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Abstract. In this paper, we analyze the performance of ments are in good agreement with the aerosol optical depth
the Infrared Atmospheric Sounding Interferometer (IASI), (AOD) retrieved from the MODIS measurements, highlight-
launched in October 2006 on board METOP-A, for the mon-ing a rapid transport of trace gases and aerosols across the
itoring of carbon monoxide (CO) during extreme fire events, Mediterranean Basin (less than one day). While the coarse
focusing on the record-breaking fires which devastated thouvertical resolution will not allow the location of the exact
sands of square kilometers of forest in Greece during theplume height, the large CO enhancements observed in the
last week (23-30) of August 2007. After an assessment ofower troposphere are consistent with the maximum aerosol
the quality of the profiles retrieved using the Fast Optimal backscatter coefficient at2 km detected by the CALIPSO
Retrievals on Layers for IASI (FORLI) algorithm, the in- lidar in space (CALIOP).

formation provided on fire emissions and subsequent pollu-
tion outflow is discussed. Large CO plumes were observed
above the Mediterranean Basin and North Africa, with total 1
CO columns exceeding 24108 molecules/crh and abso-
lute volume mixing ratios up to 4 ppmv on the 25 August. Up | aqdition to being devastating for local ecosystems and
to 30X1018m°|?0”|35/‘3”2‘ and 22 ppmv in the lower tropo-  gconomies, wildfires significantly alter air quality, some-
sphere are retrieved close to the fires above the Peloponnesgnes on regional to hemispheric scales, and are an impor-
but with larger uncertainty. The average root-mean-squargant component of the climate system. Biomass burning is,
(RMS) difference between simulated and observed spectighdeed, now recognized to be a major contribution to the
is close to the estimated radiometric noise level, slightly gjohal emissions of trace gases and aerosols, not only in the
increasing (by~14%) in the fresh fire plumes. CO pro- {gpjcs but also in the Northern Hemisphere (e.g. Andreae
files are retrieved with a vertical resolution of about 8km, 54 Merlet, 2001). Several studies have highlighted the im-
with ~1.7 pieces of independent information on the verti- h,rance of emissions from wildfires in the boreal regions
cal in the region considered and a maximum sensitivity inf the Northern Hemisphere (e.g. Kasischke et al., 2005).
the free troposphere~4-5km). Using the integrated total ofien burning for several weeks, they constitute extremely
amount, the increase in CO burden due to these fires is ?Stlarge perturbations (e.g. Turquety et al., 2007), which can in-
mated to 0.321 Tg;-40% of the total annual anthropogenic ¢rease the background level of relatively long lived species
emissions in Greece. The patterns of these CO enhancgs, hemispheric scales and explain most of the interannual
variability in the surface observations (e.g. Wotawa et al.,
2001; Szopa et al., 2007). In the mid-latitudes, wildfires,

Correspondence tdS. Turquety mainly accidental or criminal fires, are often burning close to
BY (solene.turquety@Imd.polytechnique.fr) inhabited regions, and efforts are deployed to rapidly control

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

Introduction



http://creativecommons.org/licenses/by/3.0/

4898 S. Turquety et al.: Emission and transport of CO from wildfires using 1ASI

them. But they remain critical for regional air quality. On av-
erage for the 2000-2006 time period, biomass burning con-
tributed to~5Tg of CO per year in Europe according to
the widely used Global Fire Emissions Database (GFED)
version 2 (van der Werf et al., 2006). This appears to be
small compared to the estimated totake82 Tg/year emitted
by anthropogenic activities in the same region according to
the EDGAR 3.2 FT2000 inventory (Olivier and Berdowski,
2001). However, since more than 70% of the burning occurs
between June and September, their impact becomes critica
during the summer.

Southern Europe and the Mediterranean basin are regu-
larly affected by forest fires which can burn thousands ofFig. 1. Fire hotspots detected by the AATSR satellite instru-
hectares in a few days. The summer of 2007 was amon%;ent durlng_ the summer of 2007 (July—August) summed over a
the worst fire seasons of the past decades in Europe. Figure 5x0.5" grid.
shows the number of fire hotspots detected from space by the

ESA Along-Track Scanning Radiometer (ATSR) World Fire ) o ]
Atlas (Arino et al., 2007). Fires were most severe in Greece,based on the available surface or in situ observations are of-

with a total of 3138 krf burned according to the provisional €N representative of background conditions and are rarely
data from the European Commission Joint Research CentdPcated within pollution plumes, and precise information on
(JRC) (EFFIS Forest Fires in Europe 2007 report, 2008). Théhe performance of the retrievals in highly polluted condi-
largest fires burned at the end of August in the PeloponnesHOnS is not provided. In this paper, we analyze the perfor-
(5 fires burned~1700 kn?) and in Euboea, North of Athens Mance of the Infrared Atmospheric Sounding Interferometer
(2 fires burned-250 kn?). Although the number of fireswas  (IAS!) for the monitoring of the emission and transport of
similar to previous years, the severity of the burning eventsc@rPon monoxide (CO) in such highly polluted conditions.
was much larger due to several heat waves in the preceo|'_I'herefore, we focus our analysis on the large Greek fire event
ing weeks, extended droughts and strong winds. With thet the end of August 2007.

expected increase of such hot and dry episodes as a result With a lifetime of the order of several weeks in the free tro-
of climate change (Séh et al., 2004; Meehl and Tebaldi, Posphere, CO is one of the main tracers of long-range trans-

2004), it becomes urgent to better evaluate and account foport of pollution. It is produced as a result of incomplete
wildfire emissions in the analyses of air quality and regionalcombustion and the oxidation of methane and non-methane

climate change. hydrocarbons (NMHC) and is principally removed by reac-

The location of the fires (hotspots) is monitored by severaltion with OH. Itis currently regulated by air quality standards
space-borne remote sensors, e.g. ATSR (Arino et al., 2007yorldwide as a major ozone precursor. It also contributes
and the MODerate resolution Imaging Spectroradiometerto climate change through its effect on ozone and methane
(MODIS, Justice et al., 2002). Nevertheless, the extent of thechemistry. It is observed by several satellite borne instru-
areas which actually burned remains subject to large uncerments either from measurements in the thermal infrared (IR)
tainties (e.g. Giglio et al., 2006), the corresponding emission® in the near-IR spectral range (e.g. Turquety et al., 2008).
are difficult to evaluate accurately (e.g. Kasischke and PenThe most recent is IASI, launched in October 2006 on board
ner, 2004) and the vertical transport processes above thedbe first of the three successive METOP satellites (METOP-
large sources are not well understood. These are all criti#) which will provide 15 years of consistent measurements.
cal parameters for the simulation of the impact of wildfires IASI is a nadir-looking high resolution IR sounder developed
by chemistry and transport models that need to be better urPy CNES in collaboration with EUMETSAT for an accurate
derstood (e.g. Turquety et al., 2007; Damoah et al., 20060bservation of temperature and water vapor, aiming at im-
Fromm and Servranckx, 2003). proving operational weather forecasting. It also allows the

Atmospheric observations of trace gases and aerosols ifonitoring of several IR absorbing species, summarized in
the fire plumes are necessary to evaluate model simulation&lerbaux et al. (2009), in particular CO discussed in this pa-
of their effects and, eventually, infer top-down corrections onper and evaluated on a global scale in George et al. (2009).
emissions inventories (e.g. Henze et al., 2004; Pfister et al©ne of the most important improvements compared to other
2005; Arellano et al., 2006). Space-based observations aréXisting IR sounders is the excellent horizontal coverage al-
particularly valuable since they allow the monitoring of pol- lowed by its across-track swath width of 2200 km providing
lution transport with good spatial and temporal resolution. twice daily global coverage.

However, in order to have confidence in these top-down con- Signatures from biomass burning are one of the main fea-
straints, it is absolutely crucial to have good knowledge oftures of the global CO distributions observed from space (e.g.
the quality of the observations used. But validation exercised.amarque et al., 2003; Edwards et al., 2004; Turquety et al.,

100

# fires per 0.5x0.5 gridbox

Atmos. Chem. Phys., 9, 4894913 2009 www.atmos-chem-phys.net/9/4897/2009/



S. Turquety et al.: Emission and transport of CO from wildfires using 1ASI 4899

2007; McMillan et al., 2008; Yurganov et al., 2008), both due IASI spectra. It is based on the Atmosphit code (e.g. Coheur
to the large CO concentrations resulting from these fires anat al., 2005) and uses appropriate approximations and pre-
to the fact that the fire plumes are often rapidly transportedcomputed look-up tables (LUT). Running on 76 CPUs it is
toward the free troposphere, where the IR remote sensors a@ble to handle a whole day of data in about 1 h using the op-
the most sensitive (e.g. Turquety et al., 2007, 2008). Hereerational Eumetcast Level 2 temperature and humidity pro-
we discuss the performance of the IASI CO retrieval in suchfiles. The code can accommodate temperature and humidity
extreme pollution cases. After a general description of theprofiles coming from various sources/models.

Fast Optimal Retrievals on Layers for IASI (FORLI) algo- Inthe thermal IR, CO absorbs radiation in the 1-0 rotation-
rithm, we evaluate its performance for the study of fire plumevibration band centered at 4um (2128cntl), which is
events. We then discuss the information provided on theclearly visible by IASI in the 2050-2190 cr spectral re-
corresponding emissions and subsequent transport of pollugion (see Fig. 2). The main interfering trace gases in this
tion. Therefore, we explore the correlations between CO andpectral range ared®, NoO, Oz and CQ, but the CO sig-
aerosols in these plumes based on the MODIS aerosol opticalal is dominant for most of the band, and is observed at all
depth (AOD), widely used for the monitoring of fire smoke, times and all latitudes (except over Antarctica where the sig-
and the vertical soundings from the Cloud-Aerosol Lidar nal can become too low — these data are filtered out). The
with Orthogonal Polarization (CALIOP) on board CALIPSO residual between the forward calculation and the actual IASI
(Cloud Aerosol Lidar and Infrared Pathfinder Satellite Ob- measurement is used to adjust the CO profiles in the retrieval
servations). These comparisons will allow a combined analprocess (see following section).

ysis of the transport pathways of trace gases and aerosols, as

well as an evaluation of the information provided by IASI on 2.2 Retrieval algorithm

plume height. This study will be a first step towards an anal-

ysis of the interactions between aerosols and photochemistry '€ FORLI-CO software used for our retrieval of CO verti-
cal profiles is based on the optimal estimation method (OEM)

described by Rodgers (2000). It minimizes the difference be-

2 IASI CO retrieval tween the observation and simulation by iteratively updating
the state vector (set of unknown parameters). Since more
2.1 IASI observations and forward problem than one solution could fit the observations (ill-posed prob-

lem), it is necessary to constrain the results vaithriori in-
IASI is recording IR spectra with a spectral resolution of formation containing both the averaged value expected,
0.5cnT! apodized, sampled at 0.25cty extending from  and allowed variability around this average given by a covari-
645 to 2760 cm. In addition, its low radiometric noise, es- ance matrixS,. The OEM then gives the optimal solution
timated before launch to 0.2-0.35K noise equivalent d6|t3f0r the state vectar to be retrieved, given a measurement

temperature (NeDT), slightly improved on flight, allows the with error covariancé,, and a forward model=F (x). The
retrieval of a series of IR absorbing species (Clerbaux et al.solution can be found by iteratively applying:

2009). 120 spectra are recorded along each swath, allowing A .

global coverage twice daily (Sun synchronous orbit with a¥i+1 = Xa + Dy [y — F (£;) — Ki(xs — £)] (2)

09:30 equator local crossing time for the ascending node)with

with a small field of view of X2 circular pixels, each of D. — &KTs 1 d &..— (KT 51K, g1 -1

12 km footprint diameter at nadir. y=SK;§7 an S““l_( i+1% i+l T > )
IASI spectra may be simulated using radiative transfer

equations, modeled by a direct functidh(forward model

in the following), so that the measurement vectamay be

written:

whereK;=(dF/dx); is the Jacobian at stais, Kl.T is its
transpose, and; 1 is the updated state vector. The matrix
D, is known as the matrix of contribution functions. The
error covariance of the solution is given 3541. The itera-
y=F(x,b). (1)  tion starts with some initial estimate of the state, chosen to
be thea priori informationx,, of covariances,, and termi-

The parameter corresponds to the state of the atmospherenates when convergence has been reached (less than seven
(state vector) which will be more specifically analyzed, anditerations typically required).

b groups all other parameters which will influence the IR The retrieval error is the sum of three main components:

radiation: meteorological and chemical information on the

state of the atmosphere (other thapn plus the spectro- £ —x = (1 — A) (x — x,) + Ge + GK, (b — 5) , (3)

scopic database and the instrumental characteristics. In the

inverse problemy becomes the retrieved parameters, And with A=0x/dx=GK, the averaging kernel matrix character-

the “fixed” parameters. izing the sensitivity of the retrieval to the true profile, and
A specific software has been developed at Univerkit Kp=0F/0b, the sensitivity of the radiative transfer to the

bre de Bruxelles (ULB) to handle as fast as possible all theparameters. In Eq. (3), the first term then represents a

www.atmos-chem-phys.net/9/4897/2009/ Atmos. Chem. Phys., 9, 48932009
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(K)

trieval process remains the calculation of the Jacobians
200 WWV"Y‘V’VWW 1 K;=(0F/dx);. In order to avoid any excursion of the pro-
M\MM files in negative concentrations we are working in logarith-
mic space during the iterative process, the final iteration re-
sults being given in the normal units.
The spectral region used for the CO retrieval is lim-
ited to the R branch of the absorption band from 2143 to

O S WWW“‘YTWWWW"‘“\ 2181.25cm?!. This avoids interferences due to ozone (see
.5‘ l N20 | Fig. 1) and minimizes the impact of the weak lines from the

Brightness temperature
»
(=]

=

p _2 latter and possibly other absorbing species. However the
10 m spectrum is computed between 2128 and 2206'nalso
sl . useful to avoid side effects when convoluting by the ILS.
2060 2080 2100 2120 2140 2160 2180 2200

The measurement vector then includes 154 IASI chan-
nels. The measurement error covariance ma&gixwas cho-
Fig. 2. Example of IASI spectrum simulation (in brightness tem- Sen to be a diagonal matrix, with elements corresponding to
perature) around the CO absorption band for a standard atmosphetBe expected radiometric noise in the spectral region used,
and average CO profile (top panel). The signatures from the mair2.00x 10~° W/(cm? cm~1 sr) (Clerbaux et al., 2009).
absorbing species in this spectral region are shown in the bottom Thea priori was constructed using a database of observa-
panel in brightness temperature difference. The limits of the regiontjons including aircraft profiles during take-off and landing
used for the CO retrieval are highlighted in red. from the MOZAIC (Measurement of OZone and water va-
por by Alrbus in-service airCraft) program (Nedelec et al.,
2003), and ACE-FTS satellite observations in the upper tro-
sphere and above (Clerbaux et al., 2005), complemented

Wavenumber (cm'1)

“smoothing” error, due to the lack of vertical sensitivity of

the instrument, the second term is the measurement error a ith distributions from the LMDz-INCA global model (Tur-

the third one is the model parameters error. The SmOOthIn%uety et al., 2008) in order to have a matrix representative of

tef“’r 'IS lésuallty t?eldozrggsntiﬁurce of uncerta|tnty for COd rti'both background and polluted conditions. The a priori error
rieval (Barret et al, ). The measurement error an square root of the variance, i.e. diagonal of the covariance

error due to the temperature profile are typically twice Iowermatrix) reaches a maximum at the first level (01 km) with

than the smoothing error and of the same order ofmagnltudea variability of ~65% around the a priori profile, and de-

Note however that error due to the temperature profile may . :
S R, e creases progressively ta35% in the 4-10 km levels. It then
be larger in fire plumes but it is difficult to quantify in the brog y °

T . . slightly increases in the upper troposphere/lower stratosphere
absence of specific in situ observations. In the following, we ghty PP posp P

; i L . J(~40%).
will therefore discuss primarily the averaging kernels assom-( )

ted with the retrievals t luate th thi Th Forward simulation of the IASI radiances requires a rea-
ated with the retrievas to evajuate the sSmoothing eror. 1ney,q ., ¢ knowledge of the state of the atmosphere, in par-
also provide valuable information on the vertical resolution

. . . ticular for the surface parameters (temperature, pressure and
(full width at half maximum) and the number of independent P (temp P

. £ inf tion in th il d  freed emissivity) as well as for temperature and water vapor pro-
pieces ot information in the proliies or degrees ot IreedoMgas  since the IASI operational retrievals for water va-
for signal (DOFS):

por and temperature became available only from October
DOFS= trace (A) ) 2007, temperature and humidity profiles from the analysis
of the European Centre for Medium-Range Weather Fore-
As already mentioned, the direct computations of the speceasts (ECMWF) are used for the analysis of IASI spectra in
tra are based on LUT'’s that have a spectral oversamplinggummer 2007. These are 6 hourly data from the operational
of 10 (e.g. sampling of 2:5610-3cm~1). These tables are analysis, provided at horizontal resolution 1.12%.125
pre-computed on a logarithmic grid in pressure ¢418-° to and on 21 levels. The analyses are then interpolated to the
1atm), a linear grid in temperature (162.8 to 322.64 K) andIASI measurement location and time. The surface tempera-
eventually a linear grid in humidity (for water vapor lines), ture is retrieved from the IASI spectra using the atmospheric
and interpolatedn-the-fly windows. In addition, surface emissivity from a climatology
The radiative transfer includes the influence of the aver-based on MODIS/Terra satellite observations (Wan, 2008) is
age downward flux from the atmosphere “unabsorbed” byused.
the grey surface and the reflected solar radiance. The latter is Here, the state vectarwe are interested in is the CO pro-
essential above the sea surface in situations of sun-glint.  file, retrieved on up to 19 levels from the surface to the top of
The derivatives with respect to the vertical distribution the atmosphere. Additional fitted parameters include a water
of species are computed analytically. As the main time-vapor profile, CQ and NoO total columns as well as surface
consuming step of the computations is the convolution bytemperature. Since the IASI field of view allows a good hor-
the instrumental lineshape (ILS), the bottleneck of the re-izontal resolution and sampling, we have chosen to analyze

Atmos. Chem. Phys., 9, 4894913 2009 www.atmos-chem-phys.net/9/4897/2009/
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20070825 (day) 20070825 (night)
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Fig. 3. IASI daytime (left panels) and nighttime (right panels) distributions on 25 August 2007 of the total column of CO retrievals (top
panels), the degrees of freedom for signal (DOFS) characterizing the profile retrievals (middle panels), and the contribution from the first
two levels to this DOFS (bottom panels), all interpolated on 8 0®2° grid. The white areas correspond to rejected data (mostly cloudy
pixels) and regions not sounded by IASI (white triangles to the south of the region correspond to the end of the instrument’s swaths for the
orbits crossing the region at that time).

only the cloud free pixels, without any cloud clearing in the 3 Using IASI CO retrievals to track the long-range
retrieval. Therefore, a cloud filter based on the compari- transport of pollution from large fires over the

son of the brightness temperatures at 11 angh2(BT11 Mediterranean basin

and BT12) with the skin temperatur@& () extracted from

ECMWF analysis (collocated with IASI measurements) is 3.1 Performance of the IASI retrieval in highly polluted
used. To calculate BT11 and BT12, the average tempera-  conditions

tures are estimated for channels in the spectral ranges 900— o
905 cnt! and the 843-845 crit, respectively (Hadji-Lazaro F!gure 3 shows the Q|str|but|on of the total CO column re-
et al., 2001). We consider spectra as cloud-free when differ"i€vals (sum of partial columns) for the 25 August 2007,

ences between Ts and BT11 and BT12 are lower than 15 Rvhen the largest plume was observed, as well as the corre-
in absolute value. sponding number of independent information on the vertical

profile (DOFS, Eq. 4) and the contribution from the lower
troposphere to this DOFS. For both daytime and nighttime
retrievals, clear enhancements are observed above the re-
gions of fires (Greece, Albany and Italy during the day) as
well as above the Mediterranean Basin. Large fire plumes
originating from the Greek fires are observed at night over
the Central Basin, while emissions from fires in Italy were
less efficiently exported.

www.atmos-chem-phys.net/9/4897/2009/ Atmos. Chem. Phys., 9, 48932009
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Fig. 4. CO profiles (left panel) retrieved for four different situations: close to emissions above the continent (Peloponnese) during the day,
within the plume over the sea during the night, and outside of the plume above land during the day and sea during the night (background).
The errorbars correspond to the retrieval error. The cyan line shovesgtieri profile and associated error. Note that the CO mixing ratios

are reported on a log scale. For each profile, the corresponding total column is given in the Iegeﬁ%r(inlé@ules/crﬁ) and the averaging

kernels characterizing the retrieval are shown in the right-hand-side (same color code).

For all the days considered, the CO columns outside the The averaging kernels for the different selected situations
fire plumes appear lower above sea than above land duringhow that the profiles have a vertical resolution~e8 km.
the day, and lower during the night than during the day aboveThe sensitivity reaches a maximum around 5 km for all cases,
land. This is explained by the different thermal contrastswith a secondary peak around 12 km. The sensitivity rapidly
(Clerbaux et al., 2009): the continental surface is signifi- decreases towards the surface. Over land, the thermal con-
cantly warmer than the sea surface, and rapidly cools durtrast is usually higher so that the instrument is more sensi-
ing the night. This results in higher sensitivity to the lower tive to the first levels (see example in Fig. 4 in the Athens
troposphere during the day above land, while the sensitivityarea). Such cut-off of the averaging kernels in the lower tro-
above sea remains similar (Fig. 3). Therefore, we will hereposphere, also visible (but with lower importance) in the fire
always consider daytime and nighttime measurements sepg@lume above sea, suggests that CO may still be underesti-
rately. DOFS vary between1.8 over land during the day in mated in the latter retrievals.
Southern Europe (reaching more than 2 over deserts but with Note that the retrieval error (error bars in Fig. 4), derived
large associated errors) and..6 over the sea. from the retrieval error covariance matrix (Eq. 2), does not

Examples of profile retrievals and associated averagingncrease significantly in the fire plumes. For the examples
kernels are plotted on Fig. 4 for four different situations, ei- considered, it varies between 36 ppbv above land during the
ther within the fire plume (at different stages of the trans-day and 47 ppbv above the sea at nigh80% of back-
port) or for background conditions. Extremely large CO ground mixing ratios) for the first retrieval level (0—1km),
mixing ratios are found for this event; we measured up toand it remains close to 10 ppbv in the free troposphere for
22 ppmv close to the fires (but subject to large uncertaintiesall cases £10% of background mixing ratios). These sta-
as discussed below) and 4 ppmv in the transported plumeble and relatively low errors for the retrievals within the fire
The latter is up to two orders of magnitude larger than theplume are somewhat inconsistent with the larger root-mean-
a priori and background profiles. As a comparison, Hobbssquare (RMS) error of the differences between observed and
et al. (2003) reported up to 3.9 ppmv CO in the fire plumesfitted spectra (or residuals), plotted in Fig. 5. These highlight
from in situ measurements close to savanna fires in Soutkarger uncertainty in the fire plumes, especially close to the
Africa. Even though burned vegetations are very differentemissions, with an apparent underestimate of the retrieved
(for example, emission factor for savanna is estimated toCO.
65 g CO/kg dry matter, and to 107 g CO/dry matter for extra- The retrieval error covariance matrix mainly depends on
tropical forests, Andreae and Merlet, 2001), these observathe measurement error and on the a priori covariance matri-
tions show that the extreme concentrations obtained from thees, and does not account for two of the main error sources:
IASI data remain realistic in the case of large fires. Such exthe smoothing error (associated with the vertical sensitiv-
treme CO concentrations have, to our best knowledge, nevety) and the errors resulting from uncertainties on surface
been measured before from satellites. temperature retrievals and on the temperature profile used.

Atmos. Chem. Phys., 9, 4894913 2009 www.atmos-chem-phys.net/9/4897/2009/
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10— ; ; ; ; ; the forward model parameters (CO but also the parameters
g | ——Noise level | b in Eg. (1), for instance the temperature and water vapor
— Background: 1.58 profiles or aerosol contamination). Such systematic error is
B | pandiie: 528 expected to result in a bias. Retrievals over land are char-
ight/Sea/Fire: 2.22 ) ; ) A
acterized by higher RMS, especially for daytime measure-
ments due to stronger signal. The largest errors correspond
to retrievals over deserts and are likely due to the presence
of sand (uncertainties on reflectance and emissivity pattern).
In the following, these cases are filtered out by only con-
sidering retrievals with RMS3.5x 10~ 2 W/(cm? cm 1 sr) (a
value chosen in order to remove the largest errors while keep-
ing the fire plumes). During the day, this filter removes 40%
of the observations over land and 1% over sea (in the region
considered here), and only 2.5% and 0.05% over land and
5145 2150 2155 2160 2185 210 2175 2180 sea, respectively, during the night. Larger RMS is also visible
wavenumber (cm™) on the West side of the Mediterranean Basin, corresponding
to a high bias, which could be explained by contamination of
Fig. 5. Examples of residuals (observed — fitted spectra) for thethe spectra associated with the transport of Saharan dust. The
three of the four examples of Fig. 4 (one background and tworetrievals in the fire plume, especially those close to the emis-
fire situations: one over land and one over sea). For each examsion region (here the Peloponnese) are also characterized by
ple, the corresponding RMS error is indicated in the legend (ingjightly larger RMS, but associated with a low bias.
10-9 W/(en? cmt s)). The performance in terms of residual during the entire
time period (23-30 August 2007) is summarized in Table 1.
The overall RMS is~2x10-2W/(cm? cm~1sr), with less
Although the averaging kernels show decreasing sensitivthan 39 due to a bias, which remains very close to the ex-
ity to the lower levels in the fire plumes, the corresponding pected radiometric noise. The error is larger over land than
smoothing error remains close to that estimated for backyyer sea both during the day and during the night, and is
ground retrievals (around 30% for the first level). The fact largest over land during the day. This is mainly explained
that the retrieval in highly polluted conditions has such lim- by the larger error over North Africa, not completely re-
ited sensitivity is still not well understood. Forward simu- moved by the RMS filter. No correlation was found between
lations show that even in this kind of large pollution events, Rpms and CO amount in the retrieval, showing that the per-
there is no saturation of the CO lines. A combination of sev-fgrmance is similar in the plumes and in background condi-
eral factors could explain the largest uncertainties. Enhancegons. However, in the strong enhancements associated with
vertical mixing above the fires could lower the thermal con- the piomass burning plumes, the RMS tends to be slightly
trast, and particular conditions in the fire plumes could in- larger (2.3<10-?Wi/(cmm?cmtsr)), and a bias can appear
duce significantly larger uncertainty of the ancillary param- c|ose to the emissions (Figs. 5 and 6).
eters used in the inversion. In particular, surface and atmo- |n order to better understand the sources of uncertainty
spheric temperatures could be significantly modified close tqn, the retrievals, four hypotheses have been tested: too low
fires. The large aerosol concentrations in the fire plumesy priori variability for such extreme events; too low noise
could also impact the retrieval quality, although signaturejeye| for this region; aerosol contamination; inhomogeneity
from aerosols remains small in the CO band. These unceryfthe |ASI pixel. According to the preliminary analyses con-
tainties are difficult to evaluate without specific independentqcted, the larger RMS is most probably due to increased
observations, ideally from in situ sampling. inhomogeneity in the IASI pixel within the fire plumes. Fur-

Another important aspect is that the extreme cases obther studies are required in order to better estimate these in-
served during fire events are not well represented in the a prinomogeneities for different situations as well as their impact
ori covariance matrixg,. This means that the retrieval could on the CO retrievals. The retrievals are also very sensitive
be biased towards the a priori, and therefore underestimatedo the temperature and water vapor profiles used. A water
This bias is difficult to quantify, and, again would need to be vapour profile is fitted in order to avoid too large impact of
fully assessed using independent in situ observations. For ¢his parameter on the retrievals. However, since our retrieval
first evaluation of the performance of the retrieval, we choseis based on the ECMWF meteorological fields, uncertainties
to rely on the RMS of the residuals. may remain.

The RMS, as well as the mean differences (bias expressed A complementary evaluation of the retrieval error based
as a percentage of the total RMS), are given in Fig. 6. Theon independent measurements and on the global scale is per-
RMS reflects both the error due to radiometric noise (randonmformed by George et al. (2009) in a companion paper. In the
error, estimated to 2.601.0-° W/(cm?cm~1sr)) and due to  absence of available coincident in situ observations for this

Residual (10° Wi(cm%em'sr))
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Fig. 6. Same as Fig. 3 but for the RMS error between the observed and the fitted spectrum and the percentage RMS explained by a bias.

Table 1. Summary of the performance of the fit in terms of residual RMS and bias (see text for details). For each case, the average and
standard deviation over the region of reference (cf. Fig. 2) is provided.

Total CO RMS Bias
(10'8molecules/cr)  (10-2 W/(cm? cm~1 sr)) (% RMS)
Land 1.80+0.34 202052  0.685.15
, Plume* 571+1.39 2404058 —2.30+5.08
Night  geq 1.9%0.86 179027  5.554.34
Plume* 3724373 197403  299+7.43
Land 2.05-0.70 240057  1.66:5.62
Plume* 456+2.30 2804043  142+560
Day  geq 1.93-0.48 1.74:026  5.0%5.37
Plume* 443+2.43 1914029  549+536

* The plume is defined as columns CO exceedilsage18 molecules/cr.

time period, we have compared the results over our region obe explained by the different horizontal resolution of the in-
interest with CO v3 retrievals from the MOPITT/Terra obser- struments (22 km22 km for MOPITT and 12 km diameter
vations in the thermal IR. MOPITT and IASI retrievals have for 1ASI), especially above inhomogeneous scenes. Note
similar characteristics with, in particular, maximum sensi- also that MOPITT observations in the bulk of the plume
tivity in the free troposphere (Deeter et al., 2003). More- were generally rejected during the data processing (no re-
over, overpass times for Terra are close to those of METORrieval), either because the cloud detection has mistaken large
(09:30 equator local crossing time for METOP, 10:30 for aerosol loadings with cloud-contaminated data or due to spe-
Terra), allowing direct comparisons. Results for the 2007cific problems in the processing that filters out some high CO
Greek burning event are consistent with the global comparvalues. A new version of the MOPITT retrieval algorithm is
isons between the two CO products (George et al., 2009)currently being developed at NCAR in order to reduce the
while the large-scale patterns are in good general agreeapparent high bias (between 5 and 7% on the total column)
ment, IASI CO is on average 35% higher than MOPITT for of the background retrievals, already established by compar-
the elevated CO concentrations (IASI columns larger thanisons with in situ observations (Emmons et al., 2007), and
3x10®¥molecules/crf), i.e. in the pollution plumes, and improve retrieval within high pollution plumes (M. Deeter,
12% lower for background values (IASI columns less thanpersonal communication, 2008).

2x 10 molecules/crf). Part of these discrepancies could

Atmos. Chem. Phys., 9, 4894913 2009 www.atmos-chem-phys.net/9/4897/2009/



S. Turquety et al.: Emission and transport of CO from wildfires using 1ASI 4905

38—

a7,

s .

35

34

33

32

Total CO (10'® molec/cm?)

Fig. 7. 1ASI nighttime total CO retrievals for two days during the fire event: on 23 August 2007, at the beginning of the fire event (left),
and on the 25th, after the most intense burning (right). The black boxes show the areas in which the CO burden related to the fires has beel
calculated, and the blue boxes on the 23rd show the area used to determine the average background value (CO column without the fires).

In spite of the additional difficulty associated with the re- in the boundary layer. This is likely to result in underesti-
trievals in highly polluted wildfire plumes and the lack of val- mated total CO, so that the value inferred here should be on
idation data, the quality of our retrieval is reliable enough tothe low end of the actual CO emissions. According to the
allow a qualitative analysis above fires and quantitative analEDGAR FT 2000 anthropogenic emission inventory, the to-
ysis in fresh plumes and further downwind. In the following tal anthropogenic emissions over this region-8.8 Tg CO
sections, we explore the information provided by IASI on the per year. This contribution should be included in our back-
emissions and the long range transport of pollution above thground value. We thus assume that most of the derived bur-

Mediterranean associated with these large Greek fires. denis due to the large fires. This fire event would then corre-
spond, in terms of pollution emitted, to 40% of the total an-
3.2 Top-down information on CO emissions nual anthropogenic activities in only 7 days. The widely used

GFED inventory (version 2, van der Werf et al., 2006) gives

The purpose of this section is to compare our observationst total of 0.247 Tg CO emitted by biomass burning in Greece
of the additional CO burden to currently available process-during August 2007, 23% lower compared to the CO burden
based bottom-up inventories. The MODIS fire detectionderived from the IASI observations. We recalculated the total
shows that most fires burned during approximately 7 daysgmissions from the Greek fires using a bottom-up approach
starting on 23 until 30 August 2007. We calculate the CObased on an estimated total of 1700%burned (EFFIS re-
emitted by the fires by evaluating the CO burden above backported area for the Peloponnese) distributed at the location
ground in the main fire plumes, directly after the largest firesof the fires based on the MODIS fire detection. Therefore,
in the Peloponnese. This simplified method can be appliedhe total area burned was multiplied by the fuels loading
in good approximation because strong North-Easterly wind(scaled by the burning efficiencies, A. Mieville, personal
rapidly exported the emitted pollution across the sea towardsommunication, 2008) depending on vegetation type on a
North Africa. We calculate the CO burden using the night- 0.5°x0.5° grid (here from the GLC2000 vegetation types,
time observations, since the most intense fire plumes are oBartholone and Belward, 2005), and by the corresponding
served in the evening. We can then assume that the plum€O emission factors (Andreae and Merlet, 2001). Using
observed by IASI in the evening over the sea correspondshis method, with average fuel loads of 1.8kg dry matter
to emissions during the previous day only. The backgroundDM)/m? (standard deviation of 1.2 kg DMAn burned and
total CO value is calculated in regions that should not be af-emission factor of 64.7 g CO/kg DM (standard deviation of
fected by the Greek fires, above the Mediterranean at the be27.1 g CO/kg DM) in the region of the fires, we derive a total
ginning of the fire event on 23 August. Figure 7 shows theof 0.348 Tg CO, 8% larger compared to the IASI CO burden,
areas considered as background and fire plume for the 23tA1% larger compared to the GFED total.
(beginning of the fires) and the 25th (major burning). Since In this case study, the direct use of the IASI retrieved CO
winds weakened at the end of the period, plumes closer t@bservations allows a preliminary analysis of the emissions.
the fires are considered. Although an accurate evaluation would require inverse mod-

We estimate a total burden of 0.321Tg CO. The back-eling using a full chemistry and transport model, this already
ground may be over-evaluated, but this effect will be com-highlights the large uncertainties associated with the calcu-
pensated by the lack of sensitivity of the IASI observation lation of fire emissions. The Mediterranean region is often
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affected by large wildfires but the associated emissions are In order to evaluate the information on plume height pro-
not always included in air quality models. In situ observa- vided by IASI, we compare the retrieved CO vertical profiles
tions of trace gases and aerosols close to those fires wouldith the available CALIOP lidar observations on board the
greatly improve assessments of their local and regional im-CALIPSO satellite. Only two CALIPSO overpasses showed

pact. signatures from the Greek fires (other satellite tracks during
this time period where too far from the fires), one cross-

3.3 Long range transport of pollution in August 2007: ing the fire plume above the Mediterranean on 25 August
correlation between trace gases and aerosols mea- 2007 (Fig. 8) and the other above North Africa on 26 August
sured from space 2007 (Fig. 8). Figure 11 shows the CALIOP 532 nm total

attenuated backscatter coefficients (level 1 version 2 data)

The last week of August 2007 was characterized by a low(Winker et al., 2003) averaged over these two regions (be-
pressure area centered above Turkey and a strong anticyween 34.64N and 35.71 N along the CALIPSO track on
clone, centered above the Tyrrhenian Sea on 25 August, mowthe 25th; between 31.781 and 32.32N along the track
ing South-Eastwards and weakening in the following days.on the 26th), and every 60m on the vertical. Clear aerosol
This resulted in strong North-Easterly winds above Greecesignals are observed around 1-3 km, with backscatter coef-
In addition to efficiently stirring the fires and increasing fire ficients~4x10-8m~1sr1, of the same order of magnitude
propagation, these strong winds rapidly exported the emittechs other events detected by surface lidar observations from
pollution towards the South-West. On the 27th, a small lowthe EARLINET network in June 2007 in Athens (Papayan-
pressure area formed south of the Peloponnese, deviating t@ys et al., 2008). Since IASI and CALIOP do not have the
wards the East the main circulation pattern. same overpass times (CALIPSO overpass a few minutes af-

The total CO columns observed by IASI directly reflect the ter AQUA), we have chosen to use trajectory calculations to
advection of the fire emissions around the high pressure areaccount for transport and allow the comparison of the same
Figures 8-9 show the total CO distributions (filtered) for both air masses. Therefore, forward and backward trajectories
daytime and nighttime observations from 23 to 30 August.from the aerosol plume observed by CALIOP were com-
Emissions from the large fires in the Peloponnese are rapidlyputed using the FLEXPART Lagrangian particle dispersion
(in less than one day) transported across the Mediterraneamodel (Stohl et al., 1998, 2002, 2005) with ECMWF meteo-
towards North Africa (Libya and Tunisia). The fire plume is rological fields (with resolution 1.12%1.12%, 6 h). Large
then transported across North Africa around the high presnumbers of particles are released and transported, allowing
sure system, recirculating to the Mediterranean basin ovethe estimation of the air masses dispersion. The expected lo-
Algeria. At the end of August, recirculation from the Greek cation of the air masses detected by CALIPSO at the IASI
fire mix with local emissions from intense Algerian fires, overpass time is shown in Fig. 8 (boxes). The corresponding
transported to the North-East towards Italy. average IASI CO profiles for nighttime and daytime obser-

The CO transport observed by IASI is consistent with thevations are shown in Fig. 11. On the 26th, only the nighttime
aerosol optical depths (fraction due to fine mode particlesCO profile is shown as the daytime retrievals are removed by
only) retrieved from the MODIS instrument (Fig. 10) during the RMS filter. The profiles retrieved at the location of the
the day (Tang et al., 1997). We use observations from both CALIOP plume (without transport) and in background con-
Terra and Aqua satellites, which have equator crossing timealitions are also plotted for reference.
equal to 10:30a.m. and 01:30 p.m., respectively, in order to The low vertical resolution of the 1ASI CO profiles does
have better horizontal coverage. The aerosol level 2 prodebviously not allow the precise location of the altitude of
ucts (version 5), given at 2010 km horizontal resolution, the plume but the large CO enhancements observed in the
are merged and averaged over £6.2.2° grid. Correlation  lower troposphere are consistent with the enhanced aerosol
coefficients between the two distributions over the sea durextinction. On 25 August, accounting for transport lowers
ing the fire event vary between0.5 on the 25 and-0.8 the  nighttime CO and increases daytime CO, reconciling the or-
following days if we compare IASI and MODIS/Terra only der of magnitude of both measurements. On the contrary,
(closer overpass times). These results are consistent with preccounting for transport increases CO on the 26th. A small
vious analysis by McMillan et al. (2008) which show that secondary peak{170 ppbv) is observed around 5 km, which
correlations are larger downwind from the emission region,could correspond to the aerosol enhancement at the same
probably due to the lack of sensitivity of thermal IR instru- level. Retrievals in background conditions show maximum
ments to the surface layers which results in a low bias closeCO in the middle troposphere, further highlighting the ca-
to the emissions. These correlations may provide insight intgpabilities of our retrieval to depart from tteepriori profile,
the emission ratios within the fire plume and the respectiveeven close to the surface. In spite of the lack of vertical reso-
lifetimes of trace gases and aerosols (Edwards et al., 2006)ution, the retrieved CO profiles thus seem to provide useful
However, such study is difficult for the region analyzed hereinformation on the vertical level of the transport (lower, mid-
due to large uncertainties over deserts for both observationglle or upper troposphere).
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Fig. 8. IASI daytime (left) and nighttime (right) total column CO retrievals during the Greek fires event (23—26 August 2007), interpolated
on a 0.2 x0.2° grid after application of the RMS filter (see text for detail). When available in the region of the fires (25 and 26 August
2007), the CALIPSO satellite track is indicated by a black dashed line, with the associated boxes used for the comparisons between IASI
and CALIPSO with transport correction.

Figure 12 shows a vertical cross-section across the maisame averaging kernels as the profiles further downwind with
plume as observed by IASI on the 25 during the night. Thelargest CO in the two lower levels (see also Fig. 3, nighttime
cross-section reflects emission variability in the fire activity profile in fire plume). This slight subsidence after the Pelo-
and subsequent transport. The same general features are gimnnese is also visible on the cross sections. Since retrievals
served for the other days. Close to the fires, the profiles indiwere done in similar conditions, this maximum at 2 km could
cate large CO enhancements up to 4 km, with lower mixingcorrespond to a real feature of the CO profile. The differ-
ratios close to the surface at night. Since the CO profiles exences could then be due to variability in the fire activity, or to
hibit a maximum at the surface during the day, this decreasa subsidence of the plume during the transport. A transport
could be due to the low sensitivity to the first levels at night around 2 km is also consistent with the CALIOP profiles.
(Sect. 3.2). However, these profiles, with a maximum CO  Thg ¢ross sections show that the fire plume is then trans-

in the 1-2km layer, are characterized by approximately theysrted in the lower troposphere towards the Libyan coast.
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Fig. 9. Same as Fig. 8, for 27—-30 August 2007.

The plume seems to be uplifted above the continent andASI to the lower troposphere. Indeed, a relative decrease
transported in the mid-troposphere: maximum~&-3km  of the DOFS and the contribution of the lower levels to this
on the 26 from emissions on 25 August, reaching 4-5 km orDOFS in this region can be observed on Fig. 3.

the 27th from emissions on 26 August above North Africa  On 30 August, large CO enhancements associated with the
according to the nighttime observations (most retrievals areAlgerian fires are observed: up to 900 ppbv at the surface
filtered during the day in this region). close to the coast, with an ascending tendency towards the

According to FLEXPART, the transport of the fire plume S&& and a transport a2-3km towards ltaly. This uplift is
is confined to the lower troposphere with a transport at condn good agreement with the trajectory calculations.
stant level across the sea, followed by a slight uplift over
Algeria for some particles. However, the increasing altitude
of the plume over Libya is not reproduced in the trajectories.4 Conclusions
This feature could in fact be due to the increasing boundary
layer height over this region (up to 2km while it is barely In this paper, we evaluated the quality of the CO distribu-
~300 m above the sea) which could lower the sensitivity oftions retrieved from the 1ASI spectra under highly polluted
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Fig. 10. Fine mode AOD retrieved from the MODIS/Terra and AQUA observations (averaged ove?a002 grid) for 23-30 August
2007.

conditions resulting from wildfires. We focused our anal- dred times larger than the background levels) in the lower
ysis on the record-breaking fires which burned more thantroposphere are retrieved close to the fires above the Pelopon-
1700kn? in Greece in only one week at the end of Au- nese, but with larger uncertainty (larger residual between ob-
gust 2007. The CO retrievals were undertaken using theserved and simulated spectra). The information content was
Fast Optimal Retrievals on Layers for IASI (FORLI) al- analyzed using the averaging kernels and the calculated de-
gorithm, based on the optimal estimation method (OEM).grees of freedom for signal (DOFS). The maximum sensitiv-
Large CO enhancements were obtained above the Centr#lly is reached in the free troposphere around 5 km and the ver-
Mediterranean Basin, traveling from the fires in the Pelopon-tical resolution is estimated to be 8km. The DOFS depend
nese across the sea towards North Africa. CO total columnsnostly on the thermal contrast and vary between6 over

up to 24x10'8 molecules/crf and absolute volume mixing the sea and-1.8 over land during the day (reaching more
ratio up to 4 ppmv are retrieved in the fire plume off the than 2 above hot surfaces). However, this improved sensitiv-
Greek coast on the 25 August. On the same day, up taty over land does not always apply directly above fires. Un-
30x10*® molecules/crh and 22 ppmv (more than one hun- der extreme pollution cases, the averaging kernels show little
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Fig. 11. Comparison for 25 and 26 August 2007 between CALIPSO backscatter coefficient profiles with enhanced aerosol layers in the region

of the Greek fire plume and both daytime and nighttime 1ASI CO profile retrievals for: the average profile collocated with the CALIPSO

data, and the CO profile accounting for transport (see text for details). The IASI a priori profiles and retrievals corresponding to background

levels (over the western part of the Mediterranean basin on 25 August, and on the eastern part on 26 August) are also shown for reference.
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Fig. 12. IASI nighttime vertical profiles (left panel in log scale) along the plume on 25 August 2007. The corresponding latitude and
longitude coordinates are indicated on the x-axis. The corresponding location of the cross section is plotted on top of the total CO retrievals
(log scale) for the same day on the right panel.

sensitivity below~2 km which probably results from a com- tive use of the observations. Above fires, RMS above
bination of several factors: enhanced vertical mixing above3.00x 10-2 W/(cm? cm~1 sr) were found, the corresponding
the fires could lower the thermal contrast; the temperatureetrieval should therefore be used with caution (qualitative
and humidity profiles may be subject to larger uncertaintiesuse only recommended). Among the different hypothesis
close to the fires; and the large aerosol concentrations coultested, one of the main contributions to these larger residuals
impact the quality of the retrieval. These uncertainties arecould be inhomogeneities within the IASI pixels (diameter of
difficult to quantify due to the lack of independent observa- 12 km), which should be further analyzed. Validation based
tions. Saturation of the CO lines does not seem to be then in situ profiles would however be required for a quanti-
limiting factor for this case. tative evaluation of the uncertainty on the CO retrievals. In
The quality of the retrievals was further evaluated us- particular, the impact of small scale variation on the retrievals
ing the RMS error on the final adjustment of the spectra_Sho_L"d be fu_rther studigd to better unde_rstand its importance
(RMS of the residuals). Filtering out the largest errors aboveln different situations (fires, urban pollution, etc.).
desert, the average RMS is 2:020~2W/(cm?cm1sr) Using the retrieved total CO in the fire plumes and remov-
and is slightly increasing (by~14%) in the fresh fire ing the contribution from background levels, we estimated a
plumes. This highlights larger uncertainty in the fire CO burden due to the Greek fires to 0.321 Tg,+d0% of
plumes than in background conditions. However, thethe total annual anthropogenic emissions in Greece (accord-
RMS remains reasonably close the expected radiometing tothe EDGAR FT 2000 inventory). This 1s23% larger
ric noise (2.0&10-2W/(cm?cm~1sr)), allowing quantita- than the emissions from the state-of-the-art GFED inventory
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for August 2007 in this region, and 8% lower than a calcula- EUMETSAT Polar System. The IASI L1C data are received
tion based on the total area burned in the Peloponnese duriniggrough the EUMETCast near real time data distribution service.
this fire event only. In addition to highlighting uncertainties The authors acknowledge the French atmospheric database Ether
in the calculation of fire emissions, this comparison further (nttp://éther.ipsl.jussieujirfor providing the IASI data, as well
verifies that the large enhancements observed by IASI are ofS the French ICARE databaskttp://www.icare.univ-lille1.frf

a correct order of magnitude. for providing the MODIS and CALIPSO data. The MODIS and
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main fire plumes as seen by IASI and MODIS, enhancements
in the backscatter coefficient were clearly visible along theggited by: T. wagner
plume export pathway, at about 2 km. Comparisons with the
IASI CO retrievals, accounting for transport using FLEX-
PART trajectories, show that these correspond to CO lev-
els above background with larger values below 4 km, in the,
lower troposphere. We concluded that, although the vertica
resolution does not allow precise location of the fire plume,
the general level can be identified (upper/middle or lower tro-
posphere). This information would be very valuable for the
evaluation of the fire injection heights in the chemistry and the puplication of this article is financed by CNRS-INSU.
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