., 2018)."

> Comment 5: Page 23, line 489: please specify AMA

The abbreviation is now presented where the Asian monsoon
anticyclone (AMA) is first mentioned in the text in line 335, page 16
of the revised manuscript. The new sentence is:

"The resulting enhancement of CO in the UT within the Asian
monsoon anticyclone (AMA) analyzed in Park et al. (2008) and Barret
et al. (2016) is clear from IASI (Fig. 3k)."

> Comment 6: The analysis was mostly based on the IAGOS profiles at
selected locations. Along the manuscript, the authors nicely discuss also
the intra-regional differences observed at different sites in the same
regions and attributed observed differences. Potential limitations for the
results upscaling should be also highlighted in the Conclusion section.

The fact that IAGOS measurements are representative of the urban
background a few hundreds meters above the ground, and of the
regional scale at higher altitudes in the lower troposphere has been
addressed in comment 12 of Reviewer #2.

In addition throughout the paper, we take advantage of IASI CO and
O3 global distributions in order to complement the limited spatial
coverage of IAGOS (e.g. line 273 page 14 and line 299 page 15 of
the original manuscript).

Text has been added in the conclusions, in lines 589-593, page 28 of
the revised manuscript:

"Furthermore, IASI, which provides global daily O3 and CO
distributions with a coarse vertical resolution, allows us to
complement IAGOS observations on the global scale over the data
sparse tropical band. Throughout the paper we have shown that the
anomalies detected by IAGOS are often also detected by IASI at the
regional scale."
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Response to Anonymous Referee 2

General comments:

> Comment 1: I find the paper extremely hard to follow. It is extremely
long (41 pages excluding references!), and would really benefit from a
clear structure in the way the results are discussed. I would recommend
using subsections for each cluster so that the reader can know straight on
what exactly is discussed (e.g., which cluster is discussed? LT, MT or UT?
Which month? O3 or CO? Measured mixing ratios or SOFTIO contribution?
etc.).

In order to consider this comment we decided to remove section 3.1
(see comment below) and to rewrite parts of sections 3.2 and 3.3 of
the original manuscript. In the revised version of the manuscript, we
also improved the structure of the discussion by re organizing the
information for the regions (e.g. over Africa the maxima of O3 and
CO in the respective dry season and minima of O3 and CO in the
transition period from the wet to the dry season are discussed
together) in order to make the paper easier to read. In addition, we
improved sections 3.1 and 3.2 removing redundant statements. All
these modifications improve the clarity of the paper. At the end, the
paper has been shortened by 3 pages.

> Comment 2: In my opinion, section 3.1 does not bring anything to the
paper. Discussing IAGOS data as done in the following sections is already
plenty enough for one paper. In addition, the section 3.1 reads as purely
speculative, and raises questions that are actually answered later on in
the manuscript. What is the point of that?

In order to take Reviewer #2’s comment into account and to reduce
paper length, we have decided to remove section 3.1 “O3 and CO
over the Northern and Southern Tropics”. The initial idea was
actually to raise question and answer them later in the manuscript,
but Reviewer #2 is right this section was not bringing new results.
In the revised version of the manuscript, section 3.2 becomes
section 3.1.

> Comment 3: There are a lot of acronyms throughout the paper,
especially with regard to the source regions of CO. It makes sense to use
those in the figures, but the authors should consider righting the name of
contributing regions in full to avoid having to refer to Figure 1 all the
time. In addition, NH and SH are often used in the paper as referring to
the northern tropics and southern topics. This is really confusing as NH
and SH are classically used for the whole northern and southern
hemispheres. I would recommend using different abbreviations (NT and



ST?).

Initially all these acronyms were present to avoid an even longer
document. However, as asked by Reviewer#2, the acronyms for the
source regions have been replaced by the name of the regions, and
NH and SH referring to the tropics has been changed to NT and ST
throughout the revised manuscript. The acronym PBL has been
replaced to planetary boundary layer in the revised manuscript.

> Comment 4: The authors separate the troposphere in 4 different layers
(surface, LT, MT and UT) but, unless I missed something, never define
those layers in the manuscript. It complicates the discussion, as these
definitions drive the interpretation of the data. This should be clarified at
the beginning of the manuscript.

We added a more detailed description of the low, mid and upper
tropospheric layers used in the study in the revised manuscript.

We had to introduce some new acronyms as the three tropospheric
layers are defined differently for IASI and IAGOS/SOFT-IO due to
their different vertical resolution. For IASI, the three tropospheric
layers correspond approximately to its independent pieces of
information: low troposphere defined between 900-700 hPa (LTiasi),
mid troposphere between 600-400 hPa (MTiasi) and upper
troposphere between 290-220 hPa (UTiasi).

For IAGOS and SOFT-IO vertical profiles, we define the tropospheric
layers related to different dynamical regimes: the low troposphere
between the surface and 750 hPa (LT) corresponding roughly to the
planetary boundary layer, the mid troposphere above up to 300 hPa
(MT) and upper troposphere above up to 200 hPa corresponding to
the beginning of convective detrainment. Last, the upper
tropospheric layer corresponding to the IAGOS cruise phase between
300-185 hPa is defined as UTcruise.

The discussion in the results is mostly based on the IAGOS and
SOFT-IO profiles. For this reason, we gave the acronyms LT, MT and
UT. We believe that annotating an index (e.g. iasi, cruise) in the ‘LT’,
‘MT’ and ‘UT’ is the most straightforward way for the reader to
understand the tropospheric level we are referring to (low, mid or
upper) and to distinguish between the concrete pressure ranges
depending on the instrument used. In addition, the pressure range of
IAGOS during cruise is mentioned in different parts of the original
(and revised) manuscript. As a result, we define a separate acronym
to make clear the definition of the pressure range and avoid
repeating and clarifying it every time it is mentioned.

The definitions of the layers are specified in the revised manuscript:



Lines 71-72, page 3 of the revised manuscript for IAGOS cruise
phase:

"Using equipped commercial aircraft, IAGOS measures vertical
profiles, along with the (lower part) of the tropical upper troposphere
between 300–185 hPa (UTcruise)."

Lines 198-202, page 8 of the revised manuscript for IASI:

"We focus on daytime measurements when larger thermal contrast
between the surface and the atmosphere results in increased
sensitivity of the instrument (Clerbaux et al., 2009) and on pressure
levels corresponding approximately to the independent pieces of
information: low troposphere defined between 900–700 hPa (LTiasi),
mid troposphere between 600–400 hPa (MTiasi) and upper
troposphere between 290–220 hPa (UTiasi)."

Lines 169-170 in page 8 of the revised version, for SOFT-IO:

"We performed an evaluation of SOFT-IO for the lower troposphere
(LT, surface-750 hPa), the mid troposphere (MT, 750-300 hPa), and
upper troposphere (UT, 300-200 hPa). "

> Comment 5: A crucial piece of information is missing from the paper in
my opinion, that bears on how the data should be interpreted. The IAGOS
flights used by the authors date back from 1994 and 2002 for O3 and CO,
respectively. However, there is no information on how the IAGOS flights
used in the current analysis are spread throughout this time period. For a
given cluster, are there always the same number of flights per month
throughout the time period? Do all clusters span the same time range, or
are some timeseries shorter than others? I assume that all clusters are
different in the time range with data availability. If so, how would this
impact the comparison of clusters, and the source attribution?

This information was missing from the original manuscript. The
availability of the measurements spans different time periods for
each site/cluster, as shown in Figs. 1 and 2 below for CO and O3
respectively. To ensure the representativeness of our O3/CO
climatology, we applied a statistical method based on other studies
treating sparse spatiotemporal measurements such as ozonesondes
(e.g. Logan, 1999) and IAGOS data (e.g. Sauvage et al., 2005).
Logan (1999) determined that in the tropics, 20 ozone soundings
were required below 500 hPa for reliable climatologies. Sauvage et
al. 2005 found that the ozone monthly means over each site should
be representative with 15 measurements over Gulf of Guinea, 13
over East Africa and 8 over Central Africa. In our case, as detailed in
the manuscript, we use a 10% threshold for the relative standard
error to determine the minimum number of flights required for
representative climatologies. In order to make clearer the data



availability of IAGOS, we modified line 103 in page 4 in the revised
manuscript:

"Good consistency in the measurements between the two programs
(hereafter referred to as IAGOS) (Nédélec et al., 2015; Blot et al.,
2021) leads to IAGOS temporal coverage of 26 (resp. almost 20)
years for O3 (resp. CO), depending on the availability of the flights."

Figures 1 and 2 are added in the Supplementary material (Figures S4
and S5) in pages 7 and 8 and we added lines 123-125 in page 5 of
the revised manuscript:

"The temporal availability of the measurements differ for each site
and cluster, as it depends on the flight schedule of the aircraft (see
Figs. S4 and S5). For this reason, to determine a reliable
climatological profile, we need to assess the statistical significance of
the data."

We also added the line 588 in page 28 of the revised manuscript:

"IAGOS O3 and CO observations since 1994 and 2002 respectively,
were used (when available) in order to analyse vertical profiles over
20 tropical sites, along with the (lower part) of the upper tropical
troposphere. "



Figure 1: Availability of IAGOS CO measurements for each
site/cluster from 2002 to 2020.



Figure 2: Same as Fig.1 for IAGOS O3 measurements from 1994 to
2020.

> Comment 6: There is a number of flights provided for each cluster in
Figures 4, 6,7 and 8, but it is really unclear from the captions of these
figures what this number refers to. Is that the average number of flights



per month for the entire time period considered here? Or is that the total
number of flights for all months in the given time period?

This was not clear in the original version. The numbers in Figures 4,
6, 7, 8 refer to the total number of flights for each month in the
given time period. We adjusted the caption of Figure 3 page 11 in the
revised manuscript as follows:

"The annotated numbers correspond to the total number of flights
per month for the IAGOS period, given in the same colour as in the
legend."

> Comment 7: If so, how do you quantify the uncertainty due to the low
number of flights in some places (e.g., Mumbai or AbuDhabi)?

As stated by Reviewer #2, there are cases such as Abu Dhabi above
10 km and Mumbai with lower number of flights than required to be
statistically significant (see comment 5). We decided to include these
sites in the paper as the number of flights is often close to the
threshold and they can provide valuable information. In addition,
when number of observations, is much lower than the threshold we
added caution statements as in lines 312-313, page 16 and 379-380,
page 19 respectively, of the revised manuscript:

"CO anomalies over Mumbai are also caused by transport of AN
emissions from the Middle East (36%) in the LT, and NH Africa (30%)
in the MT (Fig. 5a and b). In the UT, the impact of NH African (AN
and BB) emissions dominates over Mumbai (54 \%) and Hyderabad
(50 \%). It has to be noted that the number of profiles over Mumbai
(6) and Hyderabad (19) are lower than the threshold established for
representativeness (see Section 2.1.1)."

"Note that only limited number of profiles are available over Abu
Dhabi above 10 km and Khartoum in April."

> Comment 8: There is no discussion at any point of the uncertainty in
the contribution of sources to CO using the SOFTIO software. Throughout
the paper, relative or absolute contributions of anthropogenic and
biomass burning emissions to measured CO are provided, but with no
associated uncertainties. I would imagine that this uncertainty is quite
high (stemming from the uncertainty in emission inventories, uncertainty
in back trajectory computation, etc.) and needs to be quantified.

At the very least, I would like to see on all figures (the ones that report
CO contributions from AN and BB sources like figures 4 and 5) the
proportion or absolute amount of CO anomalies that is unaccounted for. If
and when that amount is larger than the contributions actually accounted



for by SOFTIO, the authors need to discuss how much confidence can be
put in the interpretation of those results.

As detailed in the SOFT-IO description and evaluation paper
(Sauvage et al 2017, see their discussion in section 4) and in papers
using it (e.g. Petetin et al., 2018b; Lannuque et al., 2021), SOFT-IO
uncertainties are due to either an underestimation of emissions by
the inventories, and/or to a misrepresentation of the plumes in the
model (in horizontal or vertical space and time), inherent to the
uncertainties on the meteorological fields or parameterization of the
transport (turbulence, convection) in the model (at the same location
and time as the in situ measurements). These are the same
uncertainties in all models, even when chemistry is considered and
simulated. Note that studies evaluating CO simulated by chemistry
and transport models always underestimate CO compared to IAGOS
measurements, especially in CO anomalies (e.g. Cussac et al., 2020
or the evaluation of the Monitoring Atmospheric Composition and
Climate reanalysis performed with IFS model coupled with chemical
model such as MOZART, in the frame of the Copernicus Atmosphere
Monitoring Service, see http://www.iagos.fr/cams/). More generally,
the overall performance of the global chemistry transport models in
simulating CO is discussed in IPCC (2021). Even though the models
capture the spatial distribution of the observed CO concentrations,
they show regional biases up to 50 % (IPCC, 2021 and references
therein). For instance, models are persistently biased in the Southern
hemisphere and in the tropics, particularly over polluted regions such
as India and East Asia. As a result SOFT-IO has to be seen as a tool
to perform source attribution and to quantify the relative part of a
source influence to another, but not as a tool perfectly able to
simulate the exact CO concentrations, but this is a problem of most
of the models in CO anomalies.

The overall uncertainty of SOFT-IO is given by the absolute difference
between simulated and observed CO anomalies. As for all models, it
is quite impossible to give exact quantification of each individual
source of uncertainty as they are all related. However, an estimation
of the most uncertain factor can be given. For this reason, Sauvage
et al. (2017) have already extensively evaluated the performance of
SOFT-IO relative to observed CO anomalies by IAGOS for: i) case
studies of anthropogenic and biomass burning pollution events, and
ii) for the entire IAGOS database available at the time of the study.
As discussed in the original manuscript, Sauvage et al. showed that
SOFT-IO detects 95% of the observed CO plumes on average, and
that the main uncertainty comes from anthropogenic inventories
rather than meteorological fields or biomass burning inventories,
testing various state of the art anthropogenic and biomass burning
emissions widely used in the community.

More precisely, Sauvage et al.(2017) conducted sensitivity analyses

http://www.iagos.fr/cams/


to assess the dependency of SOFT-IO to input parameters (different
meteorological field analysis and emissions inventories). Conclusions
of their uncertainty estimation are the following:

SOFT-IO is not very sensitive to:

i) the resolution of the meteorological input data,

ii) the biomass burning global inventory (similar results between
GFED4 and GFAS v1.2).

SOFT-IO is sensitive to:

i) the altitude injection of biomass burning mostly for boreal fires,

ii) regional biomass burning emission inventory but for high latitude
regions, not relevant for our study,

ii) AN emissions, with important regional differences depending on
the emissions inventory.

All the SOFT-IO uncertainties have been clearly discussed in previous
papers (e.g. Sauvage et al., 2017; Petetin et al.,2018b) and the
evaluation of SOFT-IO is outside of the scope of this paper. However,
in order to take into account Reviewer #2 concern, we performed a
similar evaluation as in Sauvage et al., 2017 over the tropical sites
and a longer period (2002-2020). We found very few sensitivity to
meteorological parameters (analysis versus reanalysis) and back
trajectories computation (time calculation for transport and sub grid
processes), and to biomass burning emissions (GFAS vs GFED4) and
altitude injection.

In our study, we use GFAS that gives similar results as GFED4 but
provides altitude of fire injection for each fire event. We use the
Community Emissions Data System (CEDS2) AN emissions (McDuffie
et al., 2020) which is a state of the art anthropogenic inventory
broadly used by the community, rather than MACCity which is based
on projection after 2000. CEDS2 incorporates updated activity data
for combustion and process-level emission sources, and updated
scaling inventories. Therefore, CEDS2 inventory is expected to better
represent the anthropogenic emissions. To investigate further the
uncertainties related to AN emissions, we compared the CO
emissions from available inventories (CEDS and MACCity) over
tropical regions (South Brazil, West Africa, Southern Africa, India,
East Asia and SouthEast Asia). There are significant differences in the
emissions fluxes. These differences which display a seasonal pattern
are larger over the most polluted regions and smaller over South
America and Southern Africa. As shown in Sauvage et al. (2017), the
differences are low for the BB inventories. In contrast, the large
differences among the AN inventories brings larger uncertainties in



SOFT-IO calculations.

Comparing SOFT-IO using MACCity and CEDS2, we found absolute
mean differences of

27% in the LT, 16% in the MT, 10%  in the UT.

This confirms that anthropogenic emissions are responsible for
important uncertainties in SOFT-IO.

Our SOFT-IO simulations showed similar detection frequency of CO
anomalies as Sauvage et al. 2017. SOFT-IO underestimates the
anomalies by 10 ppb on average in the MT and UT and 45 ppbv in
the LT.

In order to take into consideration the suggestion of Reviewer #2, we
included the lines 160-162 in page 7 and lines 169-176, page 8 the
revised manuscript:

"As detailed in their study, SOFT-IO uncertainties and biases are
mostly due to uncertainties in emission inventories, and to a lesser
extent to uncertainties concerning the meteorological fields and
FLEXPART transport parameterizations (turbulence, convection)."

"For this reason, it is computed as the monthly climatological median
CO of a remote area away from polluted regions, in the upper
troposphere (300-185 hPa, during the whole study period
2002--2020) (Sect. S4 for more details). We performed an evaluation
of SOFT-IO for the lower troposphere (LT, surface-750 hPa), the mid
troposphere (MT, 750-300 hPa), and upper troposphere (UT, 300-200
hPa). Our simulations detect CO anomalies at the same rates as
Sauvage et al. 2017. On average, SOFT-IO underestimates the
observed CO anomalies by 10 ppb in the MT and UT, and by 45 ppb
in the LT. A sensitivity test has shown absolute differences of 27% in
the LT, 16% in the MT and 10% in the UT between SOFT-IO
simulations using AN emissions from MACCity and from CEDS2. This
clearly highlights the large uncertainty stemming from uncertainties
in AN emissions."

As stated by Referee#2, another source of uncertainty in comparing
observed CO anomaly to SOFT-IO calculations can be related to
background CO. This point is discussed in reply to comment 9 below.

> Comment 9: In the same vein, it became really hard for me to trust the
contributions calculated by SOFTIO given the significant gap between
those numbers and the actual mixing rations actually measured by
IAGOS. First, the authors should explain more explicitly how background
CO is calculated. Is it one common value for all sites? Is there a vertical



resolution of the background?

In the revised version we give more details on its calculations in lines
9-16, page 9 in the supplementary material of the revised
manuscript.

The background (BG) was computed as the median of the UT
(300-185 hPa) for each region and each month as shown in Fig. 3
below. For the NT African and AEA (resp. ST African) clusters, the BG
area is located in the Northern (resp. Southern) part of Africa, far
from fires injection through ITCZ. For the Asian clusters, the BG is
over the tropical Pacific, and for the South American clusters over the
North Atlantic. The computations of BG for each month (see Table
below) allows to account for the CO seasonality.

However, the selection of the background mixing ratio is rather
subjective, as discussed in Parrish et al. (2012). The UT median is
generally used to assess baseline concentrations of atmospheric
species that are not influenced by recent pollution as they have the
characteristics of well-mixed air masses from different origins
(Gressent et al., 2014).

In order to evaluate the impact of the definition of the BG, we
followed an alternative definition using the median CO mixing ratio
between 600-300 hPa but for each site. The comparison between this
background and the UT background used in the paper showed 2.5 to
60 ppb differences, but most importantly no difference in the
anomaly source attribution and in the relative contributions.

We added the lines 174-176 in page 8 of the revised manuscript:

"Another source of uncertainty comes from the definition of
background CO. In order to assess this source of uncertainty, we
used the 600-300 hPa median CO mixing ratio as background for
each site. The differences between the two backgrounds are within
2.5-60 ppbv. Nevertheless, using the alternative background did not
make any difference in the anomaly source attribution and in the
relative contributions."



Figure 3: IAGOS monthly mean CO distribution averaged for the
period 2002 to 2019. The red boxes indicate the location of the
regions taken into account for the computation of the background CO
mixing ratio.

Northern
Atlantic

Northern
Africa

Southern
Africa

Pacific

January 78 83 82 85

April 91 98 71 77

July 77 87 70 66

October 75 81 74 77

Table 2: Background CO mixing ratio in ppb for each month and each
region.

> Comment 10: Then, for most sites in this study SOFTIO only explains a



(small) part of the calculated CO anomalies, leaving in some cases
hundreds of ppb of CO unaccounted for. To me, this issue needs to be
discussed in more detail, since the whole paper relies on the assumption
that SOFTIO can explain “95% of the CO anomalies” as stated by the
authors.

The sentence “SOFT-IO can explain 95% of the CO anomalies” came
from Sauvage et al. 2017 and refers to the number of the simulated
anomalies, but not the intensity of the anomalies. As explained
previously in comment 8, our calculations over the tropics show the
same order of detection, and absolute differences of 10 ppb in the
MT/UT, and up to 45 ppbv in the LT. This has been detailed in
Sauvage et al 2017. As it seems unclear we better explain it in the
revised version in line 162 and page 7 and rephrase "SOFTIO can
explain “95% of the CO anomalies" by "SOFT-IO can simulate 95% of
the observed number of  anomalies".

> Comment 11: In addition, the authors invoke throughout the paper that
the shortcomings of SOFTIO are due to underestimated AN emission
inventories. Why would that be the case, rather than underestimation of
BB emission inventories for instance? Another thought would be that the
missing CO (unaccounted for) could be within the uncertainties of the
SOFTIO calculated contributions, but this is hard to conclude on in the
present paper as uncertainties are not discussed. In any case, if there is
so much uncertainty in the AN emission inventories in the first place, that
would impact SOFTIO calculated contributions everywhere and throughout
the tropospheric column, right? So again, uncertainties should be
discussed.

When CO anomalies are attributed to both AN and BB emissions (e.g.
during the dry season of each hemisphere), it is of course not
possible to distinguish which source is responsible from the SOFT-IO.

Nevertheless, as mentioned in the reply to comment 8 the sensitivity
tests we performed over the Tropics using different inventories,
additionally to the ones performed by Sauvage et al., 2017, highlight
much larger SOFT-IO differences stemming from AN than from BB
inventories (see reply to comment 8 for details and manuscript
modifications page 8/line 174).

Furthermore, we comment the performance of SOFT-IO when the CO
anomalies are attributed entirely to one source (AN) and to one
source region. For instance, in the case of Africa (NH and SH) (line
261, page 14 and line 316, page 16 respectively in the original
manuscript) and South America (line 445, page 21 of the original
manuscript), we discuss the underestimation of the AN emissions
during the transition periods, when the fires are suppressed. During
this seasons, AN emissions cause the CO anomalies (as shown by



SOFT-IO attribution) because there are no or few fires, as can be
seen by the fire counts based on MODIS for the period 2002 to 2012
in Yamasoe et al. (2015) (their Fig. 7) and discussed in Giglio et al.
(2006). Text has been modified in lines 240-245 in page 13 of the
revised manuscript:

"Over the NT African clusters, secondary CO and O3 maxima are
observed below 4 km (Fig. 3 panels 1a–1c and 2a–2c) during the
transition from the NH dry to wet season (April), when the fires are
suppressed (Fig. S1b). LT CO mainly comes from local AN emissions
(Figs. 3 panel 3b; A1 panels 1b and 2b). The fact that SOFT-IO
attributes approximately 80 ppbv of CO to local AN emissions (Figs. 3
panel 3b; A1 panels 1b and 2b), while the observed anomaly reaches
200–250 ppbv and no or few fires are detected by MODIS (Yamasoe
et al., 2015; their Fig.7), indicates an underestimation of the NH
African AN emissions."

> Comment 12: One of the main conclusions of the paper is that
anthropogenic emissions contribute much more to CO anomalies
measured by IAGOS compared to BB burning. Is that really surprising
considering that the large majority of the sites studied here are
megacities, with several million inhabitants, and therefore with
overwhelming local AN emissions? Imagine IAGOS airports were located
in the middle of fires, wouldn’t you get the opposite results? It is not clear
to me how you can generalize your findings to the whole tropical band.

It is true that IAGOS sites are mostly located over megacities but this
does not mean that IAGOS data are not representative of larger
areas surrounding the cities. Indeed, Petetin et al. (Elementa 2018a)
compared CO and O3 IAGOS measurements with the surrounding
urban background stations. As explained in their study, urban
background stations are located within the city or its suburbs but
away from direct influence of traffic and urban emissions. Their
results showed that O3 and CO mixing ratios measured by IAGOS in
the first few hundred meters above the surface have similar
characteristics as the ones at the surrounding urban background
stations in terms of mixing ratio distribution, seasonal variations and
trends. Furthermore, at higher altitudes in the lower troposphere,
they showed that IAGOS data are representative of more distant
regional surface stations from the Global Atmospheric Watch (GAW)
network, outside of direct anthropogenic influence. This is related to
the fact that between 1 to 5 km altitude, the aircrafts are 10 to 120
km away from the airports (see their Fig.1). In order to consider this
discussion, the conclusion section has been modified as follows:

We added the lines 589-593, page 28 of the revised manuscript:

"One limitation of our study is the rather limited spatial coverage of



IAGOS profiles to limited locations. However, according to Petetin et
al., 2018a, a few hundreds meters above the ground, these
measurements are representative of the urban background and of
the regional scale at higher altitudes in the lower troposphere."

We removed lines 785-787, page 33 of the original manuscript in
order to avoid making general statements about the whole tropics.

Detailed comments:

> l.35 Change to (e.g., Edwards et al. 2006) as this was not the first
paper to use CO as a pollution tracer.

Done

> l.37-38 It would be good to include a quantification of the respective
sources of CO here, and an adequate reference for this statement on CO
being primarily emitted by anthropogenic emissions. I imagine you are
referring to emission inventories? Please be explicit.

Text has been modified accordingly in lines 36-39, page 2 of the
revised manuscript:

"CO is primarily emitted by incomplete combustion, thus by
anthropogenic (AN) and biomass burning (BB) sources (Galanter et
al., 2000; Granier et al., 2011), with estimated contributions between
450-600 and 350-600 Tg CO yr−1 respectively (Lamarque et al.,
2010; van der Werf et al., 2006). Its secondary sources include
oxidation of VOCs and methane, with contributions in the range
between 450–1200 and 600– 1000 Tg CO yr−1 (Stein et al., 2014)."

> l.41-42 Bourgeois et al. (2020) recently presented a global-scale
distribution of O3 in the remote troposphere based on aircraft
observations. Probably a good idea to acknowledge that here.

Text has been added in line 41-42, page 2 in the revised manuscript:

"Based on aircraft observations, Bourgeois et al. (2020) recently
presented a global-scale distribution of O3 in the remote
troposphere."

> l.42 “inadequate” doesn’t sound like the right word here. Maybe use
“due to the paucity of observations”. Also, please resolve the conflict: the
troposphere above “developing countries in the tropics” is not “remote”.



The remote troposphere applies to air far from emission sources, i.e., far
from land.

Text in lines 42-43 in page 2 of the revised manuscript has been
modified accordingly:

"However, the global O3 distribution and sources of precursors
remain uncertain uncertainties still remain in the global O3
distribution and sources of precursors due to inadequate paucity of
observations in the remote free troposphere, especially over
developing countries in the tropics (Gaudel et al., 2018; Tarasick et
al., 2019)."

> l.61-62 I disagree with this statement. Field campaigns in the tropics
have provided invaluable insights on both the atmospheric chemistry and
dynamics of this region, back from the 80’s. The spatial coverage of these
campaigns, especially airborne, is much larger than that of ozonesondes
for instance, which map out O3 columns at very specific locations. I think
that the least you can do is acknowledge the value of these campaigns
and also name them (CAST, ATTREX, SAFARI, the NASA GTE campaigns
(PEM-TROPICS), etc.).

Text has been modified in lines 61-64 in page 3 of the revised
manuscript:

"On short time scales, several international field campaigns have
been carried out in the tropics, yielding measurements of various
species over Africa (from TROPOZ 1987 to CAFE-Africa), Asia (from
INDOEX to EMerge-Asia), South America (Cite-1/2/3, TROCCiNOX)
and the tropical Pacific (from PEM-WEST-A/B to
CAST/CONTRAST/ATTREX and Atom). The campaigns have provided
invaluable insights on the atmospheric chemistry and dynamics of
the tropical region. However, they provide sparse measurements in
terms of temporal and spatial coverage."

> l.64 Why would ozonesondes under-represent the tropical upper
troposphere? If anything, the altitude ceiling of ozonesondes is much
higher than that of IAGOS or other airborne measurements.

Indeed ozonesondes measure vertical profiles of O3 at higher
altitudes than airborne measurements. We meant that ozonesondes
provide UT measurements above the location of the site, which is
limited compared to the IAGOS data during cruise phase. However, it
is true that all these dataset have a complementary role in the
monitoring of the atmospheric composition, especially over
sparse-data regions like the tropics.



Text has been modified in lines 65-68 page 3 in the revised
manuscript:

"On greater timescales, the Southern Hemisphere ADditional OZone
Sounding (SHADOZ) program (Thompson et al., 2003a) provides
long-term O3 observations over the tropics using ozonesondes since
1998. These measurements Even though these measurements
offered a better understanding on vertical distribution and trends of
tropical O3 (e.g. Thomspon et al., 2021), they are mostly limited to
remote observing sites such as Ascension and Reunion island, and
they under-represent the tropical upper troposphere. However, it is
difficult to provide additional constraints regarding the relation
between O3 and CO in the tropics, due to a lack of simultaneous CO
in situ observations."

> l.69 This is a bit misleading. Yes, you have a long time-series from
IAGOS flights, but you have strong heterogeneity in how the flights are
spread in time and space throughout these periods. If you are going to
call out all the limitations of other research networks, then you should
acknowledge that here.

This comment is addressed in the comment just below.

> l.59-74: These two paragraphs read as trying too hard to show that
IAGOS is much better than the other research networks and field
campaigns in the tropics. It may not be the intention of the authors, but I
think that they should rather focus on showing that all infrastructures are
complementary and the combination of all are necessary to fully
understand the kind of research questions they are addressing.

Text has been modified in line 69-72, page 3 of the revised
manuscript:

"In a complementary way to these datasets, the IAGOS (In-service
Aircraft for a Global Observing System; (Marenco et al., 1998;
Petzold et al., 2015; Thouret et al., 2022) program has provided
continuous and consistent O3 (Thouret et al., 1998; Blot et al., 2021)
and CO (Nédélec et al., 2015) observations over the tropics for the
last 26 and 18 years O3 and CO measurements over the tropics
since 1994 and 2002 respectively. Using equipped commercial
aircraft, IAGOS measures samples vertical profiles at take off and
landing, along with the lower part of the upper tropical troposphere
at cruise altitude between 300 and 185 hPa (UTcruise). "

> l.70 Madras is the fourth biggest city in India. Definitely not remote. Per



definition, IAGOS flies in and out of airports, so you expect most of their
tropospheric profiles to be influenced by regional emissions. You cannot
qualify IAGOS as a remote troposphere observation network.

The fact that above a few hundred meters above the surface, IAGOS
is representative of regional scale is discussed in detail in comment
12. However, it is true that Madras is not a remote location.

Remote has been removed.

> l.83 All research should be novel. Please remove “for the first time”

Done.

> l.98-99 The horizontal resolution is the same during the ascend and
descend phases and during the cruise phases?

According to Petetin et al. (2018a), the vertical and horizontal speed
vary depending on the ascent and descent time after/before take
off/landing, and thus the vertical profile can be considered as
semi-vertical with a maximum horizontal speed of 166 m/s. The
horizontal resolution during ascent and descent ranges between
4-600 m for O3 (response time of the instrument 4s) and 30-5000 m
for CO (response time 30 sec).

The cruising speed has a maximum value of 250 m/s (or 900 km/h).
The horizontal resolution during cruise is 1 km (resp. 7.5 km) for O3
(resp. CO).

> l.166 How do you define the lower part of the UT?

We refer to the IAGOS cruise altitude at about 300–185 hPa or 9–12
km.

We modified line 72 in page 3 of the revised manuscript in order to
make this definition clearer:

"It samples vertical profiles at take off and landing , along with the
lower part of the upper tropical troposphere at cruise altitude
between 300 and 185 hPa. "

> l.117 How much of the data is discarded by applying this filter?

In the tropics this filter does concern a negligible part (less than 2%)



of the data.

> l.122 Please state the typical upper limit here

To make this part clearer, we modified line 120 in page 4 of the
revised manuscript as follows:

For the same time periods, the climatologies over the vertical are
derived by averaging the data into 10 hPa pressure bins from the
surface up to 200 hPa. We also applied a distance criteria of a
300-km radius around the IAGOS observational site, similar to
Petetin et al., 2016. This way we reduce uncertainties due to possible
horizontal heterogeneity in the measurements, as the aircraft keeps
moving in the horizontal plane during ascent and descent.

> l.125-137 An important missing information here is a table that shows
the number of flights per month for each of the sites (or clusters) shown
in Table 1, the time length of the time series, if there are flights for every
month of every year, etc. Basically, the authors could expand Table 1 to
include all the information that the readers need to assess the distribution
of IAGOS flights in time and space.

We have included two columns in Table 1 in page 6 of the revised
manuscript with the total number of flights for O3 and CO for each
site/cluster for the whole IAGOS period. Because of the length of the
paper and for clarity reasons, we added the availability of IAGOS
flights for O3 and CO measurements over the different clusters, in
the supplementary material, in pages 7 and 8, in order to show the
time length of the timeseries and the periods that are sampled for
each site and cluster during the IAGOS period.

> l.144 Does “intermediate” mean between the seasons? If so, why not
take months during peak seasons?

We mean the month during the peak season. Text has been modified
in the revised manuscript:

"Instead, we analyse the O3/CO profiles and horizontal distributions
over intermediate months of the tropical seasons for months during
the peak tropical seasons (January, April, July and October), to
highlight seasonal patterns."

> l.161 most regions, including the tropics?



Yes, we confirmed the Sauvage et al. 2017 results with more tests
over the tropics up to 2020, please see comment 8 for more detail.

> l.162 most of the regions, including the tropics?

Same as above.

> l.166 Please specify where the remote area was located. You are only
considering the UT to calculate the CO background. That does not seem
right to me, since you will use this value to calculate CO anomalies
throughout the tropospheric column and there is a vertical gradient in CO
mixing ratios due to stratospheric air mixing. You should use the median
CO value over a remote area averaged across the tropospheric column.
Also, please provide a range of the CO background values thus obtained.

The issues linked to the background definition have been discussed
and addressed in reply to comment #9.

> l.204-209 I don’t understand these figures and the associated
discussion. The discussion talks about NH and SH emissions of CO, but
the figures do not show all of the NH and SH. The maps are truncated to
a latitude band that seems randomly chosen and does not seem to
correspond to the tropical band as defined by the authors early on in the
manuscript.

This comment refers to section 3.1 ‘O3 and CO over the Northern
and Southern Tropics’ of the original manuscript. In order to consider
comments 1 and 2 , we decided to remove section 3.1 in the revised
manuscript. Nevertheless, the acronyms NH and SH have been
changed to Northern Tropics (NT) and Southern Tropics (ST)
respectively when they refer to the tropics (as mentioned before in
the general comment related to the acronyms).

> l.210-214 Why speculate here on the sources of CO and O3 when you
are actually answering this question later on in the manuscript using
SOFTIO?

Same as the comment just above.

> l.220-225 This is not true. In this section, you only speculate, based on
coincident maps of AN and BB emissions and CO and O3 concentrations,
on the reasons for the anomalies. You have not shown any causality



(coincidence is not a sound scientific argument) nor have you excluded
other potential sources such as long-range transport or stratospheric air
mixing. In addition, the wave one pattern is already well described in the
literature. You should cite appropriate literature here with regard to this
effect. In any case, you should change “are related” to “could be related
to”.

Same as just two comments above.

> l.243 How do you define the LT?

As mentioned in comment 4 about the definitions of the tropospheric
layers, the LT is defined in the pressure range between the surface
and 750 hPa.

> l.245 What does this 58% value refer to? An average across the four
months for the two sites? Why not include the Gulf of Guinea in that
average? Is that an average for the LT only? How do you define the LT?
Please be more precise.

The 58% is the AN/(AN+BB) contribution averaged between the
surface and 750 hPa. This value refers to the mean of January and is
the same for Lagos and Sahel (in fact 57% which was rounded up to
58).

In order to make this result clearer we added the lines 224-226 page
9 in the revised manuscript:

"During the NH dry season (January), the AN contribution dominates over
Lagos (58%) and Sahel (57%), while BB slightly dominates over the Gulf of
Guinea (53%) (Figs. 3 panel 3a; A1 panels 1a and 2a; 4a; A2a). "

In order to be more precise about AN and BB contributions in NT
Africa we have also modified the following sentences (line 598 in
page 28 and line 616 page 29 of the revised manuscript) in the
conclusion:

"Over NH NT Africa, with contributions in the range of 57-85% local
AN emissions largely dominate the CO anomalies all year long. There
are a few exceptions of larger BB contributions in January over
Guinea Gulf (57%) and in July over Lagos (53%) and Guinea Gulf
(66%) during NH and SH African BB seasons. "

"The role of the local AN emissions are more important than
previously noted documented as: i) local AN emissions define control
the CO anomalies over NT Africa Lagos and Sahel, and ii) the
persistent CO-rich surface layer in Central Africa is caused by local



AN emissions (40 and 86 %) in the absence of local fires.

> l.247 “extend” is not the right word here

Corrected.

> l.257 October is more polluted than January and April in Central Africa
and similarly polluted as July in Sahel and Gulf of Guinea

In order to respect comment 1 of Reviewer #2 related to the length
of the paper, we removed this phrase from the revised manuscript as
the CO enhancement in the lower tropospheric levels is not a unique
characteristic of the African clusters.

> l.260-261 But this is also true for the other months, right? Look at
January for instance, where the mean CO ranges between 250 and 750
ppbv between 0-4km. For that month, SOFTIO only attributes 200 ppbv
of CO anomaly, so it clearly misses a large fraction of the CO source for
that month as well. On what do you base your statement that this is due
to an “underestimation of NHAF AN emission”? The fact that IASI also
sees elevated CO (as mentioned in the following sentence) is no proof
that they are AN originated. Why not an underestimation of BB
emissions? Could it not be an issue with how you defined your
background CO in the first place? This clearly needs to be explained in
more detail.

This comment has been discussed in comment 11.

Furthermore, background CO differences between our different
methods (see comment 9) account for a maximum of 60 ppbv which
could not explain the differences between SOFT-IO and the
observations pointed by Reviewer #2 that are about 250 ppbv in the
LT for January.

> l.273 69 ppb, not 70.

Done

> l.277-280 and l. 287-289 Here you discuss O3 sinks in the LT, which is
redundant with the following paragraph (l.290-297). I suggest keeping
the following paragraph and removing these sentences to improve the
readability of the manuscript.



Text has been modified according to Reviewers #2 suggestions.

> l.314-317 Again, how can you conclude that SOFTIO underestimate AN
emission, but not BB emissions for instance? It looks like SOFTIO
struggles to match the CO anomalies near the surface for most African
sites. Can that only be explained by incorrect AN emission inventory? If
that is the reason, how can we trust the rest of the AN vs BB attribution
by SOFTIO in the rest of the tropospheric column?

The reason we comment on the underestimation of the AN emissions
is discussed in comment 11. Briefly, we are discussing the
underestimation of the AN emissions, as no fires were detected
during April over Central Africa and AN emissions were the dominant
source of the CO enhancement. The underestimation of AN emissions
refers to this concrete month and this concrete region only and it is
not a general conclusion about the AN emissions. The discrepancy
between the modeled and observed anomaly cannot be explained
only by incorrect AN emissions inventory, as there are other sources
of uncertainty in SOFT-IO computations (see comment 8 for more
details). However, it is not possible to quantify the bias of each
individual source separately or the uncertainties coming from AN or
BB emission inventories.

> l.351 Madras is not an “oceanic site”, it is a mega-city (fourth biggest
city in India).

Oceanic site has been removed.

> l.442-445 This is true for all sites in South America, and most sites in
Asia and in the Arabian Peninsula (on top of all sites in Africa). So, if all
AN emission inventories are wrong in most regions, as suggested by the
authors (and why is the reason for that?) How can the authors still
quantify AN contribution throughout the tropospheric column with so
much certainty?

As mentioned in comment 11, the underestimation of the AN
emissions is discussed over Africa and South America when there are
no or few fires active, because AN emissions are causing the CO
anomaly almost exclusively.

For AN emissions, we use CEDS2he LT CO maxima over the NT
African clusters are due to a combination of AN and BB local
emissions. T which is a state of the art inventory but can
misrepresent reality. We document an underestimation of AN
emissions in specific regions and seasons; this represents valuable
information for the experts in charge of this inventory. The reason for



such an underestimation is out of the focus of our study and
concerns emission experts.

> l.561 So is 100 ppb the background level of CO? Shouldn’t the
background value be altitude dependent, with lower values in the UT?

The background we use is season and region dependent. see
comment 9 for more details.

> l.571-573 How so? O3 could be formed by BB emissions with the CO
maxima being still due to AN emissions. That O3 and CO maxima aren’t
collocated doesn’t mean that O3 production isn’t due to BB emissions.

It is indeed complicated to draw accurate conclusions about O3
attribution without the use of a chemical transport model. The
statement has been removed in the revised manuscript.

> l.575 Isn’t O3 always formed by photochemical processes?

Text has been modified:

"This likely indicates that O3 is formed by photochemical processes,
and is likely associated with larger ozone production efficiency in the
FT (Sauvage et al., 2007c)."

> l.579 I was not aware that lightning also produces CO. How can LiNOx
be responsible for elevated CO in the MT?

Text has been modified in the revised manuscript:

"In contrast, in SBrazil and Windhoek in October, the co-occurrence
of O3 and CO enhancement in the MT and UT indicates tropospheric
origin for O3 production from surface sources (e.g. fires and LiNOx
emissions; Secs. 3.2.1 and 3.2.3). In addition, LiNOx emissions can
contribute to the O3 production in the FT (Secs. 3.2.1 and 3.2.3)."

> l.581 The large majority of your flights are over megacities. I think it is
fair to assume that low O3 in the BL are due to titration by NOx

Text has been modified in the revised manuscript:

"This is likely related to the chemical and deposition sinks of O3
located in the LT deposition and titration by NO (see Sect. 3.1.1 for



more details)."

> l.582-583 This is not obvious to me. Looking at the various figures, it
looks like BB emissions contribute a lot in January to most of the African
clusters. In addition, the O3 maxima is closer to the MT than the LT
(although it is not clear how the authors dined these two layers) whereas
the CO maxima is at the surface. So, to me there is clearly a discrepancy
with the text here.

As we discussed in comment 4, LT is defined from the surface below
750 hPa. Based on IAGOS auxiliary data, 750 hPa corresponds to 3
km. Indeed, as mentioned in lines 226 and 229 page 11 of the
original manuscript, CO peaks close to the surface and O3 at around
2.5 km (accompanied by elevated CO levels) for the NT African
clusters. Despite the fact that the O3 maximum is closer to the MT,
and the CO maximum close to the surface, they both occur in the LT
as defined by the authors. LT CO is attributed to local AN emissions
over Lagos and Sahel, and local BB emissions over the Gulf of
Guinea.

Lines 478-480 in page 24 is modified in the revised manuscript:

"The highest CO and O3 maxima among all the tropical clusters occur
over NH Africa in the LT (at 0.3 km for CO and 2.5 km for O3) during
the dry season (January) mostly due to local AN emissions (over
Lagos and Sahel) and BB (over Guinea Gulf). "

> l.593 I have a hard time believing that CO would be diluted by BB
impacted air masses. Please explain in more detail.

We removed this statement from lines 591-594, page 27 of the
original manuscript.

> l.621-622 The authors should rephrase this sentence, as it seems to
imply causality between enhanced CO and enhanced O3. Do they really
mean that the elevated CO in the LT is responsible for the elevated O3?

The relation between the observed O3 and CO is useful to constrain
our understanding of the factors controlling O3 (Voulgarakis et al.,
2011). A correlation between O3 and CO was observed in aged
pollution and BB plumes (e.g. Parrish et al., 1993), indicating that a
region has experienced photochemical O3 production from its
precursors (including CO) (Voulgarakis et al., 2011 and references
therein). As we mention in the manuscript, during winter in Asia the
chemical ageing of the air masses in the LT is favored by: i) the



confinement of the CO-rich air masses due to the large scale
subsidence preventing upward vertical motions (Lelieveld et al.,
2001) and ii) the cloud free conditions promoting O3 formation.
Therefore, the elevated O3 is due to the combination of these
reasons (accumulation of air masses in the surface, high solar
radiation and large amount of precursors including CO).

Text has been modified:

"As in NH Africa, the CO-rich air masses accumulated in the LT over
the Asian clusters in January result in are accompanied by a
secondary LT O3 maximum."

> Conclusion There shouldn’t be any references in the conclusion.

References have been removed from the conclusion section. We only
kept Petetin et al 2018a to discuss about IAGOS representativity of a
regional scale (comment 12).

> Table 2 Please indicate the pressure range for CO and O3 in the table,
as they are not the same for the two species. Please change NH and SH
to NT (northern tropics) and ST, otherwise it gets confusing.

Table 2 was presented in section 3.1 of the original manuscript. As
mentioned before, we decided to remove this section in the revised
manuscript, in order to take into consideration from Reviewers #2
comments 1-2 related to this section and the length of the paper.

> Figure 2 Please indicate that those are monthly mixing ratios averaged
from 2008 to 2019.

Same as the comment just above.

> Figure 4 Please explain in the caption why Sahel and the Gulf of Guinea
are not included in the figure (for BB vs AN contribution) but rather given
in the appendix.

We added in the caption of Figure 3 in page 11 of the revised
manuscript:

"For clarity reasons the CO contribution for Sahel and Gulf of Guinea
are displayed in Fig. A1."



> Figure 7 Please expand the axes so that all of the data are shown in
panels 3, 4 and 5.

Done

> Figure S1 The latitude band is not the same for all panels. Please
homogenize.

Done
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