Ref. #1

First, we would like to thank the reviewer for hisf comments which have helped improving
the paper and the analysis of the results.

- In general, the level of scientific writing coldd improved. Please try to avoid subjective
terms like ‘very good’ and ‘extremely high’ in ttext.

-> We have taken care of avoiding such expressiotiee revised version.

- The inventory-based comparison should be extersiecke it now only focuses on GFEDv3
and MODIS BA (which is actually used in the GFEDw&eling framework and therefore

the overlap between both datasets in not surprisingl). From a bottom-up perspective, it
would be interesting to add inventories that ratyather methods as well, like e.g. the Global
Fire Assimilation System (GFAS; based on fire radepower (FRP)) and the Fire Inventory
from NCAR (FINN). Extending the comparison witrsth@ventories could give more insight
in the processes that explain the discrepancy fautidthe diurnal cycle of IASI CO, and
might bolster your hypothesis on the contributidrcltanges in the flaming and smoldering
phase.

-> We have extended our comparisons between di@@ahnd fire products to the

GFASAL.0 monthly product. In southern Africa, GFA®is lower than GFED3.1 but

follows in general the same seasonal cycle (pickihgnonth earlier than the diurnal signal of
CO) and agrees better with the diurnal signal ofi€@rms of interannual variability. The
agreement is also better in terms of spatial réjmart In the revised version, Fig.2c is plotted
for both GFED3.1 and GFASL1.0: the emissions orEid of the area (35-40_E) between
July and September, that are not “seen” with thiengdil signal of CO (see Section 3.2.2), are
lower for GFAS1.0 than for GFED3.1. GFAS1.0 emissiare also lower in this area than the
ones located between 10 and 30_E, in agreemeniAsthCO signal.

This overall better agreement is illustrated byetidy correlation coefficient found between
GFAS1.0 and the diurnal signal of CO?(R0.7 instead of 0.6 for GFED3.1) on all the
tropical regions.

The reasons why GFAS and GFED differ are certainiypplex and investigating these
reasons exceeds the scope of this paper. The MBRIBave been used here to provide a
more “direct” observation of the fire location. Tun our view, the fact that GFED uses the
MODIS BA in its framework is interesting since tagreement with the diurnal CO signal
should be closer to the emissions than to the Bfgelves, IASI CO providing a signature
of the emissions themselves. Using the MODIS BA alsrmits to extend the comparison to
the beginning of 2012, a period that is not avéddtom GFED3.1.

- How confident are the authors that the mechanideseribed for the boreal forest fire case
(P17L1-7) are valid for Africa savanna fires or dedstation fires in South America?

-> We do not (and cannot) state that the mechanseexactly the same. The results from
Ferguson et al. (2003) stem from a punctual (iretand space) study, and depend on the
weather in the studied days, the topography, et dvdw a parallel between our two studies,
supported by our findings and the evolution oflbendary layer height, which is described
just after in the text.



- In contrast to the 9.30am measurements, | guegghe 9.30pm measurement can be
affected by transport from other regions? If s@ thurnal cycle will be impacted by CO
transport from other regions as well. An atmospbérnsport model could be used to check
whether transport does play a role in this diurogtle, or, at least, provide the reader with
some references to convince that this is not tise.da general, more discussion on the role
of transport is important, especially regarding tt@mparison of the different regions
(vegetation types) in Africa. If transport doesypéarole, interpreting those results does not
make sense.

-> Both the 9.30 a.m. and 9.30 p.m. measuremeatafacted by transport from other
regions. When talking about the remaining high galaf CO in southern Africa outside of
the fire season (for example in Fig. 3), both “dapd “night” IASI CO mixing ratios are
influenced by transport, and they are influencedsime way.

Concerning the effect of transport on the diurmgthal of CO, it is of course not excluded that
both large scale circulation and local conditioaséhan influence. Rio et al. (2010) showed
that the DTE of C@Qwas not always necessarily located just abovedhece, because of
large scale advection (“[...] the real DTE signah &e significant in surrounding areas, due
to preferential directions of the large scale atlees.”). Chédin et al. (2009) showed that the
DTE of CG could be negative on a daily scale due to pagrdubrizontal winds. However,

on a monthly basis, outside the source regionDfie daily variations tend to cancel each
other out.

A distinction should be made between the influesfdarge scale (and long distance)
transport that affects day and night IASI CO formis, and the particular horizontal winds
that can punctually affect the day minus nightedighce of CO.

On monthly averages, the diurnal signal of CO ustimostly located in the vicinity of the
sources and can be interpreted in relation toghgen above which it is located.

This discussion has been added to the text.

- Instead of July 2008, how does the boundary lagérave in southern Africa in the months
of August-November? How does the boundary layeav®em South America in the fire
season?

-> The BL behaves the same way in August-Novembdén duly, but the maximum of the
height (reached at 12:00) increases from July (k&\pto September (_2.5 km), and then
decreases until November (1.5 km).

In South America, a similar behaviour is found gzhen ECMWF forecasts), except that a
lower height is reached in July-October (not higihan _1.8 km). This has been included in
the revised text.

- What would be the impact of deforestation fireSouth America on the diurnal CO
signature of IASI? These fires are often startetheafternoon (>9.30am), and represent a
significant part of CO emissions in the South AcariContinent. The same counts for
Indonesia.



-> A diurnal signal of CO is found in South Americe and it is in agreement with fire
activity. It is located in the area of the “arcd&forestation” and its evolution follows the fire
activity.

It is more difficult to see what would be the impatindonesian fires, as it is a smaller
region that is affected by persistent cloudinetmswclear sky observations are available.

- Besides the fact that the diurnal CO signal maweal some interesting findings with respect
to the temporal variations in fire emissions, thetimod could be potentially useful above
regions where other sources of pollution occur kkg. Asia. I'm wondering why, in the
global analysis (Figure 7), Asia is left out of thiealysis. Indonesia and Southeast Asia are
important tropical regions from a biomass burnirgrgpective, and given the proximity to
anthropogenic pollution sources the method couldfeifically useful in these regions.

-> Southeast Asia and Indonesia are smaller fivecgs than Africa and South America, on
which we put an emphasis. And as indicated aboeean limited by the number of clear sky
observations to study these regions in details.

- I miss some discussion on how to proceed withrttdthod in future. Are there other sensors
or upcoming missions that could be used? What abengors with surface sensitivity to CO,
like MOPITT? Could the work directly be combinethwG, observations? In general, |

miss a sort of guidance here.

-> We have added a paragraph about other and fepatéal missions in the conclusion.
Metop-B was launched in 2012 and Metop-C will benlehed in 2017, so IASI will provide
at least 20 years of observations, at the samdaqerassing times, allowing us to study on
the long term the evolution of CO, its diurnal ®eind its relation with fires. IASI-NG, on
the same orbit, will cover the period 2020-2042.

Our CO retrieval method also works with Aqua/AlR&ervations (see Thonat et al., 2012),
whose passing times are 1.30 a.m./p.m. Crls, \lw#hsime characteristics as AIRS, was
launched in 2011 and will also be on the JPSS progilanned for 2017.

Terra/MOPITT gives CO measurements at 10.30 a.m/@anwith IASI and AIRS, it gives
access to 6 points a day in the diurnal cycle of BQwever, our retrieval method cannot be
applied to MOPITT, which is a different instrumdrdm the AIRS and IASI TIR sounders,
with only 8 channels located in the thermal infdapart of the spectrum, which prevents
using the double spectral difference approach twvel€O columns. Having a different
retrieval chain can lead to biases with our AIR8 B&SI retrievals. Nonetheless, studying
both TIR and TIR+NIR CO retrievals from MOPITT, whihave different vertical
sensitivities, can give valuable information on teetical distribution of CO.

Since IASI enables the retrieval of other gasestethby fires such as G@r CH,, the
simultaneous study of the retrieved fields of C@ #rese other gases is clearly foreseen. In
particular, the extension of the DTE of €10 other regions and all the IASI period is
currently under investigation.

Technical corrections



All technical corrections and suggestions have liaken into account in the revised paper.
We just have a few remarks on the following ones.

P5L23: From a CO perspective fire emissions arepasticularly strong in southern Africa.
Deforestation fires in the Amazon and South-Eagt,Asd boreal wildfires have in general
stronger smoldering components and therefore angieo CO signal

-> According to GFED3.1, Africa (and in particusuthern Africa) is a major contributor to
CO fire emissions. The tropics gather 80% of fir@ssions of carbon, that’'s why we have
focused on CO retrievals in this region. Moreogenythern Africa is a region weakly affected
by cloud coverage (as opposed to Southern Amendé&auth-East Asia), yielding a higher
number of day and night observations.

P8L7: Why not take the average of 2007-2012 insté&008 only?

-> 2008 is an average year in terms of fire agtiwlYe have checked that the conclusions
do not differ when plotting the average of 2007201

P11L5-6: ‘The day-night signal is observed just\abéres’. Is it? I'm not sure when
looking at Figure 37?

-> The diurnal signal of CO can indeed be importainére fires are not indicated by the
MODIS BA, but the main signal is always locatedhair vicinity (for example it is not
located over the oceans).

“The day-night is observed just above fires” hasrbeeplaced by “The day-night signal
mostly captures CO over fires”.

P12L5: Looking at Figure 5, I'm not convinced thla¢se defined regions actually capture a
certain vegetation type. For example, H9 seems lvetgrogenic.

-> These regions were defined by Hoelzemann (2@08judy the seasonal cycle of fires
between different emission inventories. Althougis ihot stated that this choice was made to
fit to different vegetation types, she found difiet emission source distribution between
these ten regions in terms of fuel types (seeF®in Hoelzemann (2006), where e.g.
wildfires in H1 are dominated by forest fires, amittifires in H9 are dominated by savanna
and grassland fires). This has been specifiedandiiised version.

P13L26: So did you include these areas to derieg2hof 0.6? If not, make clear in
the text.

-> Fig. 8 has been remade to fix a problem withaterage computation. The conclusions are
the same except it is for the entire dataset tleahave R~ 0.6. We only mention Rvalue

for the entire dataset in the revised paper. Ad ahove, we have also specified thavRlue

is 0.7 for GFAS1.0.

P17L1-17: This is the case for a boreal fire, whiglin general quite different than a
savanna, cropland or tropical deforestation fireowd would the pyroconvection and natural
convection work for a savanna fire in southern ¢l



-> Answering this question would require to useyeoghermal plume model like Rio et al.
(2010) did, and it is goes beyond the subject isfplaper. In the conclusion we call for such a
use that could confirm our hypothesis.



Ref. #2

First, we would like to thank the referee for hes/suggestions which have helped improving
the content of the paper and the analysis of thalte The answers to his/her questions are
given below.

General comments

m The influence of the thermal contrast on thesgmity of our retrievals to CO, and,
through that, its influence on the day-night difiece of CO is indeed an important question.
Quantifying this influence is a difficult task: orgtrieval gives access to an integrated content
of CO (not a profile), and without knowing the tnumfile of CO corresponding to the IASI
overpass, we can just make a hypothesis on theanisth explaining the diurnal signal of
CO. Section 4.1 shows that the different vertieasstivity to CO between night and day has
an influence on the retrieved diurnal signal of @e day-night difference of qC& which
only depends on the diurnal variation of the waightunction, displays almost the same
seasonality as our diurnal signal of CO. However canclude that the impact of the vertical
sensitivity is not decisive. In the revised versofithe paper, we go further in the analysis of
the link between the thermal contrast and our Gferals.

Figure Al below shows: (i) the difference of therthal contrast between day and night for
July 2008 in southern Africa; (ii) the corresporglotay-night CO. The thermal contrast over
the ocean is indeed quite stable between day @id lbut mostly higher during daytime. On
the continent the day-night difference of the th&roontrast is everywhere positive and
exceeds 20 K on the West and South West of the @heacomparison between both maps of
Fig. Al reveals that diurnal signal of CO and tharoontrast have quite different spatial
distributions. West and South-West of the areadtbmal signal of CO is not at its highest;
and it reaches its maximum values for an averagenint difference of the thermal contrast.
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Figure Al. (top) Day-night difference of the thetroantrast in July 2008 (in K), in July
2008 in southern Africa. (bottom) Day-night difface of IASI CO (in ppbv).



This is confirmed by Fig. A2 which plots retriev€® by day, by night and day-night, against
thermal contrast, for the same area and duringrineeason. A high/low thermal contrast
doesn’t necessarily leads to a high/low IASI CQiestl, by day or by night. The same is true
for the day-night difference of CO. Moreover, vauw the diurnal signal of CO higher than
10 ppbv (red in Fig. A2c), which are the ones weeiaterested in since they are related to
fires, correspond to a wide range of thermal cattvariations between day and night; and for
these values the correlation between day-night @Dtlaermal contrast is weak (R ~ 0.2).
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Figure A2. (a) IASI CO (in ppbv) by day as a funeatiof the thermal contrast (in K), between June @otbber

2008, in southern Africa, on land. (b) Same ask{gnight. (c) Same as (a), for the day-night défee. Values

of day-night CO higher than 10 ppbv are displayedea crosses, whereas values lower than 10 ppticited
in blue.

m In section 4.1, we study the influence of theglveng function on the retrieved diurnal
signal of CO via the day-night difference of q©0Given that qC&' is the product of the
weighting function and the input profile in 4A, atigat only one input profile is used, the
day-night difference of qC® only depends on the variation of the weightingction. The
first part of this response showed that there veasl@ar correlation between the thermal
contrast and the diurnal signal of CO. This seqoend is a discussion on the meaning of the
day-night difference of qC®.

Figure A3 shows, for July 2008 in southern Africegps of the day-night difference of: (i)
(total) CO, (i) qCd?, (iii) AGCO and (iv) thermal contrast. The day-night difese of

gCO4A is very uniform in the area, where most valaee comprised between 0 and 10 ppbv.
AgCO, which may also be impacted by the thermalrestithas a completely different spatial
distribution from qCO4A. So, although the day-nidifterence of gCO4A is a component of
the retrieved day-night difference of CO, it mogilgys the role of a bias and does not
introduce any geographical pattern seen in daytrGgh
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Figure A3. (top left) Day-night difference of IASIO (in ppbv), in July 2008 in southern
Africa. (top right) Day-night difference of qCO(see text in section 4.1) (in ppbv). Day-nighfeliénce of
AQCO (in ppbv). (bottom right) Day-night differeno&the thermal contrast (in K).

The input profile in 4A corresponds to average ©@@ditions. In order to see what would be
the effect of the variation of the vertical sensiyi with a more polluted profile, we use a
modified profile in 4A, the ‘v1’ CO profile plottenh Fig. A4, which is characterized by a
string excess of CO near the surface.
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Figure A4. Black: reference profile of CO usedrgsuit in 4A for the retrieval of IASICO (in ppbv)eR: a
polluted profile in the boundary layer.

First, it is worth noting that the CO retrievalgmauted with the v1 CO profile as input in 4A
are very close to the ones computed with the reéererofile, by day, by night, and also for
the day-night difference of CO. This shows that@irieval method is lowly dependent on
this input variable.

Figure A5 is similar to Fig. A3 but with all 4A cqutations made with the v1 CO profile.
The day-night difference of qCOis still very uniform but a little higher than \nithe
reference profile: the mean difference is 1 ppbthwai SD of 2 ppbv. Other modified profiles



have been used, with different repartitions of dah@ the first layers of the troposphere:
despite the fact that the day-night difference®4* could have higher values, its
distribution is always quite uniform. The day-nigbtal CO always displays the same
geographical patterns, which gives confidence imdlgnal.
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Figure A5. Same as Fig. A3, with the polluted deofv1l’ (see Fig. A4) used as input in 4A.

Figure A6 is similar to Fig. 10 in the paper, ulso shows the values of the daynight
difference of qCO4A computed with the v1 CO profidue points). Due to the heavy
computations requested to process the whole timesseve only plotted here 4 points in
January and 4 points in July. As expected from alzbscussion, the daynight difference of
gCO4A obtained with the v1 profile is higher thaithithe reference profile. However, it is
still low compared to the diurnal signal of CO. Mamportantly, the amplitude of the signal
has not changed. This suggests that the amplitutie ppbv found for the diurnal signal of
CO is not decisively influenced by the variatiofishe vertical sensitivity.
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Figure A6. Evolution of the day-night differencetbé integrated content q¢®on land, and of fires, between
July 2007 and June 2012 in southern Africa. Reg:rdght difference of qC#'. Blue dots: day-night difference
of qCO™ computed with the v1 CO profile as input in 4AaBk dashed: MODIS BA. Purple dashed: GFED3.1

CO emissions. Cyan dashed: GFAS1.0 CO emissions.

Section 4.1 has been extended in the revised vetsitake these new elements of discussion
into account.

Specific comments

1. Page 26009 and Figure 1. If | understand it eatty, you use model temperatures from
ECMWEF but retrieve the surface temperature. | wdiklel to see show maps of thermal
contrasts (for day and night) in parallel to the @i3tributions in Figure 1. This would be
helpful also for analysing the results.

-> The required maps are provided as Fig. A7 beldvey will be provided as supplementary
material. Their use in the analysis of the retrte@® columns is not straightforward.
Basically, it can be seen that the regions chataetk by high values of CO, or high values of
the diurnal CO signal do not display strong theromaltrast conditions. Usually, the thermal
contrast is positive during the day and negativendithe night. The effect of the thermal
contrast on the day and night weighting functianalieady seen in Fig. 9.
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Figure A7. T-Trst_ayer(in K), by day (left) and by night (right), fromdaary, April, July and October 2008, T
comes from IASI, Fist jayercOmes from ECMWF reanalysis.

2. Section 3.2.1. and Figure 2 (also for the othigiures): Please specify how the averages
have been performed, both for the total columnsfanthe difference: what is gridding? Do
you consider per grid cell daily means from whick gompute the difference (in each cell)?
It is for these reasons unclear why the differeffigure2d) contains so many gaps. That is
important also for the discussion per region intget3.2.3. Note that Figure 2 is too small
and blurry. Lat/long (mentioned in the text) areeadable.

-> Gridding has been specified in section 3.1 a@dl3and the way the difference is made
has also been described a little more in secti®r2 3The monthly mean of the day-night
difference of CO is computed as follows: first h&5_x0.75_ daily means of the clear-sky
retrievals of CO made at 9:30 a.m. and 9:30 p.mcalculated; then, for each grid cell, the
difference between 9:30 a.m. and 9:30 p.m. is caetpior each day and averaged over the
whole month.

IASI orbits by day and night hardly, if not neverpss each other near the equator. In July for
example, the number of day-night differences usambtmpute the monthly mean (at the scale
of a 0.75°x0.75° pixel) ranges from 1 around 2°33around 20°S. During the wet season
(i.e. form November to March), the number of pomnailable to compute the monthly mean
of day-night CO is also limited by the number adartsky observations available.

In Fig. 6 (Section 3.2.3), areas H1 and H2 are nitally covered; in addition, the monthly
means in these areas are calculated from the fgsvwillaere the day-night difference of CO is
available. We have added to Fig. 2 maps of the murobdays from which the monthly mean
has been calculated. This will also help the disicusin Section 3.2.3.



3. In section 3.3 (page 26016, line 1) you mengi@orrelation coefficient of 0.6. Do | get it
right that this is by excluding the two regionsEAtsnd AmC? If yes it should be made clearer
in the abstract and in the conclusion (26020, /33 that the 0.6 correlation coefficient is not
considering the entire dataset (and it would intfiae good to give the value for the entire
dataset as well).

-> Fig. 8 has been remade to fix a problem withaterage computation. The conclusions are
the same except it is for the entire dataset tleahave R~ 0.6. We only mention Ralue

for the entire dataset in the revised paper. Agessigd by referee 1, we have also extended
the comparison to the GFAS1.0 datasétrdaches 0.7 for GFASL.0, highlighting a better
agreement with 1ASI day-night CO.

4. Section 4.2. The fact that the £&hd CO day-night differences exhibit opposite sign
surprising. The proposed mechanisms could indesdl tie this but even if the smoldering
phase emits more CO than g @he flaming phase is still expected to releagaiicant
amounts of CO, which would follow the same upléthanism as that proposed for €0
Why are these enhancements not better seen iA816J0O data? Or would this mean (again
supposing that the proposed diurnal cycle is rédad} the CO excess from the mid-
troposphere is underestimated (as a significanttfcan of CO in the upper troposphere
would have been subtracted)?

-> CO and CQare both emitted and uplifted during the day, miyithe flaming phase of the
combustion, with the approximate following repaotit of emissions: 90% of carbon
emissions is C®and 10% is CO; but our hypothesis is that the k€ is uplifted after the
night (i.e. after the smoldering phase has releksge quantities of it, but almost no &@s
more important.

Technical corrections

All technical suggestions have been taken into aatcim the text. We just have a few remarks
on the followings.

6. Page 26009, line 16. What is meant with “A nagathermal contrast has symmetric
effects”? Temperature inversions also increase igitg significantly.

-> The sentence has been changed: “A negative gl@ontrast, on the contrary, decreases
the sensitivity near the surface.” (See Fig. 2 &uml Thonat et al., 2012.)

7. Page 26010, line 5: Is it sound to use the teria-tropospheric CO considering the
possible impact of the sensitivity to the lowegéta? Furthermore, “tropospheric CO” is
used in other occasions (e.g. in the abstractolil suggest being homogeneous in the
notations throughout, to define clearly these teamd verify that they are consistent with
what is actually measured.

-> The sensitivity to CO in the mid-troposphere hasn defined more precisely in Section
2.2. The reference to the mid-troposphere remaihsto characterize the maximum of the
sounder’s sensitivity to CO, its sensitivity to @Onight and the emissions of CO. Otherwise
we now always use “tropospheric CO”.



9. Page 26013, line 5-6. “The daytime signal iseslied just above the fire”. Are you
referring here to the spatial location (in whichseathis is optimistic — see general comment
2) or to the better match is the maxima of the @€ess as compared to the emissions (From
Figure 4)?

-> The diurnal signal of CO can indeed be importainére fires are not indicated by the
MODIS BA, but the main signal is always locatedhnir vicinity (for example it is not
located over the oceans). “The day-night is obskjust above fires” has been replaced by
“The day-night signal mostly captures CO over fires

10. Page 26013, line 10: Where is transport fromMH seen? Is it not too far South to be
affected by NH transport?

-> In this period (November-April), sources areyoloicated in the North and the high
concentrations of CO in the studied area are anipd near the equator.
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Signature of tropical fires in the diurnal cycle oftropospheric CO as seen
from Metop-A/IASI

T. Thonat, C. Crevoisier, N. A. Scott, A., Chédin, R. Armarg, and L. Crépeau

Laboratoire de Météorologie Dynamique, CNRS, IPBtgle Polytechnique, Palaiseau,
France

Abstract. Five years (July 2007-June 2012) of CO tropospleiemns derived from the
IASI hyperspectrahfrared-seundénfrared Atmospheric Sounding Interferometer (IASI)
onboard Metop-A are used to study the impact ekfwn the concentrations of CO in the
mid-troposphere. Following Chédin et al. (2005, 2008)o showed-the-existence-of@nd

a quantitative relation between ttiaily tropospheric excess of G@uantitativelyrelated-to
andfire emissions, we show that tropospheric CO alsplays a diurnal signal with a
seasonality thas-in-very-good-agreemadrees wellvith the seasonal evolution of fires
given byGFEB3-XGlobal Fire Emission Databasersion 3 (GFED3.1) and Global Fire
Assimilation System version 1 (GFAS) &missionsandMOblS{Moderate Resolution
Imaging SpectroradiomeleiMODIS) Collection Sburned arearoduct Unlike dayime- or
nighttime CO fields, which mix local emissions witharby emissions transported to the
region of study, the day-night difference of Cals$ to highlight the CO signal due to local
fire emissions. A linear relationshipfound-in-the-whele-tropicalregidretween CO fire
emissions from the GFED3iivereryand GFAS1.0 inventoriesnd the diurnal difference of
IASI CO was found over various regions in the tropics, withetter agreement with
GFASL1.0 (correlation coefficient ofR- 0.7) than GFED3.(R? ~ 0.6). Based on the
specificity of the two main phases of the comburs{itaming vs. smoldering) and on the
vertical sensitivity of the sounder to CO, thedaling mechanism is proposed to explain
such a CO diurnal signal: at night, after the pagsif IASI at 9:30 p.mtF{local time(LT),

a large amount of CO emissions from the smoldephmase is trapped in the boundary layer
before being uplifted the next morning by naturad @yro-convection up to the free
troposphere, Where it is seen by IASI at 9 30 da_Tn The results presented here hlghllght the

taking into account the specrfrcrty of both therrﬁlrarg and smolderlng phases of fire emissions
in order to fully take advantage of CO observations

1 Introduction

By-combining-human-and-natural compeonentsbieBiagsassburning plays an important
and singular role in the global carbon cyaléth a combination of human and natural drivers
Fire emissions angdeeda major source of carbon in the atmosphere, péatigun the

forms of carbon dioxide (Cand carbon monoxide (CQ}lobal emissions can vary
significantly from year to yeaAccording to van der Werf et al. (2018)e-mean-global
emissionin the 1997-2009 period-up-te2.Q they have varied between 1.5 andg.yi.
Global emission estimates can also differ from ionentory to another: for the year 2000 for
example, Ito and Penner (2004) evaluated themdad®dC while Schulz et al. (2008) made
the estimate of 2.3 PgC. On average between 1992@00, the emissions are up to

2 PgC.yi* (van der Werf et al., 2010} his represents the equivalent of about one tHitde®
total anthropogenic emissions related to fossil feenbustion and cement production (IPCC,
2007). These global emissions are not in totaltametribution to the atmosphere since the




10

15

20

25

30

35

40

45

50

carbon released is partly recaptured by photosgigitiring the consecutive growth of
plants. Nonetheless, they are important enougle tihd» main factor driving the variability of
the CQ growth rate (Lagenfelds et al., 2002). The inflceeof flres on climate occurs in
several ways: thelgay horeindglobally
reinforce climate change (Bowman et al., 2009)yltj;ieba|ly reduce surface albedo by
producing soot; they release various chemlcal camgs which can reach the free
troposphere (Lavoué, 2000) and then be transpartaechd the globe (e.g., Freitas et al.,
2006; Guan et al., 2008) and affect the atmosplobemistry; aerosols emitted by fires can
modify cloud coverage and precipitation pattesdreae, 1991; Andreae et al., 2004)
However, despite their magnitude, current estimatdise emissions of gases and aerosols
still remain affected by large uncertainties.

Throughout the years, several fire emission inweeschave been built based on various
approaches (e.g., Hoelzemann et al., 2004; Jaih, &006; Lehsten et al., 2009; van der
Werf et al., 2010). Most of them rely on the foliog equation to compute fire emissions:
M = AxBxexEF (1)

whereM (g) is the product of the burned aréagn?), the biomass densiB/(g.m?), the
combustion efficience (g.g*) and the emission fact@F which depends on the studied gas
(Seiler and Crutzen, 198.is generallydetermined from observations from spdg@nde
aregenerallygiven by a biogeochemical model a8l is calculated empiricallymainly
based on field measuremeritwever, large uncertainties affect each ternhisfequation,
meaning that these inventories alone are not serfifico determine all the characteristics of
fires and their emissions.

More recently, the GFAS1.0 (Global Fire AssimilatiBystem) emissions inventory (Kaiser
et al., 2012) was built without using Eq. 1. Ibessed on the relation between the fire radiative
power (FRP) and fire emissions themselves. Allduelease approximately the same quantity
of energy per mass unit. Assuming that the fireéatage energy (FRE) is proportional to the
total energy released by a fire, it is possiblegtimate the quantity of burned biomass.
Wooster et al. (2005) have shown that there wasear relation between the FRE and the
mass of burned fuels, and found a universal coirefactor. Estimates relying on this
method are not dependant on the te&nB ande of Eq. 1. However, uncertainties remain in
the measure of the FRP from polar satellites, éndétermination of the emission factors and
in the estimation of the conversion factor (e.gedborn et al., 2008) and its dependence on
the vegetation type.

A more direct measure from space, which is by maglwbal and continuous, of biomass
burning carbon emissions themselves, and morecphatly of CQ and CO, could in
principle allowusto avoid these difficulties and provide an indisgerle complement to the
inventories. Several studies have relied ongb@ervatisrobservation$rom space, mostly
from thermal infraredTIR) sounders, to quantify fire emissions. Indeed, sfites emit large
amount of CO in the atmosphere far above its backygt level, CO is known as a good
proxy of fire emissions. For example, continuous iI@€asurements, in particular with the
MOPHT{Measurements of Pollution in the Troposph@©PITT) instrument, have been
compared to chemistry-transport simulations basefire emission inventories (e.g.,
Turquety et al., 2007; Yurganov et al., 2008RS{Atmospheric Infrared SoundéhIRS)
was the first instrument to provide daily globalaserements of CO, highlighting the large-
scale transport of fire emissions (McMillan et @D05, 2008). Observations from the more
recent IASI (Infrared Atmospheric Sounding Inteof@eter) instrument (Hilton et al., 2012)

| have also been usgdr example tG&H%G@#W%#HS&%%G%%H}—%@QJ—ShQWl
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al—ZGQQ}er—testudy extreme flre events in Russia in 2010 (Yuogaet aI 20110r in

Greece in 2007, where GFED2 (Global Fire EmissiataDase) emissions were shown to be
undervalued (Turquety et al., 200€0 is a good indicator of fire activity, buthly
represents a small fraction of the emissions, wischostly representative of the smoldering
phase of the combustion (Lobert and Warnatz, 1988refore C@, which represents the
majority of the emissions, mostly representativéhefflaming phase of the combustion, has
also been studied in relation with fire activitgspite the difficulty of both retrieving GO

from space and capturing the “fire signal” in itsgtospheric concentration.

A-rewAn approach developed 8hedirChédinet al. (2005, 2008) allows to isolate £ide
emissions from space, by calculating the differdmetsveen CQretrieved by night and GO
retrieved by day that results from the diurnal eyal fires (Giglio, 2007). This difference is
calculated from the observationsTEVSA{TIROS-N Operational Vertical Sound@rOVS)
onboard NOAA10 and is called Daily Tropospheric & (DTE). It can reach several ppmv
(parts per million by volume) over regions affectsdfires. The seasonal and interannual
variabilities of the DTE are in agreement wile-enes-oburned areas and fire emissions,
showing that there is an excess of ®the troposphere above burned areas at 7:30 p.m.
few hours after the peak of fire activity, compatedhe CQ level at 7:30 a.m.. The DTE was
shown to be quantitatively related to £fide emissions in the tropics. The mechanism
explaining the observation of such a signal isodlews: (i) in the afternoon, during the
period of high fire activity, large quantities oOgare emitted into the free troposphere; (ii)
CO, accumulates under the tropopause and is seeretsatéllite at 7:30 p.m.; (iii) COs

then diluted by large-scale transport during thénd@rs preceding the next pass of the
satellite, at 7:30 a.m., before fires start agRis-etal{2010) confirmedhis result was
theoreticallythisresultconfirmedwith a pyro-thermal plume modg&Rio et al., 2010)

As Metop passing times are 9:30 a.m./p.m., i.eofgedind after the maximum of the diurnal
cycle of fires, IASI is well suited to complete thieidy of the diurnal cycle of fire emissions
initiated with TOVS. The main difficulty of the DTEmains in the retrieval of G@nd the
weakness of the CQire signal. On the contrary, the impact of fimsthe concentration of
CO can be more than 100% of its background levgl,(€urquety et al., 200Bpakingit
easierto-measypeoviding a clearer signal with respect to firEsr these reasons, our study
focuses on CO, and partlcularly on |ts dlurnal aton |n relatlon to fire act|V|ty Our study
focuses orthe == ,
beMeen—ZOQ?—amdoplcal biomass burnlnq regions in the years ZDOI2 Sectlon 2
describes the data and the method used to ret@i@/fom the IASI observations. Section 3
presents the IASI retrievals, by day and by nightomparison with fire activity. We first
focus on southern Africa, where fire emissionspaeicularly strong, and then dae-whele
tropicalregiowvarious regions in the tropicSection 4 is a discussion on why the diurnal
difference of CO is in better agreement with fiogaty than the daytime or nighttime
concentrations. Section 5 concludes this study.

2 Data and method
2.1 IASI

The Infrared Atmospheric Sounding Interferomégt&Sh is a polar-orbiting nadir-viewing
instrument that measures infrared radiation emiti@eh the Earth. IASI is a high resolution
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Fourier Transform Spectrometer based on a Michdls@nferometer, which provides 8461
spectral samples, ranging from 645t 2760 crit (15.5 pm and 3.6 pm), with a spectral
sampling of 0.25 cfh, and a spectral resolution of 0.5 Cwifter apodisation (“Level 1c”
spectra). IASI cross track scanning is of 2200&rthe surfaceallowing global coverage
twice a day. The instantaneous field of view is glath by 2x2 circular pixels whose ground
resolution is 12 km at nadir. IASI was developedhs Centre National d’'Etudes Spatiales
(CNES) in collaboration with the European Organdsafor the Exploitation of
Meteorological Satellites (EUMETSAT); it was laumchin October 2006 onboard the polar-
orbiting Meteorological Operational Platform (Met8p), and is operational since July 2007.
In this study, use is made of the Level 1c datai(alble from the Ether Centre for
Atmospheric Chemistry Products and Services weld#itie://ether.ipsl.jussieu.fr¥ia
EUMETCAST).

2.2 RetrievalMethodmethod

The retrieval scheme is based on the double difter@pproach described in Thonat et al.
(2012), which takes advantage of the high spersalution of IASI. It relies on the idea of
using a difference in brightness temperature (B¥f)vieen two channels having the same
sensitivities to every atmospheric and surfaceatdeibut CO. This difference is thus only
sensitive to CO variations and cancels out theadsgooming from interfering variables
(surface temperature and emissivity, temperatuaggmwapour and nitrous oxide). In order to
interpret this BT difference in terms of CO, we tise difference between the BT simulated
by the 4A (Automatized Atmospheric Absorption Ajl§Scott and Chédin, 1981;
http://ara.abct.Imd.polytechnique)fradiative transfer model and the observed BT. The
double difference then provides the amount of C@éntroposphere which is in excess (or
deficit) in comparison with the a priori CO profilsed as input in 4A.

For the simulated BT, use is maddlod European Centre for Medium-Range Weather
ForecastsECMWF) ERA-INTERIM Reanalyses as atmospheric data inp4tX. These are
profiles of temperature, water vapour and ozoneatiarized by a 6-hour time resolution and
a 0.75°x0.75° space resolution, colocalised in tamé space to IASI clear-sky fields of view
and inter/extrapolated on the 4A pressure levdis. Surface temperature is estimated directly
from one IASI channel (at 2501.75 &rto avoid the lag between the closest reanalyses a
the 1ASI passing. The same a priori CO profilesedifor every simulation. For observed BT,
clouds and aerosols are detected with severaltbictsests based on IASI and AMSU
observations (Crevoisier et al., 2003, Pierangehl.e2004).

The retrieved CO column is representative of the-troposphere, with a maximum
sensitivity at about 450 hPand half a maximum between about 200 hPa and 780 hP
depending on the difference between surface teryerand above air temperature: the
higher this differenceyhich is defined as the “thermal contrasgkie higher the sensitivity to
CO in the lower layers of the troposphere. A negsatinermal contradtas-symmetriceffects
on the contrary, decreases the sensitivity neasuhface The retrieval method also gives
access to the precision, which is about 2.5 ppbv.

CO retrievals from IASI have been compared withG@ARIBIC (Civil Aircraft for the
Regular Investigation of the Atmosphere Based omsinument Container) (Brenninkmeijer
et al., 2007) aircraft measurements. The differdreteveen CARIBIC and IASI CO is on

| average 3.6 ppbv, with a standard deviation of pplfv. Thisgoedagreement is also found
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above deserts and mountainous areas, highlightaighe retrievals are not impacted by
surface characteristics (Thonat et al., 2012).

3 The diurnal variation of mid-IASI tropospheric CO
3.1 IASI daytime- and nighttime CO over the tropics

Five whole years of clear-sky observations fromI&k®l hyperspectral infrared sounder
between July 2007 and June 2012 have been intedareterms ofaid-tropospheric CO
column, in the tropics (30f-30°S30°N), by day and night (9:30 a.m./p.m. d&eal-tima).
Maps of monthly means of CO in the troposphereplotted in Fig. lon a 0.75°x0.75° grid,
for January, April, July and October 2008, ovedlamd over sea. Blank areas denote an
absence of retrievals due to persistent cloudiaeagrosols. According to Fig. 1, the
distribution and the seasonality of CO retrieveddby anday night arethesamaimilar,
though with lower maximum values in the nighttime.

ExtremédighestCO concentrationsuperiorto~110-ppb\gre localised above continents, in
the Northern Hemisphere (NH) during the boreal aii@nd in the Southern Hemisphere (SH)
during the austral winter. These extreme valued,¢bncern primarily Africa and South
America, stem from important biomass burnings eventhe local dry season (Duncan et al.,
2003). Fires are not the only source of CO in thpits; for example high CO values are seen
in China outside of the fire season, caused byndramous pollution coming from fossil fuel
combustion (industry, transport) (Buchwitz et 2007; Streets et al., 2006).

The repartition of CO seen in Fig. 1 is also inflaed by the seasonal variation of the OH
radical, the main sink of CO (Holloway, 2000). Dgithe boreal winter, OH concentrations
are low in the North and high in the South (Spiwedly et al., 1990), allowing CO emitted by
fires and human activities to accumulate in the (Wdncan et al., 2007). The opposite
happens during the winter in the SH, where theraptigenic emissions play a less important
role.

High CO concentrations are also seen over sea beacdihe transport from continental
sources. Indeed, in the mid-troposphere, where tAtievals are most sensitive to CO

(~450 hPa), stronger winds and a longer lifetim€afthan at the surface make the transport
of CO over long distances possible.

Even if the signature of fire emissions on trop@sEhCO fields is well seen, the existence of
other sources than fires and the transport oEfnéssions by atmospheric circulation make
the study of the relation between fires and CO eatrations difficult. In order to
enhanebighlight the links between fire activity and tropospher©,@ve now take advantage
of the availability provided by infrared soundessétrieve CO both by day and night.

3.2 A case study: diurnal variation of CO over sothern Africa
3.2.1 IASI daytime- and nighttime CO

We now focussurstudy-inon southern Africalietweer)°-20°Sand-0%inlatitudes—and°
and°-53°E intengitudesy)-singewhich is an important region frombéomass burning
particularly-strong-in-this regiperspectiveMoreover as-epposdd contrasto northern
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Africa, southern Africa is rather preserved fromosg pollution and dust events
(Engelstaedter et al., 2006).

Figures2a-andThe first two lines of Fig. 3how the monthly means of the integrated
content of CO from IASI between January and Decergbe8, by dayd9:30 a.m.) and night
(89:30 p.m)-), on a 0.75°x0.75° gridrhe same spatio-temporal distribution of CO m&nsen
both time series. However, values of IASI CO by deg/stronger than the ones by night.
During the dry season, there is an excess of Ciinghprogressively from the North-West in
May to the South and South-East until Novembers Eixicess of tropospheric CO reaches a
maximum in September-October. This evolution caeXjgained by thevelution-offiredire
activity (Cahoon et al., 1992 ; Barbosa et al., 1999is;similar to the evolution of the
burned areas (BA) observed B\ABiS{Moderate Resolution Imaging Spectroradiometer
(MODIS) (Collection 5Roy et al., 2008) (Fig. 4" line), as well as the evolution of fire
emissions from GFED3.1 (Fig. 2"%ine) and from GFAS1.0 (Fig. 2"dine), but with a shift
of one totwo monthsdepending on the fire product consideredaddition, the excesses of
CO in the troposphere are not locagegetlyabove the burned areas, highlighting the
transport of the CO emitted by fires, by convectaonl general atmospheric circulation.

The 2-months lag between the day/night retrieveda@®fires is observed for each of the 5
years studied here, as shown in Fig. 3, which ssoris the evolution of the monthly means
of IASI CO by day and night, MODIS BA and CO emiss from GFED3.5nd GFAS1.0

in the same region as Fig. 2. It is worth notingt tihere are also disagreements between
MODIS BA and, GFED3.1and GFAS1.@®missions concerning the evolution of fires during
the dry season. For example, according to GFE@3elmaximum of the emissions generally
occurs a month after the maximum of the burnedsa@aAS1.0 is lower than GFED3.1 and
has a different interannual variabilifijhese discrepancies are due to the fact that the
emissions are not proportional to the burned amedghat many other variablegetaken-into
aceountintheircaleulatidrave to be considergelike the type of vegetation, the combustion
efficiency or the emission factor.

In April, which is a month of transition betweerettiry season in the North and the dry
season in the South, IASI CO is minimum; it stéstgicrease in May, at the beginning of the
fire season. In September-October, the maximurhnefXO mixing ratio in the troposphere
corresponds to the maximum of the GFED fire emissia 2008 and 2011 but is one to two
months delayed in the other years. In Novembeérpatih fires are hardly active according to
the MODIS BAand, GFED3.1and GFAS1.0values of CGare-stillguiteemainhigh.

Between December afabraarivarch, i.e. outside of the fire season in the &kh CO
values aren-general-stillguite-higifioundbetween 0° and 5°®r both day and nighfThis is
due to the southward transport of CO emitted byheon fires and pollution. Such
atmospheric processes complicate the analysisedE @ fields retrieved form space
observations and our ability to disentangle thed®ctly emitted by fire over the region of
interest from the background and transported C@ fnearby regions. This is why, following
Cheédin et al. (2005), we now focus on the analykthe day-night difference of CO.

3.2.2 Day-night difference of IASI CO

Monthly means of day-night differences of CO am@tteld in Fig2d-—Fhe-daynight
difference? (3° line). Itis caleulated-out-aomputed as follows: firthe 0.75°x0.758aily
means of the clear-sky retrievals of CO made 3@ 89a.m. and 80-39p.m.enare
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calculated; then, for each grid caéheexactsame-dagifference between 9:30 a.m. and

9:30 p.m. is computed for every day when both dagtand nighttime retrievals are available
and then averaged over the whole month. Blank amedise mapsfFig—2dare due to a lack
of pointseaused-by-the psence-of clouds-oeraerosels, ®he number of points available to
compute the monthly means of day-night CO is ptbiteFig. 2 (¥ line). It shows that IASI
orbits by day and night hardly, if not never, creash other near the equator. During the wet
season (i.e. form November to March), the numbeuoaits available to compute the
monthly mean of day-night CO is also limiteyl thefact-that the-daytime-and-the-nighttime
orbits-of the-sounderdo-notoverap-overthesasaneimber of clear-sky observations
available.

The 5 years evolution of the monthly means of thgnight differences of CO in southern
Africa, along with the evolution of MODIS BArd GFED3.1land GFAS1.@missions, are
plotted in Fig. 4.

Unlike-In contrast tdhe evolution of daytime and nighttime CO (Fig. tBetemporal

evolution of the diurnal differengse-in-very-good-agreemeagrees welwith fire activity.

The maps of the diurnal difference show a postigaal between May and October which
can exceed 40 ppbv. The day-night sigaalbservedust-abevanostly captures CO above
fires, and follows their evolution between May &eptember, shifting towards South and
South-East, with a maximum in September, at theesame ader the emissions, or one
month later. Between November and April, i.e. alasof the fire season, although the values
of CO retrieved either by day or by night are ghiigh because of the transport from the NH,
the day-night difference of CO is almost null. Osen, the day-night difference is null. This
shows that the chosen differential approach empeashe CO emitted by fires while
cancelling out the background CO stemming from @dlted in other regions and then
transported over the region of interest.

Despite-this-good-agreement-besmJASI

The retrievedliurnal CO{Fig-—2d¥ignal can be affected by both large scale cirmrznd
local conditions. Concerning the DTE of ¢®io et al. (2010) showed that it was not always
necessarily located just above the source, beaduase scale advection, with the real DTE
signal sometimes being significant in surroundirepa, due to preferential directions of the
large scale advections. The DTE of £€n be negative on a daily scale due to particular
horizontal winds. However, on a monthly basis, imigtshe source region, the DTE daily
variations tend to cancel each other out. A distimcshould thus be made between the
influence of large scale (and long distance) trarigihat affects day and night IASI CO for
months, and the particular horizontal winds that ganctually affect the day minus night
difference of CO. On monthly averages, the diuaigthal of CO is mostly located in the
vicinity of the sources and can be interpretecelation to the region above which it is
located.

Despite the good agreement between IASI diurnalb@®fire activity given by GFEDS, 1
GFAS1.0emissions and MODIS burned areas (F&s 2 there arsome discrepanciesn
be-feundbetween the two of them. For instance, betweenalhdySeptember, the day-night
difference of IASI CO between 35°E and 40°E is begpite high level of burned areas seen
by MODIS. inadditierConverselyin October, the diurnal differencevsry-highHargeeven
though fires areery-weakow. The decrease of tlsggnaltakeplace-alittle bdiurnal signal
happendater than the@nedecreasef firesfire activity; the signal is still important in
November in 2010 and 2011 albeit fires are novaainy more according ODbiS-and
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| GFED3:1he fire productgFig. 4). This kind of discrepancy in seasonalifth an emission
inventory has already been observed for this ardba®@FED2 (Edwards et al., 2006 ; van der
Werf et al., 2006 ; Roberts et al., 2009). Thisdagld be due to the burning of woody fuels
towards the end of the dry season, that may notdilerepresented in the inventory. These
dense fuels emit large amounts of CO and are likeebyurn on a long period. After the peak
of the fire season, the smoldering phase of thebestion, which is characterized by
thermodynamical conditions of higher moisture analdr temperature, favours CO emissions

‘ (Lobert and Warnatz, 1993) in fires that may notépturedn terms of burned area or FRP
from spacebservationdecause of their small energy.

3.2.3 Relation between the day-night difference @O and fire emissions

‘ To studyin-mere-detalldhe diurnal cycle of CO in southern Africa andratation with fires

in more detailswe focus on several areas represented in Bjgvihose coordinates are given
in Table 1. These areas, adapted from Hoelzemd&@@6j2correspond to different

‘ kindsemission source distributions, which can be linteethe different typesf vegetation,
which arealsorepresented in Fighb, adapteds; takenfrom Mayaux et al. (2003). The
dominant types in southern Africa are forests, saga and croplands. On these areas, we
calculate the mean of the day-night differencehefintegrated content of CO from IASI,

‘ whose evolution is represented in Fi§, on average between 2008 and 2011. Also plotted
are the MODIS BAand, the GFED3.Jand GFAS1.@missions for the same period.

‘ There is arery-goodieneralagreement between the monthly evolution of therdgit
difference of CO and the one of fire emissionsmmst of the selected areas. leisarly

visible for areas H4 and H6, concerning both thesseality and the intensity of the signals.

For areas H7 and H8, dominated by grasslah@se is a good agreement in the seasonality
| but the amplitude of the day-night CO is strong ks GFEDand GFASfire emissions and
MODIS BA are low. On the contrary, for H9, an adeaninated by croplands, the day-night
CO is lower than the GFED3.1 signbut fits GFAS1.0H10, Madagascar, is characterized
by analmostadiino fire activity; as a result the day-night CO is lamd constant, in
agreement with the MODIS Band-the GFED3.1and GFAS1.@missions.

According to MODIS BAand, GFED3.1and GFAS1.@&missions, areas H3 and H5 are those
wherefires-are-thanostaetivdire activity is observedThey are also the ones for which the
day-night difference of CO igestrongestLike As forthe fire season, the increase in the
diurnal signal of CO begins in May. However the imaxm is reached one month later than
the maximum of the emissions, and high values nemaiil October although fires are not

| active any more according to thesthreefire products. The lag between the diurnal vaoiati

of CO and the two fire products observed over thelessouthern Africa (cf. section 3.2.2),
thus only takes place in these two areas mostlymed by forests and wooden savannas.

Areas H1 and H2, in the North of the region, digglee worst agreement: the background
level of the diurnal signal iguite high and there is a shift of one month of the sealsty
compared to fireButHowever, as seen in Fig. these areagreonly haveovered bya few
pointsavatable-te-caleutat@nd the monthly means in these areas are caduiam the few

days wherehe day-night difference of G@s-explained-above andsseeninFig—2ds
available

| To conclude, the agreementseasonality and intensibetween fire activity and the diurnal

cycle of CO in southern Africa shown in Fig. 4he tresult of an agreement between these



, +—eventhough
dﬁepeeanerdalscrepanmearlse in some areas, WhICh can be related togenafazlty of CO
emissions according to the kind of vegetation, lanithe lack of observations available to

5 compute a significant day-night difference of CO.

‘ S|gnals at flner scalese#eseen&nwhlch correspondb dlfferent klnds of vegetatiomthis

3.3 Link between day-night CO and fire emissionsiithe whele-tropicalregion
tropics

10 | We now extend our study to tidieletropical zone, which is divided into 12 areas @dtin
Fig. 7 and defined in Table 2. These areas aretliken Chédin et al. (2008) and are
representative of the different fire seasons. dicompares the annual means of the day-
night difference of CO (in ppbv) with the annualans of the GFED3.and GFAS1.0
emlssmns (|n gCO i), averaged over 2008 ZomheGFElas—Lemlsgenseaeb%aﬂw

15 &
&g&ﬂ can be compared to Flg 11 from Chedln et aI $2¢]ﬁ)at shows the annual
GFED2 CQ emissions as a function of the DTE of 8®@mputed from the TOVS
observations.

20 | A

Both with GFED and GFAS, lanear relationship can be seen between the twialas over

a large interval, betweé&2B8 and1215 ppbv. This relationship supports the interpretabbn
the day-night difference of CO as a signal directhated to biomass burning emissiohao
areas-setapaiGFAS1.0 displays a better agreement with the diwigaal of CO than

25 | GFED3.1, mainly because of lower emissions inSbath-East Africa (AfSEarea (see also
the area H9 in Fig. 6). Otherwise, two areas sattaNorth-East and Central Africa
(AfNEC), with a low diurnal signal, and Central Amerigar(C), with a high diurnal signal,
compared to the emissiorsxeepDespitethese two areas, the correlation is high betwieen t
diurnal signal of C@n the one han@nd the GFED3.1 emissiorR(~ 0.6)-;

30 | heweveR*~0.6}and the GFAS1.0 emissions’(R0.7) on the other hand. Howeveis

lower than the correlation between the DTE of,@@d the emissions found by Chédin et al.
(2008) (R ~ 0.8).

As stressed by Chédin et al. (2008) for e discrepancies between the emissions and the
35 | diurnal signal in the troposphere can be relatatiécatmospheric transpatthe-emissions
or to complex diurnal cycles of the emissions. They afsty come from a
mischaracterisation of the specificity of CO enussiin fire inventoriesespecially from the
smoldering fire phaser-GFED3-1 In particular, most o&6FEB3-1emission factors are
based on averages per biome that do not take aotuattemporal andpatial variability,
40 although they are influenced by several environaildattors.

4 Discussion
45 4.1 Impact of the vertical sensitivity of the souder on the day-night difference of CO

As seen in Fig. 4 (or Fig. 6), the diurnal excefs€0 is still positive outside of the fire
season, even if it stays low. Given that therenigther significant diurnal source of CO in
southern Africa, these signals can be explaineth&éyliurnal variation of the vertical

50 sensitivity of the CO retrieval. As seen in Figwhich represents the IASI CO weighting
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functions in southern Africa, the weighting funetsoduring daytime display a higher
sensitivity to CO close to the surface, due toghér thermal contrast (i.e. the difference
between the surface temperature and the tempexatthe first pressure level), during and
outside of the fire season (July and January, otisiedy) (Thonat et al., 2012).

However, the comparison between both monthly mégiseomal contrast conditions and CO
day-night differences over southern Africa in JA008 (Fig. S1) reveals that diurnal signal of
CO and thermal contrast have quite different spdistributions. On the continent, the day-
night difference of the thermal contrast is evergwehpositive and exceeds 20 K on the West
and South West of the area, where the day-nightsGt at its highest. And the day-night
CO reaches its maximum values for an average dgiy-difference of the thermal contrast.

This result is confirmed by Fig. 10, which represestatter plots of the thermal contrast and
IASI retrievals, spot by spot, for daytime obseimas$, nighttime observations, and for the
day-night difference, between June and October 2088uthern Africa. A high/low thermal
contrast doesn’t necessarily leads to a high/lo@lI80 retrieval, by day or by night. The
same is true for the day-night difference of CGerethought the thermal contrast is generally
higher in the daytime that in the nighttinMoreover, values of the diurnal signal of CO
higher than 10 ppbv, which are the ones that argtlgnelated to fires, correspond to a wide
range of thermal contrast variations between dalyréght; and for these values the
correlation is weak (R ~ 0.3).

As was explained in section 2.2, the retrieveddsperic column of CQCO is the sum of
the integrated content of the input profile of thdiative transfer model 4A and of the excess
(or deficit) of CO estimated in respect to it. Thigans:

qCO =qCO**+AqCO (2)
The first term of this sum is given by:

42
qCO** =" wp, xprofileCO* (3)

i=1
wherei is the number of the pressure layep,is the weighting function of CO for the given
retrieval (in ppbv.ppbv) andprofileCO* is the profile used as input in 4A for every
simulation.profileCO* corresponds to average CO conditions: it is consémuals to
97 ppbv, from the surface to 584 hPa.

Fig—ture 11shows the evolution of the day-night differencei@©™, on the same period
and on the same area as in Fig. 4. Given that@myprofile is used as input in 4A, the
diurnal signal in Fig:611 is only due to the diurnal variations of the weigh function.
Naturally, the second term of the sum in E4GCO, is also dependent on the weighting
function. But quantifying the impact of the diurnariations of the weighting function on this
term (thus orgCO) would require to know the “true” profiles of C@recesponding to the
passes of the sounder, whether these profiles émmeobservations or simulations of a
chemistry-transport model. That's why here we dabus on the day-night difference of
qCO™, which gives an approximation of the influencehs weighting functions, and which
can be compared to the diurnal signal of CO in &ig.

As expected, the signal is positive and has alth@ssame seasonality as the diurnal signal
shown in Fig. 4, with a shift of one month. It Isoat 5 ppbv between December and April,
which coarsely corresponds to the bias observé&ayind for these months, April excepted.
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eemes#em%h&dmm&l—vaﬂaﬂen&eﬁhewemhﬁnﬂetm In addltlon the amplltude of the
signal in Fig2011 is only about 2 ppbv whereass-15ppbv-in-Fig-—4.

Fhisfirst approximation-othe impacamplitudeof thevariation-of the-vertical- sensitivity-on
theday-night difference of COuggestis 15 ppbv (Fig. 4).

In order to evaluate the impact of the choice efrisference profilerofileCO* on the
vertical sensitivity and the diurnal signal of G have performed the same analysis as
above assuming a profile characterized by enhacmecentration of CO near the surface:
500 ppbv at the surface and 300 ppbv at the éstllabove the surface (Fig. S2).

The resulting day-night difference g€0* obtained using this strongly polluted profile of
CO in the retrieval procedure is plotted in Fig.aklblue points for each January, April, July
and October between 2008 and 2012. As expecteld teétpolluted profile, the day-night
difference ofgCO™* is higher than with the reference profile (redvedr However, it is still

low compared to the diurnal signal of CO plottedFig. 4 (red curve). Moreover, the
amplitude of the signal has only increased bytleas 1 ppbv despite the very high values of
CO assumed near the surface.

We can thus concludéat the diurnal tropospheric excess of CO retidefrom IASI isnot
decisively influenced by the variations of the &t sensitivity, and that it isiostly due to
the diurnal cycle of fire emissions.

4.2 Hypothesis on the mechanisms explaining thelation between fires and the day-
night difference of CO

As exposed in Section 3.3, the diurnal signals ©fabid CQ are of opposite sign&hédin et

al. (2008) have shown th@0, concentrations in the troposphere are higher gigtnivhereas
thewe find here tha€O concentrations are higher in the daytime. S#\¥actors can explain

this sign difference.

As saigstatedabove, CO and Care emitted during the flaming and the smoldephgses

of the combustion, in which their emissions are-eotrelated. The flaming phase favours
CO, emissions (Lobert and Warnatz, 1993); it is charémed by high temperatures (800°-
1200°C) (Pyne et al., 1996) which entail strongsipgs, and is associated with the
combustion of the aboveground biomass. So, duheglay, in this phase, fires emit large
quantities of CQreaching the high troposphere. At the end of e the infrared sounder’s
measurements, which are representative of thethoglasphere, allow to observe this
accumulation of fire emissions under the tropopaGsaversely, at the beginning of the day,
after the emissions have been diluted and befogs §tart again (obefore the emissions can
reach such altitudes), the sounder only obsenesbdbkground level of CChédin et al.,
2005, 2008).

The other phase of the combustion, the smoldeitrag@, favours CO emissions (Lobert and
Warnatz, 1993); it is characterized by lower terapges (100°-600°C) (Pyne et al., 1996),
which contribute to more stable plumes, more ptortge driven by the variability of the
boundary layer; it is associated with the combunstibthe organic layer. At the end of the
day, still active fires lose their efficiency, fawing CO emissions in the smoldering phase
(Ward et al., 1996; Kasischke and Bruhwiler, 2003).
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The fact that the smoldering phase can last lonfy, @O plumes staying close to the surface,
entails high CO concentrations in the first lay@rgarticular at night. For example, Ferguson
et al. (2003) measured in Alaska extreme CO coragors at midnight, reaching 27 ppmv,
between 0 and 150 m. altitude. These extreme ctratiems are the consequence of a very
stable boundary layer. Ferguson et al. (2003) ekseslmost no smoke at about 2000 m. The
day after, fires are less active, and the concemtrare much lower, of the order of a ppmv.
The extreme concentrations of the previous day Wsspated by the natural convection and
advection. Even though this is an example of adldogest fire, it highlights the possibility
that, while fires can be very active during the,daigh emissions reaching the free
troposphere, the majority of the smoke is trapgeealow altitudes at night, and then
uplifted in the morning by the natural convectiomdhe pyroconvection.

Figurei112 shows the mean boundary layer height in southérioadin and South

America, betweeduly and NovembeP008, i.e. during the fire season, calculated fthen
ECMWEF forecasts. The boundary layshaves the same way during these months, but the
maximum of the height, reached in the early aftemancreases from July to September and
then decreases until November. The boundary isweryalwayslow, at about 200 m.,
betweerB6:007:30p.m. andd3:004:30a.m- The natural convection is becoming important
only after86:007:30a.m. When IASI passes @:30 p.m. highttimeCO emissions
happening-atnighdre trapped in the boundary layer, so they areisdile by the sounder,
which is sensitive to CO in the mid-troposphere msénsitive to CO close to the surface by
night, as shown in Fig. 9. When IASI passe83%80 a.m., the trapped CO has been uplifted
by natural convection and reaches altitudes to lwtiie sounder is sensitive to CO. In
addition, a®89:30 a.m., fires are active again (mostly in tlaniing phase of the combustion),
with strong vertical movements that can uplift sunding smokes. As a result, above
burning areas, the day-night difference of CO cotagdrom IASI is a positive signal

directly related to fire emissions.

These different factors support the hypothesisiefadonvection of CO emissions in the mid-
troposphere in the morning, following their accuatian in the boundary layer during the
night. The sign difference between the diurnal aigiof CO and C@is the result of the
specificity of the two phases of the combustion ahtthe difference in the sounder’s vertical
sensitivity to these two gases.

5 Conclusion

The relation between tropical biomass burning elmmssand CO has been analysed by
interpreting 5 years (2007-2012)mid-tropospheric CO column retrieved from IASI
observations by day and by nigB8(30 a.m./p.m. LT), and temporal series of burmeds
(MODIS) and fire emissions (GFED3ahd GFAS1.D Following Chédin et al. (2005, 2008)
who related the diurnal signature of £&@trieved from NOAAL10/TOVS instruments to fire
emissions, we have taken advantage of the factAlsdtoverpasses every point twice a day,
before and after the maximum of the diurnal cydléres, in order to relate directly fires and
CO concentrations in the troposphere.

Unlike retrievals by day or by night, the spatioferal evolution of the diurnal signal of

tropospheric CO as retrieved from IASI, definedehas the day-night difference of CO, is in
agreement with the evolution of fires: this diffetial approach cancels out the background
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CO, including plumes due to advective transpontfreearby regions, and is only sensitive to
the CO related to local fire emissions. A linedatienship is foundver various regions
thewhele-tropicalregioetiopicsbetweerthe diurnal difference of IASI CO ar@O fire
emissions from the GFED3idventory-and-the diurnal-difference o IASHQR ~ 0.6 and
GFASL1.0 (R ~ 0.7) inventoriesFor regions near the equator, daytime and nigkttrbits of
the sounder overlap less, inducing a limited nunabetear-sky spots available.

Some discrepancies arise betw&H#ED emissiongrom GFED3.1 and GFAS14#nd IASI

CO in southern Africg-n. In terms of seasonality: in regions of wooden savanite fire
activity suggested by the IASI day-night differerafeCO is more intense towards the end of
the fire season (September) than GFERBd GFAS1.@missions indicate. It might be due
to the fact that these regions with dense fuelikedy to favour carbon emissions during the
smoldering phase up until the end of the fire sea&@ir. In terms of intensity: this could
indicate that the specificity of CO emissions comedao CQ emissions for each biome
might need to be refined in the emission invenwfgamework.

The diurnal signals of Crom TOVS (Chédin et al., 2005, 2008) and CO fil&81 are of
opposite signs. CO retrievals are indeed highénerdaytime than in the nighttime, unlike
CO; retrievals. The suggested mechanism explaininglitmaal signal of CO is as follows:
CO is emitted in large quantities in the smoldephg@se of the combustion occurring during
the night (after that fires in the flaming phasgénaurned the above ground vegetation in the
daytime), and accumulates in the boundary layéil, leing uplifted from the beginning of

the day. This hypothesis is supported both by pleeificity of CO emissions compared to
CO, emissions, as well as by the fact that the redigeof these gases are not representative of
the same part of the atmosphere. Simulations vatteral circulation models should help to
validate the plausibility of this mechanism, anatéonpare the effects of vertical transport
patterns related to the different combustion phase$e injection of CO and G@ the mid
and upper troposphere. The results presented hevetbat the analysis of diurnal variations
of CO and CQas measured from space can give us a global Vighe epartition of the
emissions between the flaming and the smolderirg@land of their associated transport,
which need to be taken into account in surface déstkmation procedures and emission
inventories.

The monitoring of CO from space with our retriesathod can be extended to IASI
observations on Metop-B, which was launched in 26bh2 Metop-C, which will be launched
in 2017, providing at least 20 years of observatianthe same passing times. As part of the
EUMETSAT Polar System-Second Generation (EPS-S&ram, IASI-New Generation
(IASI-NG, Crevoisier et al., 2014) will cover thenmnd 2020-2042 on the same orbit as IASI,
allowing us to study on the long term the evolutdiCO, its diurnal cycle and its relation
with fires. Our CO retrieval method can also beligopo Aqgua/AIRS observations (see
Thonat et al., 2012), whose passing times ared.riB0p.m, giving us four points in the
diurnal cycle of CO. Crls, with the same charastas as AIRS, was launched in 2011 and
will also be on the Joint Polar Satellite SysteRS3) program planned for 2017. Since IASI
enables the retrieval of other gases emitted leg fuch as CGand CH, it also gives the
opportunity of a multispecies study that can prevadmore accurate view of the specificities
of fire emissions.

Ackowledgements. This research was supported by Centre Nationdud&s Spatiales
(CNES, France) and Microsoft Research Ltd. Thiskwars also been supported by the

13



10

15

20

25

30

35

40

45

Agence Nationale de la Recherche under contradd BOAN 611 01 “TropFire”. IASI has
been developed and built under the responsibifitgES. It is flown onboard the MetOp
satellites as part of the EUMETSAT Polar Systene &SI L1 data are received through

the EUMETCast near real time data distribution serwVe particularly wish to thank the
ETHER centre team for their help in getting IAStalaCalculations were performed using the
resources of IDRIS, the computing centre of CNREOMWEF and of the IPSL data and
computing centre ClimServ.

References

Andreae, M. O.: Biomass burning: Its history, us®e aistribution and its impacts on
environmental quality and global climate, in: GlbbBiomass Burning: Atmospheric,
Climatic, and Biospheric Implications, J. S. LeviMiT Press, Cambridge, 3-21, 1991.

Andreae, M. O., Rosenfeld, D., Artaxo, P., Costa,AA Frank, G. P., Longo, K. M., and
Silva-Dias, M. A. F.: Smoking Rain Clouds over thmazon, Science, 303, 1337-1342, doi:
10.1126/science.1092779, 2004.

Barbosa, P. M., Stroppiana, D., Grégoire, J. Md &ereira, J. M. C.: An assessment of
vegetation fire in Africa (1981-1991): burned areasirned biomass, and atmospheric
emissions, Global Biogeochem. Cycles, 13, 933-2909.

Bowman, D. M. J. S., Balch, J. K., Artaxo, P., Bpid J., Carlson, J. M., Cochrane, M. A.,
D’Antonio, C. M., DeFries, R. S., Doyle, J. C., Hson, S. P., Johnston, F. H., Keeley, J. E.,
Krawchuk, M. A., Kull, C. A., Marston, J. B., Mozit M. A., Prentice, I. C., Roos, C. I,
Scott, A. C., Swetnam, T. W., van der Werf, G. &g Pyne, S. J.: Fire in Earth System,
Science, 324, 481-484, 20009.

Brenninkmeijer, C. A. M., Crutzen, P., Boumard, Bauer, T., Dix, B., Ebinghauss, R.,
Filippi, D., Fischer, H., Franke, H., Frie, U., Haenberg, J., Helleis, F., Hermann, M.,
Kock, H. H., Koeppel, C., Lelieveld, J., Leuenberdd., Martinsson, B. G., Miemczyk, S.,
Moret, H. P., Nguyen, H. N., Nyfeler, P., Oram, D.Sullivan, D., Penkett, S., Platt, U.,
Pupek, M., Ramonet, M., Randa, B., Reichelt, M.e®hT. S., Rohwer, J., Rosenfeld, K.,
Scharffe, D., Schlager, H., Schumann, U., Slemy,Sprung, D., Stock, P., Thaler, R.,
Valentino, F., van Velthoven, P., Waibel, A., Wahde, Waschitschek, K., Wiedensohler,
A., Xueref-Remy, I., Zahn, A., Zech, U., and ZisteH.: Civil Aircraft for the regular

investigation of the atmosphere based on an ingintea container: The new CARIBIC
system, Atmos. Chem. Phys., 7, 4953-4976, doi: B&Lp-7-4953-2007, 2007.

Buchwitz, M., Khlystova, I., Bovensmann, H., andriws, J. P.. Three years of global
carbon monoxide from SCIAMACHY: comparison with MOF and first results related to
the detection of enhanced CO over cities, Atmos.er@Ch Phys., 7, 2399-2411,
doi:10.5194/acp-7-2399-2007, 2007.

Cahoon, D. R., Stocks, B. J., Levine, J. S., CteW. R., and O’Neill, C. P.: Seasonal
distribution of African fires, Nature, 359, 812-811%992.

14



10

15

20

25

30

35

40

45

50

Cheédin, A., Serrar, S., Scott, N. A., Pierangelg,a@d Ciais, P.: Impact of tropical biomass
burning emission on the diurnal cycle of upper asggheric CQ retrieved from NOAA 10
satellite observations, J. Geophys. Res., 110, 09,180i:10.1029/2004JD005540, 2005.

Cheédin, A., Scott, N. A., Armante, R., Pierangé&lg, Crevoisier, C., Foss’e, O., and Ciais, P.:
A quantitative link between COemissions from tropical vegetation fires and tteselyd
tropospheric excess (DTE) of GGeen by NOAA-10 (1987-1991), J. Geophys. Res., 113
D05302, doi:10.1029/2007JD008576, 2008.

Crevoisier, C., Chédin, A., Heilliette, S., ScoM, A., Serrar, S., Armante, R.: Mid-
tropospheric C@retrieval in the tropical zone from AIRS obserwas, Proceedings of the
13th International TOVS Study Conference, 2003.

Crevaoisier, C., Clerbaux, C., Guidard, V., Phul@in,Armante, R., Barret, B., Camy-
Peyret, C., Chaboureau, J.-P., Coheur, P.-F., Gtépe, Dufour, G., Labonnote, L.,
Lavanant, L., Hadji-Lazaro, J., Herbin, H., Jac&tiHusson, N., Payan, S., Péquignot, E.,
Pierangelo, C., Sellitto, P., and StubenrauchT@wards IASI-New Generation (IASI-NG):
impact of improved spectral resolution and radigimnétoise on the retrieval of
thermodynamic, chemistry and climate variables, @édnMeas. Tech., 7, 4367-4385,
doi:10.5194/amt-7-4367-2014, 2014.

Duncan, B. N., Matrtin, R. V., Staudt, A. C., YevjdR., and Logan, J. A.: Interannual and
seasonal variability of biomass burning emissioosstrained by satellite observations, J.
Geophys. Res., 108(D2), 4100, doi:10.1029/2002JB310822003.

Duncan, B. N., Logan, J. A., Bey, |., MegretskdiaA., Yantosca, R. M., Novelli, P. C.,
Jones, N. B., and Rinsland, C. P.: Clobal budge€C©f 1988-1997: Source estimates and
validation with a global model, J. Geophys. Red42,1D22301, doi:1029/2007JD008459,
2007.

Edwards, D. P., Emmons, L. K., Gille, J. C., Chu, Attié, J.-L., Giglio, L., Wood, S. W.,
Haywood, J., Deeter, M. N., Massie, S. T., Ziskin,C., and Drummond, J. R.: Satellite-
observed pollution from Southern Hemisphere biomiagsiing, J. Geophys. Res., 111,
D14312, doi:10.1029/2005JD006655, 2006.

Engelstaedter, S., Tegen, |, Washington, R.: Néitican dust emiisions and transport,
Earth-Sc. Rev., 79, 73-100, 2006.

Ferguson, S. A., Collins, R. L., Ruthford, J., aRdkuda, M.: Vertical distribution of
nighttime smoke following a wildland biomass fire boreal Alaska, J. Geophys. Res., 108,
4743, doi:10.1029/2002JD003324, 2003.

Freeborn, P. H., Wooster, M. J., Hao, W. M., Ry@nA., Nordgren, B. L., Baker, S. P., and
Ichoku, C.: Relationships between enerqy releass, rhass loss, and trace gas and aerosol
emissions during laboratory biomass fires, J. GgephRes., 113, D01301,
doi:10.1029/2007JD008679, 2008.

Freitas, S. R., Longo, K. M., and Andreae, M. Onpéct if including the plume rise of
vegetation fires in numerical simulations of asatexl atmospheric pollutants, Geophys. Res.
Lett., 33, L17808, doi:10.1029/2006GL026608, 2006.

15



10

15

20

25

30

35

40

45

Giglio, L.: Characterization of the tropical diuinfire cycle using VIRS and MODIS
observations. Remote Sens. Environ., 108, 407-@d&1110.16/j.rse.2006.11.018, 2007.

Guan, H., Chatfield, R. B., Freitas, S. R., BesirR. W., and Longo, K. M.: Modeling the
effect of plume-rise on the transport of carbon motde over Africa with NCAR CAM,
Atmos. Chem. Phys., 8, 6801-6812, doi:10.5194/a68®L-2008, 2008.

Hilton, F., Armante, R., August, T., Barnet, C.,ug8bard, A., Camy-Peyret, C., Capelle, V.,
Clarisse, L., Clerbaux, C., Coheur, P.-F., Coll#d,Crevoisier, C., Dufour, G., Edwards, D.,
Faijan, F., Fourrié, N., Gambacorta, A., GoldbeM, Guidard, V., Hurtmans, D.,
lllingworth, S., Jacquinet-Husson, N., KerzenmagcAey Klaes, D., Lavanant, L., Masiello,
G., Matricardi, M., McNally, A., Newman, S., PaweliE., Payan, S., Péquignot, E.,
Peyridieu, S., Phulpin, T., Remedios, J., Schlii$3glSerio, C., Strow, L., Stubenrauch, C.,
Taylor, J., Tobin, D., Wolf, W., Zhou, D., Hypersl Earth Observation from IASI: four
years of accomplishments, B. Am. Meteorol. Soc,, 387-370, doi:10.1175/BAMS-D-11-
00027.1, 2012.

Hoelzemann, J. J., Schultz, M. G., Brasseur, G.GPanier, C., and Simon, M.: Global
Wildland fire Emission Model (GWEM): Evaluating these of global area burnt satellite
data, J. Geophys. Res.,109, D14S04, doi:10.1028/0W03666, 2004.

Hoelzemann, J. J.: Global Wildland Fire Emissionddéiang for Atmospheric Chemistry
Studies, Ph.D. thesis, Max Planck Institute for é&&eblogy/University of Hamburg,
Germany, Reports 5 on Earth System Science, 28/288& 1614-1199, 2006.

Holloway, T., Levy Il, H., Kasibhatla, P.: Globalisttibution of carbon monoxide, J.
Geophys. Res., 105, 12,123-12,147, 2000.

IPCC: Climate Change 2007: The Physical SciencesB&ontribution of Working Group |
to the Fourth Assessment Report of the Intergovermat Panel on Climate Change
[Solomon, S., D. Qin, M. Manning, Z. Chen, M. Maig|uK.B. Averyt, M.Tignor and H.L.
Miller (eds.)], Cambridge University Press, CambadUnited Kingdom and New York, NY,
USA, 2007.

Ito, A. and Penner, J. E.: Global estimates of issnburning emissions based on satellite
imagery for the year 2000, J. Geophys. Res., 10349D5, do0i:10.1029/2003JD004423,
2004.

Jain, A. K., Tao, Z., Yang, X., Gillepsie, C.: Estites of global biomass burning emissions
for reactive greenhouse gases (CO, NMHCs, and Ngxl) CQ, J. Geophys. Res., 111,
D06304, doi:10.1029/2005JD006237, 2006.

Kaiser, J. W., Heil, A., Andreae, M. O., Benede#ti, Chubarova, N., Jones, L., Morcrette,
J.-J., Razinger, M., Schultz, M. G., Suttie, M.daran der Werf, G. R.: Biomass burning
emissions estimated with a global fire assimilatsystem based on observed fire radiative
power, Biogeosc., 9, 527-554, 2012.

16



10

15

20

25

30

35

40

45

Kasischke, E. S., and Bruhwiler, L. P.: Emissiohsarbon dioxide, carbon monoxide, and
methane from boreal forest fires in 1998, J. GeephyRes., 108, 8146,
do0i:10.1029/2001JD000461, 2003.

Langenfelds, R. L., Francey, R. J., Pak, B. C.el8te.. P., Llyod, J., Trudinger, C. M., and
Allison, C. E.: Interannual growth rate variatiomisatmospheric C@and itsé**C, Hy, CHj,
and CO between 1992 and 1999 linked to biomassinyr&lobal Biogeochem. Cycles,
16(3), 1048, doi:10.1029/2001GB001466, 2002.

Lavoué, D., Liousse, C., Cahier, H., Stocks, B.ahgd Goldammer, J. G.: Modeling of
carbonaceous patrticles emitted by boreal and teatg®rildland fires at northern latitudes, J.
Geophys. Res., 105(D22), 26, 871-26,890, 2000.

Lehsten, V., Tansey, K., Balzter, H., Thonicke, Bpessa, A., Weber, U., Smith, B., and
Arneth, A.: Estimating carbon emissions from Afnioaildfires, Biogeosc., 6, 349-360, 2009.

Lobert, J. M., and Warnatz, J.: Emissions fromdbmbustion process in vegetation, in: Fire
in the environment: The ecological, atmosphericl elimatic importance of vegetation fires,
Crutzen, P. J., and Goldammer, J. G., Wiley, Chatdre 15-37, 1993.

Mayaux, P., Bartholome, E. M. C., Eva, H. D., Vams@m, C., Cabral, A., Nonguierma, A.,
Diallo, O., Pretorius, C., Thompson, M., Cherlet, Mekel, J.-F., Defourny, P., Vasconcelos,
M., Di Gregorio, A., Fritz, S., De Grandi, G., Eige, C., Vogt, P., and Belward, A. S.: A
Land Cover Map of Africa. Carte de I'Occupation3hl de I'Afrique, European Commission,
JRC24914, 2003.

McMillan, W. W., Barnet, C., Strow, L., Chahine, M., McCourt, M. L., Warner, J. X,
Novelli, P. C., Korontzi, S., Maddy, E. S., and @atS.: Daily global maps of carbon
monoxide from NASA’s Atmospheric Infrared Sound@&gophys. Res. Lett., 32, L11801,
doi:10.1029/2004GL021821, 2005.

McMillan, W. W., Warner, J. X., McCourt Comer, MMaddy, E., Chu, A., sparling, L.,
Eloranta, E., Hoff, R., Sachse, G., Barnet, C.,eRé&nv, |., and Wolf, W.: AIRS views
transport from 12 to 22 July 2004 Alaskan/Canadiegs: Correlation of AIRS CO and
MODIS AOD with forward trajectories and comparisshAIRS CO retrievals with DC-8 in
situ  measurements during INTEX-A/ICARITT, J. GeophyRes., 113, D20301,
doi:10.1029/2007JD009711, 2008.

Pierangelo, C., Chédin, A., Heilliette, S., JacgtiHusson, N., and Armante, R.: Dust
altitude and infrared opical depth from AIRS, AtmoS€hem. Phys., 4, 1813-1822,
doi:10.5194/acp-4-1813-2004, 2004.

Pyne, S. J., Andrews, P. L., and Laven, R. D.obhction to Wildland Fire, 2nd edn., John
Wiley, New-York, 14-25, 1996.

Rio, C., Hourdin, F., and Chédin, A.: Numerical glation of tropospheric injection of

biomass burning products by pyro-thermal plumesn@s. Chem. Phys., 10, 3463-3478,
doi:1035194/acp-10-3463-2010, 2010.

17



10

15

20

25

30

35

40

45

50

Roberts, G., Wooster, M. J., and Lagoudakis, Enusah and diurnal African biomass burning
temporal dynamics, Biogeosc., 6, 849-866, doi:5i§4-849-2009, 20009.

Roy, D. P., Boschetti, L., Justice, C. O., and Ju,The collection 5 MODIS burnt area
product — Global evaluation by comparison with M®DIS active fire product, Remote
Sens. Environ., 112, 3690-3707, 2008.

Spivakovsky, C. M., Yevich, R., Logan, J. A., Waf$/ C., McElroy, M. B., and Prather, M.
J.. Tropospheric OH in a three-dimensional chentiGaer model: An assessment based on
observations of CH3CCI3, J. Geophys. Res., 95418)8,471, 1990.

Schultz, M. G., Heil, A., Hoelzemann, J. J., Spe#sa Thonicke, K., Goldammer, J. G.,
Held, A. C., Pereira, J. M. C., and van het Bolscht: Global wildland fire emissions from
1960 to 2000, Global Biogeochem. Cy., 22. GB20@2160.1029/2007GB003031, 2008.

Scott, N. A., and Chédin, A.: A fast line-by-lineethod for atmospheric absorption
computations: The Automatized Atmospheric AbsorptAtlas, J. Appl. Meteor., 20, 802-
812, 1981.

Seiler, W., and Crutzen, P. J.: Estimates of grasd net fluxes of carbon between the
biosphere from biomass burning, Clim. Change, Z;247, 1980.

Streets, D. G., Zhang, Q., Wang, L., He, K., HapWu, Y., Tang, Y., and Carmichael, G.
R.: Reuvisiting China’s CO emissions after Transpord Chemical Evolution over the Pacific
(TRACE-P) mission: Synthesis of inventories, atni@s modeling, and observations, J.
Geophys. Res., 111, D14306, doi:10.1029/2006JD(&)72006.

Thonat, T., Crevoisier, C., Scott, N. A., Chédin, 8chuck, T., Armante, R., and Crépeau, L.:
Retrieval of tropospheric CO column from hyperspdcinfrared sounders — application to
four years of Aqua/AIRS and MetOp-A/IASI, Atmos. Be Tech., 5, 2413-2429,
doi:10.5194/amt-5-2413-2012, 2012.

Turquety, S., Logan, J. A., Jacob, D. J., HudmarC RLeung, F. Y., Heald, C. L., Yantosca,
R. M., Wu, S., Emmons, L. K., Edwards, D. P., ardlse, G. W.: Inventory of boreal fire
emissions for North America in 2004: Importance p#fat burning and pyroconvective
injection, J. Geophys. Res., 112, D12S03, doi:1Z812006JD007281, 2007.

Turquety, S., Hurtmans, D., Hadji-Lazaro, J., Cohdéu F., Clerbaux, C., Josset, C., and
Tsamalis, C.: Tracking the emission and transposinf wildfires using the IASI CO
retrievals: analysis of the summer 2007 Greek [fikstsnos. Chem. Phys., 9, 4897-4913,
doi:10.5194/acp-9-4897-2009, 2009.

van der Werf, G. R., Randerson, J. T., Giglio, Cqllatz, G. J., Kasibhatla, P. S., and
Arellano, A. F.: Interannual variability in glob&iomass burning emissions from 1997 to
2004, Atmos. Chem. Phys., 6, 3423-2441, doi:10.6k$46-3423-2006, 2006.

van der Werf, G. R., Randerson, J. T., Giglio, Callatz, G. J., Mu, M., Kasibhatla, P. S.,
Morton, D. C., DeFries, R. S., Jin, Y., and van ween, T. T.: Global fire emissions and
contribution of deforestation, savanna, foresticaggural, and peat fires (1997-2009), Atmos.
Chem. Phys., 10, 11707-11735, doi:10.5194/acp-7@4-2010, 2010.

18



10

15

20

25

30

35

40

45

50

Ward, D. E., Hao, W. M., Susott, R. A., Babitt, R, Shea, R. W., Kauffman, J. B., and
Justice, C. O.: Effect of fuel composition efficbgrand emission factors for African savanna
ecosystems, J. Geophys. Res., 101, 23569-23576, 199

Wooster, M. J., Roberts, G., Perry, G. L. W., anautfhan, Y. J.: Retrieval of biomass
combustion rates and totals from fire radiative powbservations: FRP derived and
calibration relationships between biomass consumpdind fire radiative energy release, J.
Geophys. Res., 110, D24311, di:10.1029/2005JD0Q6Z1E.

Yurganov, N. L., McMillan, W. W., Dzhola, A. V., &chko, E. I., Jones, N. B., and van der
Werf, G. R.: Global AIRS and MOPITT CO measuremeMalidation, comparison, and
links to biomass burning variations and carbon e&yd. Geophys. Res., 113, D09301,
doi:10.1029/2007JD009229, 2008.

Yurganov, L. N., Rakitin, V., Dzhola, A., August,, TFokeeva, E., George, M., Gorchakov,
G., Grechko, E., Hannon, S., Karpov, A., Ott, Lepfitnikova, E., Shumsky, R., and Strow,
L.: Staellite-and ground-based CO total column olzens over 2010 Russian fires:
accuracy of top-down estimates based on thermahtBllite data, Atmos. Chem. Phys., 11,
7925-7942, doi:10.5194/acp-11-7925-2011, 2011.

19



Code Latitude Longitude
H1 0°S-6°S 8°E-28°E
H2 0°S-6°S 28°E-43°E
H3 6°S-10°S  10°E-28°E
H4 6S-10S 28°E-40°E
H5 10°S-14°S  10°E-28°E
H6  10°S-14°S 28°E-43°E
H7 14°S-25°S  10°E-20°E
H8  14°S-25°S 20°E-28°E
H9  14°S-25°S 28°E-40°E
H10 12°S-25°S 42°E-50°E

Table 1 Limits-inlatitudd atitudesandlengituddongitudesof the studied areas in southern Africa,
corresponding to Fig. 4.

Code Latitude Longitude | Code Latitude Longitude
ANW  ©°N-15°N-0°N 20°W-20°E| AfSE 0°S-20°S 25°E-40°E
AfNE  932N-15°N-0°N  30°E-45°E AfSt 0°S-25°S 10°E-40°E

ANEC  9°N-15°N-0°N  20°E-45°E Aft 25°N-25°S 20°W-43°E
AN 0°N-15°N-0°N  20°W-45°E| AmSE 0°S-25°S 60°W-35°W
ANt 8°N-25°N-0°N  20°W-45°E| AmC ©°N-25°N-0°N 110°W-62°W
AfSW 0°S-20°S 10°E-25°E| Aus 12°S-25°S 110°E-160°E

Table 2 Limits-inlatitudd atitudesandlengituddongitudesof the studied areas in the tropics, correspontting
Fig. 6. Af, Am, Aus respectively stand for Afric&merica, Australia. N, S, E, W, respectively stdodNorth,
South, East, West, and t stands for total.
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Figure 1. Monthly means of the integrated content of CO filé&8I (ppbv), by day (9:30 a.m.) (left) and by
night (9:30 p.m.) (right), in January, April, Jupd October 2008, in the tropics.
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Figure 2. 1ASI CO and fires between January and Decembe8,28Gouthern Africa. (a)From top to bottom:
Monthly means of the integrated content of CO fié&@l, by day (9:30 a.m.) (in ppbv); by night (9:80m.) (in
ppbv); monthly means of the day-night differenckthe integrated content of CO from IASI (in ppbMODIS

Burned Areas (Roy et al., 2008) (in %); GFED3.1 @dissions (in g.if); GFAS1.0 CO emissions (in gan
number of days for which the CO day-night differemns available.
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10 areas in southern Africa and land-cover type
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Figure 5. Definition of the studied areas in Africga)-Areas-in-Africaadapted from Hoelzemanrf2006(b)
Kinds-of vegetationadapted/egetation map ifom Mayaux et al. (2003).
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12 areas in the fropics
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IASI CO vs. thermal contrast
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Figure 10.(a) IASI CO (in ppbv) by day as a function of thermal contrast (in K), between June and October
2008, in southern Africa, on land. (b) Same askghight. (c) Same as (a), for the day-night défee.
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Day-night thermal contrast — July 2008

Figure S1. (top) Day-night difference of the theromntrast (in K), in July 2008 in southern Afridaottom)

Day-night difference of IASI CO (in ppbv).
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