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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., ChédinR. Armante, and L. Crépeau

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

Abstract. Five years (July 2007-June 2012) of CO troposplaiemns derived from the
hyperspectral Infrared Atmospheric Sounding Interfeeter (IASI) onboard Metop-A are
used to study the impact of fires on the conceomatof CO in the troposphere. Following
Chédin et al. (2005, 2008), who found a quantieat®ation between the daily tropospheric
excess of C@and fire emissions, we show that tropospheric 30 displays a diurnal signal
with a seasonality that agrees well with the sealsewolution of fires given by Global Fire
Emission Database version 3 (GFED3.1) and Global A$similation System version 1
(GFASL1.0) emissions, and Moderate Resolution In@pectroradiometer (MODIS)
Collection 5 burned area product. Unlike day- g@htiime CO fields, which mix local
emissions with nearby emissions transported toggmn of study, the day-night difference
of CO allows to highlight the CO signal due to lbii@e emissions. A linear relationship
between CO fire emissions from the GFED3.1 and GEB$8wentories and the diurnal
difference of IASI CO was found over various regiam the tropics, with a better agreement
with GFAS1.0 (correlation coefficient ofR 0.7) than GFED3.1 (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.m. local time (LT), a
large amount of CO emissions from the smolderirgsphs 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 & ™.The results presented here highlight the
need for taking into account the specificity oftbtte flaming and smoldering phases of fire
emissions in order to fully take advantage of CGewbations.

1 Introduction

Biomass burning plays an important and singula molthe global carbon cycle, with a
combination of human and natural drivers. Fire siaiss are a major source of carbon in the
atmosphere, particularly in the forms of carborxile (CQ) and carbon monoxide (CO).
Global emissions can vary significantly from yeayear. According to van der Werf et al.
(2010), in the 1997-2009 period, they have varietiveen 1.5 and 3 PgC{rGlobal

emission estimates can also differ from one invgntim another: for the year 2000 for
example, Ito and Penner (2004) evaluated themda®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). This represents theévalent of about one third of the
total anthropogenic emissions related to fossil éeenbustion and cement production (IPCC,
2007). These global emissions are not in totaltaoetribution to the atmosphere since the
carbon released is partly recaptured by photosgiglikiring 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 infleeenf fires on climate occurs in
several ways: they globally reinforce climate crefBowman et al., 2009); they globally
reduce surface albedo by producing soot; they selgarious chemical compounds which can
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reach the free troposphere (Lavoué, 2000) andlibderansported around the globe (e.g.,
Freitas et al., 2006; Guan et al., 2008) and atfextatmospheric chemistry; aerosols emitted
by fires can modify cloud coverage and precipitapatterns (Andreae, 1991; Andreae et al.,
2004). However, despite their magnitude, currenineges of fire emissions of gases and
aerosols still remain affected by large uncertasti

Throughout the years, several fire emission inweegchave 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 determined from observations from spd&ande are
generally given by a biogeochemical model &fds calculated empirically, mainly based on
field measurements. However, large uncertaintitescaéach term of this equation, meaning
that these inventories alone are not sufficiertetermine all the characteristics of fires and
their emissions.

More recently, the GFAS1.0 (Global Fire Assimilatiystem) 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 fireatace energy (FRE) is proportional to the
total energy released by a fire, it is possiblestmate the quantity of burned biomass.
Wooster et al. (2005) have shown that there waseai relation between the FRE and the
mass of burned fuels, and found a universal coruefactor. Estimates relying on this
method are not dependant on the teAyB ande of Eq. 1. However, uncertainties remain in
the measure of the FRP from polar satellites, endistermination 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 morecpkatly of CQ and CO, could in

principle allow us to avoid these difficulties aoebvide an indispensable complement to the
inventories. Several studies have relied on COrebiens from space, mostly from thermal
infrared (TIR) sounders, to quantify fire emissiolmsleed, since fires emit large amount of
CO in the atmosphere far above its background J&®@lis known as a good proxy of fire
emissions. For example, continuous CO measuremargarticular with the Measurements
of Pollution in the Troposphere (MOPITT) instrumemve been compared to chemistry-
transport simulations based on fire emission inmees$ (e.g., Turquety et al., 2007; Yurganov
et al., 2008). Atmospheric Infrared Sounder (AIR&} the first instrument to provide daily
global measurements of CO, highlighting the largaestransport of fire emissions

(McMillan et al., 2005, 2008). Observations frone tihhore recent IASI (Infrared Atmospheric
Sounding Interferometer) instrument (Hilton et 2012) have also been used for example to
study extreme fire events in Russia in 2010 (Yuoyaet al., 2011) or in Greece in 2007,
where GFED2 (Global Fire Emission Database) emmssieere shown to be undervalued
(Turquety et al., 2009). CO is a good indicatofiref activity, but it only represents a small
fraction of the emissions, which is mostly repreéagwe of the smoldering phase of the
combustion (Lobert and Warnatz, 1993). Therefore,@Mich represents the majority of the
emissions, mostly representative of the flamingsphaf the combustion, has also been
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studied in relation with fire activity, despite t#ficulty of both retrieving CQ@from space
and capturing the “fire signal” in its troposphecmncentration.

An approach developed by Chédin et al. (2005, 2a08)vs to isolate C&fire emissions
from space, by calculating the difference betwe@n @trieved by night and CQetrieved

by day that results from the diurnal cycle of fi(€glio, 2007). This difference is calculated
from the observations of TIROS-N Operational VetiSounder (TOVS) onboard NOAA10
and is called Daily Tropospheric Excess (DTE)alh ceach several ppmv (parts per million
by volume) over regions affected by fires. The saakand interannual variabilities of the
DTE are in agreement with burned areas and firsgons, showing that there is an excess of
CO; in the troposphere above burned areas at 7:30 f@whours after the peak of fire
activity, compared to the GQevel at 7:30 a.m.. The DTE was shown to be gtatitely
related to CQ@fire emissions in the tropics. The mechanism arpig the observation of

such a signal is as follows: (i) in the afternoduring the period of high fire activity, large
quantities of CQare emitted into the free troposphere; (ii)&0cumulates under the
tropopause and is seen by the satellite at 7:3Q iNCO; is then diluted by large-scale
transport during the 12 hours preceding the ness pathe satellite, at 7:30 a.m., before fires
start again. This result was theoretically confidwmath a pyro-thermal plume model (Rio et
al., 2010).

As Metop passing times are 9:30 a.m./p.m., i.eofeedind 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 DTEemains in the retrieval of G@nd the
weakness of the CGQire signal. On the contrary, the impact of fimsthe concentration of
CO can be more than 100% of its background levgl,(€urquety et al., 2009), providing a
clearer signal with respect to fires. For thessoaa, our study focuses on CO, and
particularly on its diurnal variation in relatioo fire activity. Our study focuses on tropical
biomass burning regions in the years 2007-2012i@e2 describes the data and the method
used to retrieve CO from the IASI observations ti®ac presents the IASI retrievals, by day
and by night, in comparison with fire activity. WWest focus on southern Africa, where fire
emissions are particularly strong, and then onowarregions in the tropics. Section 4 is a
discussion on why the diurnal difference of COnidetter agreement with fire activity than
the daytime or nighttime concentrations. Secti@oicludes this study.

2 Data and method
2.1 IASI

The Infrared Atmospheric Sounding Interferometex lar-orbiting nadir-viewing
instrument that measures infrared radiation emitteh the Earth. 1ASI is a high resolution
Fourier Transform Spectrometer based on a Michdlsnferometer, which provides 8461
spectral samples, ranging from 645t 2760 crit (15.5 pm and 3.6 pm), with a spectral
sampling of 0.25 cf, and a spectral resolution of 0.5 Ciifter apodisation (“Level 1c”
spectra). IASI cross track scanning is of 2200 kmme surface, allowing global coverage
twice a day. The instantaneous field of view is glaah 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 Organdgsafor the Exploitation of
Meteorological Satellites (EUMETSAT); it was laumchin October 2006 onboard the polar-
orbiting Meteorological Operational Platform (Met8), and is operational since July 2007.
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In this study, use is made of the Level 1c datai({alble from the Ether Centre for
Atmospheric Chemistry Products and Services weldditie://ether.ipsl.jussieu.frvia
EUMETCAST).

2.2 Retrieval method

The retrieval scheme is based on the double difterapproach described in Thonat et al.
(2012), which takes advantage of the high spertslution of IASI. It relies on the idea of
using a difference in brightness temperature (Bf)vieen two channels having the same
sensitivities to every atmospheric and surfaceatdei but CO. This difference is thus only
sensitive to CO variations and cancels out theadsgroming from interfering variables
(surface temperature and emissivity, temperatuagemvapour 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 AjléScott and Chédin, 1981,
http://ara.abct.Imd.polytechnigue)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 made of the Europearir€ for Medium-Range Weather
Forecasts (ECMWF) ERA-INTERIM Reanalyses as atmespldata input to 4A. These are
profiles of temperature, water vapour and ozoneacearized by a 6-hour time resolution and
a 0.75°x0.75° space resolution, colocalised in @me space to IASI clear-sky fields of view
and inter/extrapolated on the 4A pressure levdig. Surface temperature is estimated directly
from one IASI channel (at 2501.75 &jrto avoid the lag between the closest reanalysés a
the IASI passing. The same a priori CO profilesedifor every simulation. For observed BT,
clouds and aerosols are detected with severaltbie$ests 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 hPa, and half a maximutwéen about 200 hPa and 750 hPa,
depending on the difference between surface teryerand above air temperature: the
higher this difference, which is defined as theetthal contrast”, the higher the sensitivity to
CO in the lower layers of the troposphere. A negsatinermal contrast, on the contrary,
decreases the sensitivity near the surface. Thewvat method also gives access to the
precision, which is about 2.5 ppbv.

CO retrievals from IASI have been compared with@ARIBIC (Civil Aircraft for the

Regular Investigation of the Atmosphere Based omsinument Container) (Brenninkmeijer
et al., 2007) aircraft measurements. The differdretezeen CARIBIC and IASI CO is on
average 3.6 ppbv, with a standard deviation of ppliv. This agreement is also found above
deserts and mountainous areas, highlighting tieatettrievals are not impacted by surface
characteristics (Thonat et al., 2012).

3 The diurnal variation of IASI tropospheric CO

3.1 1ASI day- and nighttime CO over the tropics

Five whole years of clear-sky observations froml&&l hyperspectral infrared sounder
between July 2007 and June 2012 have been intedareterms of tropospheric CO column,
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in the tropics (30°N-30°S), by day and night (9a8t./p.m. LT). Maps of monthly means of
CO in the troposphere are plotted in Fig. 1 on7&%0.75° grid, for January, April, July and
October 2008, over land and over sea. Blank areastd an absence of retrievals due to
persistent cloudiness or aerosols. According to Eighe distribution and the seasonality of
CO retrieved by day and night are similar, thougth wwwer maximum values in the
nighttime.

Highest CO concentrations are localised above gents, in the Northern Hemisphere (NH)
during the boreal winter and in the Southern Hethresp (SH) during the austral winter.
These extreme values, that concern primarily Afand South America, stem from important
biomass burnings events in the local dry seasom¢Bu et al., 2003). Fires are not the only
source of CO in the tropics; for example high CQuga are seen in China outside of the fire
season, caused by a continuous pollution cominyg fassil fuel combustion (industry,
transport) (Buchwitz et al., 2007; Streets et2006).

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@EhCO fields is well seen, the existence of
other sources than fires and the transport oEfinéssions by atmospheric circulation make
the study of the relation between fires and CO eatrations difficult. In order to highlight

the links between fire activity and tropospheric,@@ now take advantage of the availability
provided by infrared sounders to retrieve CO bagtlldy and night.

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

We now focus on southern Africa (0°-20°S, 0°-53MBjch is an important region from a
biomass burning perspective. Moreover, in conti@sirthern Africa, southern Africa is
rather preserved from strong pollution and dush&s/éEngelstaedter et al., 2006).

The first two lines of Fig. 2 show the monthly meanf the integrated content of CO from
IASI between January and December 2008, by day @18.) and night (9:30 p.m.), on a
0.75°x0.75° grid. The same spatio-temporal distitsuof CO is seen on both time series.
However, values of IASI CO by day are stronger ttienones by night. During the dry
season, there is an excess of CO shifting progedgdrom the North-West in May to the
South and South-East until November. This excesopbspheric CO reaches a maximum in
September-October. This evolution can be explaimethe fire activity (Cahoon et al., 1992 ;
Barbosa et al., 1999) ; it is similar to the evntof the burned areas (BA) observed by
Moderate Resolution Imaging Spectroradiometer (M&®OQCollection 5, Roy et al., 2008)
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(Fig. 2, 4" line), as well as the evolution of fire emissidresn GFED3.1 (Fig. 2, Bline) and
from GFASL1.0 (Fig. 2,%Iine), but with a shift of one to two months degeg on the fire
product considered. In addition, the excesses off0@e troposphere are not located above
the burned areas, highlighting the transport of@keemitted by fires, by convection and
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 sspris the evolution of the monthly means
of IASI CO by day and night, MODIS BA and CO emiss from GFED3.1 and GFASL1.0,
in the same region as Fig. 2. It is worth notingt tihere are also disagreements between
MODIS BA, GFED3.1 and GFAS1.0 emissions concertimggevolution of fires during the
dry season. For example, according to GFED3.lim#zn@mum of the emissions generally
occurs a month after the maximum of the burnedsat®&AS1.0 is lower than GFED3.1 and
has a different interannual variability. These tBpancies are due to the fact that the
emissions are not proportional to the burned amadghat many other variables have to be
considered, like the type of vegetation, the cortibansefficiency 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 maximurheftO 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 Novembeértpaljh fires are hardly active according to
the MODIS BA, GFED3.1 and GFAS1.0, values of COaanhigh.

Between December and March, i.e. outside of tleesiason in the SH, high CO values are
found between 0° and 5°S for both day and nighis Ehdue to the southward transport of
CO emitted by northern fires and pollution. Suah@dpheric processes complicate the
analysis of the CO fields retrieved form space ola®ns and our ability to disentangle the
CO directly emitted by fire over the region of irgst from the background and transported
CO from nearby regions. This is why, following Chédt al. (2005), we now focus on the
analysis of the day-night difference of CO.

3.2.2 Day-night difference of IASI CO

Monthly means of day-night differences of CO amtteld in Fig. 2 (% line). It is computed

as follows: first the 0.75°x0.75° daily means df ttiear-sky retrievals of CO made at

9:30 a.m. and 9:30 p.m. are calculated; then,doharid cell, the difference between

9:30 a.m. and 9:30 p.m. is computed for every dagmboth daytime and nighttime

retrievals are available, and then averaged owewtiole month. Blank areas on the maps are
due to a lack of points. The number of points aldé to compute the monthly means of day-
night CO is plotted in Fig. 2 {7line). It shows that IASI orbits by day and nidpatrdly, if not
never, cross each other near the equator. Dursngvét season (i.e. form November to
March), the number of points available to compbterhonthly mean of day-night CO is also
limited by the number of clear-sky observationsilabe.

The 5 years evolution of the monthly means of tgnight differences of CO in southern
Africa, along with the evolution of MODIS BA, GFEDBand GFAS1.0 emissions, are
plotted in Fig. 4. In contrast to the evolutiondafytime and nighttime CO (Fig. 3), the
temporal evolution of the diurnal difference agreedl with fire activity. The maps of the
diurnal difference show a positive signal betweesiyMnd October which can exceed
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40 ppbv. The day-night signal mostly captures COvaldires, and follows their evolution
between May and September, shifting towards SauthSoputh-East, with a maximum in
September, at the same time as the emissionsganonth later. Between November and
April, i.e. outside of the fire season, althougé #alues of CO retrieved either by day or by
night are quite high because of the transport frieeNH, the day-night difference of CO is
almost null. Over sea, the day-night differenceuBl. This shows that the chosen differential
approach emphasizes the CO emitted by fires white@ling out the background CO
stemming from CO emitted in other regions and tinensported over the region of interest.

The retrieved diurnal signal can be affected by lbatge scale circulation and local
conditions. Concerning the DTE of GQRio et al. (2010) showed that it was not always
necessarily located just above the source, beaduasye scale advection, with the real DTE
signal sometimes being significant in surroundirgpa, due to preferential directions of the
large scale advections. The DTE of £8n be negative on a daily scale due to particular
horizontal winds. However, on a monthly basis, migtshe source region, the DTE daily
variations tend to cancel each other out. A disitancshould thus be made between the
influence of large scale (and long distance) trangat 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 diusighal of CO is mostly located in the
vicinity of the sources and can be interpreteckiation to the region above which it is
located.

Despite the good agreement between IASI diurnab@®fire activity given by GFED3.1,
GFAS1.0 emissions and MODIS burned areas (Figh2)e are some discrepancies between
the two of them. For instance, between July ande®aper, the day-night difference of IASI
CO between 35°E and 40°E is low despite high lefblurned areas seen by MODIS.
Conversely, in October, the diurnal differenceaigie even though fires are low. The decrease
of the diurnal signal happens later than the deereéfire activity; the signal is still

important in November in 2010 and 2011 albeit faes not active any more according to the
fire products (Fig. 4). This kind of discrepancysgasonality with an emission inventory has
already been observed for this area with GFED2 @tdw et al., 2006 ; van der Werf et al.,
2006 ; Roberts et al., 2009). This lag could betdu@e burning of woody fuels towards the
end of the dry season, that may not be well reptedan the inventory. These dense fuels
emit large amounts of CO and are likely to burradang period. After the peak of the fire
season, the smoldering phase of the combustiorthwhicharacterized by thermodynamical
conditions of higher moisture and lower temperattaeours CO emissions (Lobert and
Warnatz, 1993) in fires that may not be captureims of burned area or FRP from space
observations because of their small energy.

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

To study the diurnal cycle of CO in southern Afrazad its relation with fires in more detalils,
we focus on several areas represented in Fig. 8sevboordinates are given in Table 1. These
areas, adapted from Hoelzemann (2006), correspmodifférent emission source

distributions, which can be linked to the differ¢gypies of vegetation, which are also
represented in Fig. 5, taken from Mayaux et al0O®0The dominant types in southern Africa
are forests, savannas and croplands. On these aeaalculate the mean of the day-night
difference of the integrated content of CO from IABhose evolution is represented in

Fig. 6, on average between 2008 and 2011. Als¢eplatre the MODIS BA, the GFED3.1

and GFAS1.0 emissions for the same period.
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There is a general agreement between the montblytexn of the day-night difference of
CO and the one of fire emissions for most of tHected areas. It is visible for areas H4 and
H6, concerning both the seasonality and the intg$ithe signals. For areas H7 and HS8,
dominated by grasslandbere is a good agreement in the seasonality leuartiplitude of the
day-night CO is strong whereas GFED and GFAS finessions and MODIS BA are low. On
the contrary, for H9, an area dominated by cromatite day-night CO is lower than the
GFED3.1 signal, but fits GFAS1.0. H10, Madagasisatharacterized by almost no fire
activity; as a result the day-night CO is low antstant, in agreement with the MODIS BA,
GFED3.1 and GFAS1.0 emissions.

According to MODIS BA, GFED3.1 and GFAS1.0 emissioareas H3 and H5 are those
where most fire activity is observed. They are ateones for which the day-night difference
of CO is strongest. As for the fire season, thegase in the diurnal signal of CO begins in
May. However the maximum is reached one month thgm the maximum of the emissions,
and high values remain until October although faesnot active any more according to the
three fire products. The lag between the diurnektian of CO and the two fire products
observed over the whole southern Africa (cf. sec8@®.2), thus only takes place in these two
areas mostly occupied by forests and wooden saganna

Areas H1 and H2, in the North of the region, digglee worst agreement: the background
level of the diurnal signal is high and there ghét of one month of the seasonality compared
to fires. However, as seen in Fig. 2, these areasray covered by a few points, and the
monthly means in these areas are calculated frerfeth days where the day-night difference
of CO is available.

To conclude, the agreement in seasonality andsitiebetween fire activity and the diurnal
cycle of CO in southern Africa shown in Fig. 4he tresult of an agreement between these
signals at finer scales, which correspond to dffiékinds of vegetation. Discrepancies arise
in some areas, which can be related to the spiggifit CO emissions according to the kind
of vegetation, and to the lack of observationslatée to compute a significant day-night
difference of CO.

3.3 Link between day-night CO and fire emissioniithe tropics

We now extend our study to the tropical zone, winathivided into 12 areas plotted in Fig. 7
and defined in Table 2. These areas are taken@oédin et al. (2008) and are representative
of the different fire seasons. Figure 8 comparesatimual means of the day-night difference
of CO (in ppbv) with the annual means of the GFED81d GFAS1.0 emissions (in gCO.m

%), averaged over 2008-2011. It can be compareittdlE from Chédin et al. (2008) that
shows the annual GFED2 G@missions as a function of the DTE of £@mputed from the
TOVS observations.

Both with GFED and GFAS, a linear relationship banseen between the two variables over
a large interval, between 3 and 15 ppbv. Thisiaahip supports the interpretation of the
day-night difference of CO as a signal directhatetl to biomass burning emissions.
GFAS1.0 displays a better agreement with the dliwigaal of CO than GFED3.1, mainly
because of lower emissions in the South-East A{(AdSE) area (see also the area H9 in

Fig. 6). Otherwise, two areas set apart: North-BadtCentral Africa (AfNEC), with a low
diurnal signal, and Central America (AmC), withighdiurnal signal, compared to the
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emissions. Despite these two areas, the correletibigh between the diurnal signal of CO
on the one hand, and the GFED3.1 emissiofAs-(®6) and the GFAS1.0 emissions

(R? ~ 0.7) on the other hand. However it is lower tiancorrelation between the DTE of
CO; and the emissions found by Chédin et al. (2008)<(R.8).

As stressed by Chédin et al. (2008) for e discrepancies between the emissions and the
diurnal signal in the troposphere can be relategtieatmospheric transport or complex
diurnal cycles of the emissions. They also may cboma a mischaracterisation of the
specificity of CO emissions in fire inventoriespesially from the smoldering fire phase. In
particular, most of emission factors are basedvemnages per biome that do not take into
account temporal and spatial variability, althotigly are influenced by several
environmental factors.

4 Discussion
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 excelsS€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 explainetthéyliurnal variation of the vertical
sensitivity of the CO retrieval. As seen in Figwhich represents the IASI CO weighting
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 mépseomal contrast conditions and CO
day-night differences over southern Africa in JB008 (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 evergrehpositive 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 dgy-difference of the thermal contrast.

This result is confirmed by Fig. 10, which reprdsestatter plots of the thermal contrast and
IASI retrievals, spot by spot, for daytime obseiwas, nighttime observations, and for the
day-night difference, between June and October #88uthern Africa. A high/low thermal
contrast doesn’'t necessarily leads to a high/lo®I1&0 retrieval, by day or by night. The
same is true for the day-night difference of CQGerethought 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 agtlyneelated to fires, correspond to a wide
range of thermal contrast variations between dayréght; and for these values the
correlation is weak (R ~ 0.3).

As was explained in section 2.2, the retrieveddsmheric 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. Tmeans:

gCO = qCO**+AqCO ()

The first term of this sum is given by:
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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 conséguals to
97 ppbv, from the surface to 584 hPa.

Figure 11 shows the evolution of the day-nightetéhce offCO™, on the same period and
on the same area as in Fig. 4. Given that onlypoofie is used as input in 4A, the diurnal
signal in Fig. 11 is only due to the diurnal vaoast of the weighting function. Naturally, the
second term of the sum in Eq®)CO, is also dependent on the weighting function. But
quantifying the impact of the diurnal variationstioé weighting function on this term (thus
on gCO) would require to know the “true” profiles of C@recesponding to the passes of the
sounder, whether these profiles come from obsemsitdr simulations of a chemistry-
transport model. That's why here we only focustmday-night difference @fCO*, which
gives an approximation of the influence of the véiigg functions, and which can be
compared to the diurnal signal of CO in Fig. 4.

As expected, the signal is positive and has althessame seasonality as the diurnal signal
shown in Fig. 4, with a shift of one month. It soat 5 ppbv between December and April,
which coarsely corresponds to the bias observé&igird for these months, April excepted. In
addition, the amplitude of the signal in Fig. 1Dy about 2 ppbv whereas the amplitude of
the day-night difference of CO is 15 ppbv (Fig. 4).

In order to evaluate the impact of the choice efrésference profilerofileCO* on the
vertical sensitivity and the diurnal signal of G&e 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 &xstllabove the surface (Fig. S2).

The resulting day-night difference @€O0** 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 expectell tinatpolluted profile, the day-night
difference ofgCO™ is higher than with the reference profile (redve)r However, it is still

low compared to the diurnal signal of CO plottedrig. 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 conclude that the diurnal troposplex@ess of CO retrieved from IASI is not
decisively influenced by the variations of the et sensitivity, and that it is mostly due to
the diurnal cycle of fire emissions.

4.2 Hypothesis on the mechanisms explaining thela¢éion between fires and the day-
night difference of CO

As exposed in Section 3.3, the diurnal signals ©fahd CQ are of opposite signs: Chédin et
al. (2008) have shown that G@oncentrations in the troposphere are higher gtnivhereas
we find here that CO concentrations are highehéndaytime. Several factors can explain this
sign difference.
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As stated above, CO and g@re emitted during the flaming and the smoldephgses of the
combustion, in which their emissions are anti-datezl. The flaming phase favours £€0
emissions (Lobert and Warnatz, 1993); it is chammtd 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 thethoglosphere, allow to observe this
accumulation of fire emissions under the tropopaGsaversely, at the beginning of the day,
after the emissions have been diluted and befoee §itart again (or before the emissions can
reach such altitudes), the sounder only obsenebdbkground level of CChédin et al.,
2005, 2008).

The other phase of the combustion, the smoldefiage, 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).

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 coragos 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 concemimare 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 trapgddva altitudes at night, and then uplifted in
the morning by the natural convection and the pynwection.

Figure 12 shows the mean boundary layer heightuthern Africa and South America,
between July and November 2008, i.e. during tleed@ason, calculated from the ECMWF
forecasts. The boundary layer behaves the samewayg these months, but the maximum
of the height, reached in the early afternoon,eases from July to September and then
decreases until November. The boundary layer isygviow, at about 200 m., between

7:30 p.m. and 4:30 a.m. The natural convectioreming important only after 7:30 a.m.
When IASI passes at 9:30 p.m., nighttime CO emissare trapped in the boundary layer, so
they are not visible by the sounder, which is geresto CO in the mid-troposphere and
insensitive to CO close to the surface by nighshaswvn in Fig. 9. When IASI passes at 9:30
a.m., the trapped CO has been uplifted by natamaection and reaches altitudes to which
the sounder is sensitive to CO. In addition, aO%3n., fires are active again (mostly in the
flaming phase of the combustion), with strong waitmovements that can uplift surrounding
smokes. As a result, above burning areas, the mgn-difference of CO computed from IASI
is a positive signal directly related to fire eniss.

These different factors support the hypothesisiefdonvection 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
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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 eimissand CO has been analysed by
interpreting 5 years (2007-2012) of tropospheric €&@mn retrieved from IASI observations
by day and by night (9:30 a.m./p.m. LT), and tenapeeries of burned areas (MODIS) and
fire emissions (GFED3.1 and GFAS1.0). Following @ihéet al. (2005, 2008) who related
the diurnal signature of GQetrieved from NOAA10/TOVS instruments to fire exsions, we
have taken advantage of the fact that IASI ovegmesery point twice a day, before and
after the maximum of the diurnal cycle of firesoirder 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 diffeti@l approach cancels out the background
CO, including plumes due to advective transpontfreearby regions, and is only sensitive to
the CO related to local fire emissions. A linedatienship is found over various regions in
the tropics between the diurnal difference of I£%) and CO fire emissions from the
GFED3.1 (R ~ 0.6) and GFAS1.0 (R- 0.7) inventories. For regions near the equator,
daytime and nighttime orbits of the sounder ovelégs, inducing a limited number of clear-
sky spots available.

Some discrepancies arise between emissions fronDGEEand GFAS1.0 and IASI CO in
southern Africa. In terms of seasonality: in regiafi wooden savannas, the fire activity
suggested by the IASI day-night difference of C@hiwre intense towards the end of the fire
season (September) than GFED3.1 and GFAS1.0 emssisidicate. It might be due to the
fact that these regions with dense fuel are likelfavour carbon emissions during the
smoldering phase up until the end of the fire seakoterms of intensity: this could indicate
that the specificity of CO emissions compared t@ €Qissions for each biome might need to
be refined in the emission inventory’s framework.

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 smoldephgse of the combustion occurring during
the night (after that fires in the flaming phasgénburned the above ground vegetation in the
daytime), and accumulates in the boundary laydi, being 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 redigenf 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 phasese injection of CO and G@n the mid
and upper troposphere. The results presented hevethat the analysis of diurnal variations
of CO and CQas measured from space can give us a global vighe gepartition of the
emissions between the flaming and the smolderirg@land of their associated transport,
which need to be taken into account in surface éistkmation procedures and emission
inventories.
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The monitoring of CO from space with our retrierradthod can be extended to IASI
observations on Metop-B, which was launched in 2@b8 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&rpm, IASI-New Generation
(IASI-NG, Crevoisier et al., 2014) will cover thennd 2020-2042 on the same orbit as 1ASI,
allowing us to study on the long term the evolutdrCO, its diurnal cycle and its relation
with fires. Our CO retrieval method can also beli@opo Aqua/AIRS observations (see
Thonat et al., 2012), whose passing times ared.i80p.m, giving us four points in the
diurnal cycle of CO. Crls, with the same charastars as AIRS, was launched in 2011 and
will also be on the Joint Polar Satellite SystePS3) program planned for 2017. Since IASI
enables the retrieval of other gases emitted leg Buch as Cand CH, it also gives the
opportunity of a multispecies study that can prevadmore accurate view of the specificities
of fire emissions.
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Table 1. Latitudes and longitudes of the studie@sin southern Africa, corresponding to Fig. 4.

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

Code Latitude Longitude | Code Latitude Longitude
AfNW  15°N-0°N  20°W-20°E| AfSE  0°S-20°S 25°E-40°E
AfNE  15°N-0°N  30°E-45°E| AfSt 0°S-25°S 10°E-40°E
AfNEC 15°N-0°N  20°E-45°E Aft 25°N-25°S  20°W-43°E
AN 15°N-0°N  20°W-45°E| AmSE  0°S-25°S  60°W-35°W
AfNt  25°N-0°N  20°W-45°E| AmC  25°N-0°N  110°W-62°W
AfSW  0°S-20°S  10°E-25°H Aus  12°S-25°S  110°E-160°E

Table 2. Latitudes and longitudes of the studieasiin the tropics, corresponding to Fig. 6. Af,,Axas

5 respectively stand for Africa, America, Australd. S, E, W, respectively stand for North, SouthstiE#/est,
and t stands for total.
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<ITTITTIAT T T T ..,

40 60 80 100 120 140

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. 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 Africa, adaptern Hoelzemann (2006). Vegetation map is from

5 Mayaux et al. (2003).
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IASI CO vs. thermal contrast
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between July and November 2008. Plotted from thM®&E forecasts, which have a 3h time step and a

0.75°x0.75° spatial resolution.

26



Supplementary materials

Day-night thermal contrast — July 2008
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Figure S1. (top) Day-night difference of the theroentrast (in K), in July 2008 in southern Afrigaottom)
5 Day-night difference of IASI CO (in ppbv).
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Input CO profiles in 4A
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Figure S2. Black: reference profile of CO usedngsit in 4A for the retrieval of IASI CO (in ppbvRed: a
polluted profile in the boundary layer.
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