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Abstract. Infrared Atmospheric Sounder Interferometer 865 nm, both expected to be representative of the dust coarse
(IASI) observations covering the period from July 2007 to mode, lead to conclusions differing according to the re-
December 2011 are interpreted in terms of monthly meangion considered. These differences are discussed in the light
1° x 1°, 10 um dust Aerosol Optical Depth (AOD), mean al- of the MODIS Angstém exponent (865-550 nm). At lo-
titude and coarse mode effective radius. The geographicatal scale, around six Aerosol Robotic Network (AERONET)
study area includes the northern tropical Atlantic and thesites, close or far from the dust sources, a similar satisfactory
northwest Arabian Sea, both characterised by strong, regulasgreement is found between IASI and the visible AODs and
dust events. The method developed relies on the construdghe differences between these products are shown and anal-
tion of Look-Up-Tables computed for a large selection of at- ysed. IASI-retrieved dust layer mean altitudes also compare
mospheric situations and observing conditions. At a regionalwell with the Cloud-Aerosol Lidar with Orthogonal Polariza-
scale, a good agreement is found between IASI-retrievedion (CALIOP/CALIPSO) aerosol mean layer altitude, both
10um AOD and total visible optical depth at 550 nm from in terms of climatology and of zonal evolution throughout
either the Moderate resolution Imaging Spectroradiometethe Atlantic. Comparisons between the 1ASI-retrieved dust
(MODIS/Aqua or Terra), or the Multi-angle Imaging Spec- coarse mode effective radius and retrievals from AERONET
troRadiometer (MISR), or the Polarization and Anisotropy at the six sites brings into evidence an almost systematic bias
of Reflectances for Atmospheric Science coupled with Ob-of about +0.35 um (IASI-AERONET). Removing this bias
servations from a Lidar (PARASOL). Taking into account leads to a satisfactory agreement between the climatologies
the ratio existing between infrared and visible AODs, the of these two products. Overall, these results illustrate the dust
diversity between the different 550 nm AODs is similar to westward transport characterised by a fast decrease of the
the difference between these and the IASI AODs. The in-dust optical depth, a somewhat slower decrease of the alti-
frared AOD to visible AOD ratio, partly reflecting the vary- tude, and an effective radius remaining almost constant dur-
ing distribution of the dust layer between the dust coarseing summer throughout the northern tropical Atlantic. They
mode particles seen by IASI, and the fine mode seen bylso demonstrate the capability of high resolution infrared
the other instruments, is found to vary with the region ob- sounders to contribute improving our understanding of pro-
served with values close to already published values. Comeesses related to the aerosols (transport, sources, cycles, ef-
parisons between the climatologies of the 10 um IASI AOD fect of aerosols on the terrestrial radiation, etc.).

and of the PARASOL non-spherical coarse mode AOD at
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1 Introduction both properties. Retrieval of the dust coarse mode aerosol ef-
fective radius, a variable of prime importance for the study

Aerosols originate either from natural sources (dust, vol-of dust radiative forcing, transport and deposition, uses a
canic, sea salt aerosols, etc.) or from anthropogenic sourcezshannel at about 9.3 um (Pierangelo et al., 2005) selected
(smoke, sulfates, soot, etc.). In its fourth report, the Intergov-for its high sensitivity to dust size and relative insensitivity
ernmental Panel on Climate Change (IPCC, 2007) notes thatp other atmospheric components (ozone, sulfates) or to dust
if aerosol forcings are now better understood than at the timesphericity.
of the Third Assessment Report due to improved measure- This method is applied here to Infrared Atmospheric
ments and more comprehensive modelling, they remain thé&ounder Interferometer (IASI) observations for the period
dominant uncertainty in radiative forcing, on the one handfrom July 2007 to December 2011. Compared to AIRS, IASI
because they show a very high spatio-temporal variability,has the advantage of a higher spectral resolution (0.56.cm
on the other because they influence many complex processegpodized), being constant throughout the whole spectrum,
of the planet. Amongst all aerosol species, mineral dust is and of a full coverage of the spectral domain, allowing the se-
major contributor to total aerosol loading and has been thdection of channels more specific to the variable considered.
subject of an increasing number of studies (e.g. Maher et al.lts drawback is a larger noise at short wavelengths which may
2010; Mahowald et al., 2010; Formenti et al., 2011; Shaobe overcome by averaging a few adjacent and radiatively sim-
et al., 2011; Knippertz et al., 2012). Remote sensing in thelar channels.
visible domain has been widely used to obtain better char- Data and method are described in Sect. 2. Section 3
acterisation of these particles and their effect on solar radipresents the results from IASI and comparisons with other
ation. After a long period of relative disinterest in aerosol aerosol products. For the AOD, these products are derived
remote sensing in the infrared (one of the oldest referencérom the Moderate Resolution Imaging Spectro-radiometer
is by Legrand et al. (1989) using the low spectral resolu-(MODIS/Aqua and Terra), from the Multi-angle Imag-
tion, one window-channel, radiometer on board Meteosat)jng SpectroRadiometer (MISR), from the Polarization and
a marked growing interest in the infrared is now observedAnisotropy of Reflectances for Atmospheric Science coupled
with the emergence of hyperspectral instruments as AIRSwith Observations from a Lidar (PARASOL), and from the
and IASI (Pierangelo et al., 2004, 2005; De Souza-MachadoAErosol RObotic NETwork (AERONET). For the altitude,
2006; Kluser et al., 2011, 2012). Indeed, from infrared re- comparisons are done with the Cloud-Aerosol Lidar with Or-
mote sensing a coherent ensemble of aerosol characteristitBogonal Polarization (CALIOP/CALIPSO). Finally, the ra-
can be retrieved simultaneously: AOD, mean altitude anddius is compared with AERONET coarse mode radius. These
size; this allows the impact of aerosols on terrestrial radia-results are discussed in Sect. 4.
tion to be quantified. Moreover, infrared and visible spectra
are not sensitive to the same ranges of particle size: the coarse
mode (size range 1 um) is preferentially observed inthe in- 2 Method and data
frared, whereas the fine mode1 um) is mostly observed in
the visible. 2.1 Method

The new generation of high spectral resolution infrared
sounders, such as the Atmospheric Infrared Sounder (AIRSThe method for the retrieval of dust characteristics from
on Aqua, or the Infrared Atmospheric Sounder Interferom-IASI observations was originally developed for application
eter (IASI) on Metop, have already shown promising capa-to AIRS (Pierangelo et al., 2004). The present study uses a
bilities to retrieve dust aerosol properties such as the 10 punslightly modified version of this method already described
optical depth, the mean altitude, and the mean coarse mode detail in Pey2010. It is a three-step algorithm based on
particle size (Pierangelo et al., 2004, 2005; Peyridieu et al.a “Look-Up-Table” (LUT) approach. The two first steps, de-
2010, hereafter referred to as “Pey2010”). termination of the atmospheric state observed (using six IASI

In this study, dust aerosol characteristics are retrievecchannels) and simultaneous determination of the 10 um AOD
from a method based on a Look-Up-Table (LUT) approach,and aerosol layer mean altitude (using eight IASI channels),
already applied to more than 9yr of AIRS observationshave been described in Pey2010. The third step of the algo-
(Pey2010), with results being obtained at a space-time resrithm is the retrieval of the dust coarse mode effective radius
olution of 1 degree-1 month. Two spectral bands are of par{Ref): the approach follows the one described in Pierangelo
ticular interest for the retrieval of aerosol properties in theet al. (2005). Here, it must be recalled that in the thermal
infrared: between 8 and 12 microns, where channels are serirfrared, at the reference 10 um wavelength, the number of
sitive to both the dust optical depth and the altitude of theparameters describing the Particle Size Distribution (PSD)
dust layer, and around 4 microns, where channels are essenan be reduced to one: the effective radRsg (Pierangelo
tially sensitive to the dust optical depth (Pierangelo et al.,et al., 2005). In fact, the PSD may be considered as being
2004; Pey2010: see their Fig. 1). Combining channels frommonomodal and the impact of its width is negligible once
these two spectral regions allows simultaneous retrieval othe AOD is given. “Radius-LUT” are built for a channel
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Fig. 1a.lASI-retrieved 10 pm AOD climatology. Average is performed over 4 yr for January to June and over 5yr from July to December.
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Fig. 1b.2007-2011 averaged zonal evolution of the IASI AOD (top-left), the MODIS (Terra) AOD (top right), the MISR AOD (bottom left),
and the PARASOL AOD (bottom-right), from the African coast to the Caribbean, in June (blue), July (red), and August (green). Data are
averaged over the latitude band®2-30° N and overt 3°longitude, around the longitude considered. Black solid line: number of items for
July (right ordinate).
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Table 1. Entries used to build the IASI Look-Up-Tables (LUT) of simulated brightness temperatures (BTs) used in the three-step algorithm.
BTs for bold-faced values are calculated using the forward coupled radiative transfer model 4AOP-DISORT, BTs for the other values are
interpolated (linearly or quadratically).

step1:LUT - step 2 : LUT - step 3: LUT —
Atmosphere AOD, altitude effective radius
Number of IASI channels 6 8 1
Angles () 0, 5, 10, 15, 20, 25, 0, 5,10,15, 20, 25,30,35, 0,5, 10,15, 20, 25,30
30, 35, 40, 45, 50 40, 45, 50
AOD values N/A 0.0,0.1,0.2,0.30.4, 0.1,0.2,0.30.4,
0.5,0.6,0.70.8 0.5,0.6,0.70.8
Altitude values (m) N/A 757,1258 1756 2411, 757,1258 1756 2411,
3254 4116 4965 5795 3254 4116 4965 5795
Radii values (um) N/A 2.3Ket) or 3.0 modV) 0.50.8,1.0,1.5 2.0,
OPAC/MITR 2.5,3.0,4.0,5.0

selected at 9.315 um and for the values of the dust infrare@.2 Data
optical depth, mean altitude ang of Table 1, using a
monomodal lognormal size distribution. In order to simulate In addition to IASI, the core instrument of this study, sev-
|AS| brightness temperatures (BT) for the different effec- eral other Space-based instruments and their aerosol products
tive radii, the optical properties were calculated using a Miehave been used for the purpose of comparison and valida-
code (Mishchenko et al., 2002 arfp://ftp.giss.nasa.gov/ tion: MODIS, MISR and PARASOL, all measuring visible
pub/crmim/sphenfand the refractive indices of the “Mineral AOD and, therefore essentially sensitive to the fine mode.
Transported” (MITR) aerosol model from the “Optical Prop- CALIOP, which is also part of the A-train, provides a mea-
erties of Clouds and Aerosols” (OPAC) database (Hess et alSure of the aerosol vertical distribution.
1998). For this model, the complex refractive index at 550 nm  Developed by CNES in collaboration with EUMETSAT,
is 1.53 + 0.0055i and the mode radius is 0.5 pm. Using the atthe IASI instrument (Chalon et al., 200Mitp://smsc.cnes.
mospheric and aerosol properties (AOD, altitude) retrieved/IASI), onboard the MetOp-A polar platform, is a Fourier
from the two first steps, the observed BT of the IASI radius- Transform Spectrometer that measures Earth-emitted in-
sensitive channel selected is compared to the LUT-simulatedfared radiation. Launched in October 2006 (operational
BTs for all Samp|ecReﬁ values and the two values framing since JU'y 2007), it provides 8461 spectral channels, between
the observed BT are kept. The retrievigs value results ~ 15.5um and 3.63 um, with a spectral resolution of 0.50tm
from a linear interpolation between their associaked val- after apodisation and a regular spectral sampling interval of
ues. 0.25cnT . Metop-A crosses the Equator at 9:30 p.m. on its
Entries used to build the IASI simulated brightness tem-ascending node. IASI provides a near global coverage twice
perature LUTs used in the three-step algorithm are giver@ day at a spatial resolution of 12 km at nadir.
in Table 1. In this Table, the entries in bold face corre- MODIS (http://modis.gsfc.nasa.gqvis an imaging ra-
spond to LUTs BTs calculated using the forward coupled ra-diometer flying on board the Terra platform since Decem-
diative transfer model 4A/OP-DISORT (Scott andé&@im,  ber 1999 and on board the Aqua platform since May 2002.
1981; Stamnes et al., 198Bitp://4aop.noveltis.com The Its data products are widely used in the aerosol community
other entries correspond to LUTs BTs interpolated linearly(Tan@ et al., 1997; Remer et al., 2005, 2008). Aqua (Terra)
or quadratically. crosses the Equator at 01:30 a.m. (10:30 a.m.) on its descend-
Several aspects of the retrieval algorithm such as the roing node. Aqua (Terra) crosses the Equator at 01:30a.m.
bustness to aerosol model (size distribution, shape, and rd10:30a.m.) on its descending node. This temporal shift with
fractive index), the possible contamination by other aerosollAS! is not significant at the monthly scale. Here, we use
species, the radiative transfer model bias removal, or théhe Level 3 monthly products (total and fine mode) from
cloud mask including discrimination between clouds andTerra, which provide the optical depth reported at 550 nm
aerosols, etc., were investigated in Pierangelo et al. (20043t & spatial resolution of 1 1°(seehttp://disc.sci.gsfc.nasa.
and Pey2010. Most of the methodological work developeddov/giovanni/overview/index.htjnIMODIS fine mode AOD

here has consisted in the adaptation to IASI of the AIRSis obtained by multiplying the total AOD by the fine mode
channels selection procedure. fraction. We have verified that no significant differences are

observed between Terra and Aqua, at least at the monthly
scale considered here.
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MISR (http://www-misr.jpl.nasa.ggvDiner et al., 2002), =
flying on board the Terra platform since December 1999, ** [ ]
views the sunlit Earth simultaneously at nine widely spaced 2o
angles. The MISR Level 3 global data products are reportedq- J.| S B :
on a rectangular grid 0?5y 0.5 degree. Here, use is made . ' ,,, . T oAl T 4
Of the AOD reported at 555 nm. -80° —:’:40 -50° —40" -30" -20" —-10° 0" 10° 207 QVEI' 40 50" 60° 707

Launched in December 2004, PARASOL carries a
POLDER-like (Polarization and Directionality of the Earth’s Fig. 2. Boundaries of the four regions of study: EA: East Atlantic,
Reflectances) wide field radiometer. The instrument (De-MA: Mid-Atlantic, WA: West Atlantic, AS: Arabian Sea. Blue stars
schamps et al., 1994) measures the polarized light in difindicate the locations of the AERONET sites considered.
ferent directions for retrieving aerosol and cloud optical and
physical properties (Tagret al., 2011). The mission takes
also advantage of the other instruments in the A-Train for-
mation. Original AOD values are given at 865 nm in the of-
ficial PARASOL archive provided by the ICARE datacenter
(http://lwww.icare.univ-lille1.fr). They are here referenced to
550 nm using the Anggim exponent (865-670) from the
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3 Results

The period analysed extends from the beginning of IASI
operational activity (July 2007) to December 2011. Results
are presented for the northern tropics of the Atlantic Ocean

. . and northwest Arabian Sea. Only night-time observations are
Levetl)-z grg ctiuctls t()o:blts) ?;Ithe PdAR'tASOIT dgr((:jhlvte, then analysed because of the use of shortwave channels signifi-
combined into giobal, monthly products, gridded at a reSO'1:emtIy sensitive to sun radiation.

lution of 0.25 degree. Use is also made of the non-spherica
coarse mode (NSCM) monthly mean AOD at 865 nm. 31

Launched in April 2006, the satellite CALIPSO with
the on board two-wavelength depolarization lidar CALIOP Figyre 1a shows IASI-retrieved monthly climatology ¢4
permits an accurate determination of the aerosol altitude*) of the dust aerosol mean 10 pum optical depth for the
(Winker et al., 2007, 2009; Kim et al., 2008). The depo- period 07/2007-12/2011. Blank areas correspond to cloudy
larization at 532 nm allows discriminating between the dustconditions or no retrievals. This figure clearly shows dust
aerosols and other types of aerosols which in general do nqfansport, through the so-called Saharan Air Layer (SAL),
depolarize light. It should be noted that CALIPSO, a near-from the Saharan sources to the Caribbean and North Amer-
nadir viewing instrument, does not offer a full coverage of jca in summer and to the Amazon basin in winter as already
the Earth (beam diameter of 70m at the Earth's surface, 1§jescribed in several publications (see, for example, Chia-
days repetition cycle) which makes it difficult to statistically pelo et al., 1995, 2005; Karyampudi et al., 1999; Kaufman
interpret the result. Here, the L2 5km aerosol layer productet a|., 2005; Huang et al., 2010). Note the “clean” period in
(version 3.01) is used to calculate monthly mean altitudes aj\ovember—December as shown in Ben-Ami et al. (2012).
regional scale. Two classes of aerosols are used for the congigure 1a is similar to the AIRS climatology of Pey2010
parison of the IASI altitude with the L2 product: “dust” and 35 well as to the MODIS 550 nm AOD climatology (not
“polluted dust”. The polluted dust class, which correspondsshown). Figure 1a shows a fast westward decrease of the
to dust mixed with other types of aerosols, as biomass burnaop more clearly seen on Fig. 1b which displays the 2007—
ing or urban pollution, is also taken into account. For onep011 averaged zonal evolution of the AOD from IASI (top-
CALIOP measurement, up to eight aerosol layers can be refeft), and of the total AOD from MODIS(Terra) (top-right),
ported. With the purpose of a simple and robust evaluationysr (bottom-left), and PARASOL (bottom-right), from the
of IASI retrievals, only the cases where one aerosol layer isafrican coast to the Caribbean, in June, July, and August, for
detected and measured by the lidar are selected. The sukhe |atitude band FON-3C° N (& 3° longitude, 2 moving
set of CALIOP data resulting from this selection representsayerage). All products show a similar fast westward decrease
about 65 % of all CALIOP data where aerosol |ayerS are de'up to 50 W and then remaining approximate'y Constant,
tected (see Pey2010 for more details). Contrary to CALIOPjth differences of the same order of magnitude between
the IASI dust retrieval algorithm outputs the mean altitude of 9 55 ym AODs as between IASI and the other three products
the whole dust layer, i.e. the altitude at which half of the AOD (apart from the ratio observed between IASI 10 pm AOD and
is below and half of the AOD is above, with low sensitivity the 0.55 um AODs and discussed in the next section).
to a complex layering of the dust.

Finally, IASI-retrieved 10 um AOD and coarse mode ef- 3.2  Comparison between IAS| 10 um AOD and visible
fective radius are compared to AERONET (see, for example, MODIS, MISR, and PARASOL AODs at regional
Dubovik et al., 2002) visible AOD (550 nm) and coarse mode scale
radius for several sites of the northern tropical Atlantic and
one site of the Arabian Sea. For each of the four regions illustrated in Fig. 2, East-Atlantic

(EA), Mid-Atlantic (MA), West Atlantic (WA) and Arabian

IASI 10 um optical depth ° x 1° climatology

www.atmos-chem-phys.net/13/6065/2013/ Atmos. Chem. Phys., 13, 6@&®B2 2013
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Fig. 3. Climatology of the IASI AOD (10 um, red, this work), and climatologies of the AOD of MODIS-Terra (total: dashed blue; fine mode:
dotted blue), MISR (total: green), and PARASOL (total: dashed grey; fine mode: purple) for each region of study. All visible AODs are scaled
by the empirically determined IR/VIS ratio shown on each graph (top left label). Average over 4 (January to June) to 5 (July to December)
years.

Sea (AS), Figure 3 shows climatologies of the IASI 10 um of the concentration of fine to coarse mode, followed by the
AOD, the MODIS-Terra, total and fine modes AODs, the effective radius of the coarse mode have the largest influ-
MISR total AOD, and the PARASOL total and fine modes ence. Given the range of values obtained from AERONET
AODs, for the period July 2007 to December 2011 (January—retrievals [ttp://aeronet.gsfc.nasa.goduring the IASI pe-
June: 4-yr average; July—December: 5-yr average). It is worthriod on several sites, we found an expected IR/VIS ratio ly-
pointing out that, for the sake of an easier comparison, alling between 0.3 and 0.6, with higher values corresponding to
visible AODs are scaled by the factor shown on each graptsmaller fine mode concentrations. These values are consis-
(top-left label) of this figure. This scaling factor actually cor- tent with the ratios empirically found here. In general, IASI
responds to the infrared (10 um) to visible (0.55 um) AOD compares well with these scaled total visible AOD climatolo-
ratio, determined here empirically, so as to ensure the beggies but significant differences are also observed.

match between the IR and the various visible AODs, tak- For region EA, close to the dust sources, IASI AOD well
ing into account both their climatology and their time se- matches the shape of the MODIS, MISR, and PARASOL
ries. A physical evaluation of this ratio is not straightfor- AODs. The IR/VIS ratio is 0.45.

ward because of its strong dependence on the microphysi- For region MA, farther from the sources, the agreement
cal properties of the aerosol considered. It can be obtaineds still good with even smaller differences than for the EA
by a Lorenz-Mie calculation, given as input the refractive region. The IR/VIS ratio is 0.42.

index and a size distribution (see Sect. 2.1). For a bimodal Region WA shows an IASI AOD season lagging behind
lognormal volumic size distribution, that is supposed to bethe MODIS (or MISR and PARASOL) dust season. This be-
the more appropriate, it requires knowing its modal volu- haviour had already been pointed out for AIRS in Pey2010
mic radii, widths, and volume concentrations for both fine who explained it by a late arrival of the dust coarse mode
and coarse modes for the situation considered (Mishchenkeompared to the fine mode. This late arrival was confirmed
et al., 2002; Dubovik et al., 2002). A direct comparison be- by both AERONET 0.55 um AOD and Angstn exponent at
tween infrared and visible AODs is thus difficult. However, La Parguera (18N, 67° W) station, showing a fast transition
the comparison of both products brings information on dustbetween the two aerosol modes in May/June (see Pey2010
size distribution, in particular, on the relative abundance offor more details). Note that for regions MA and WA, the
fine versus coarse mode particles. Sensitivity tests have beddODIS fine mode AOD appears significantly larger than that
performed in order to determine which variables are the mairfrom PARASOL. The IR/VIS ratio is 0.40.

contributors to the IR/VIS ratio. Results show that the ratio

Atmos. Chem. Phys., 13, 606%082 2013 www.atmos-chem-phys.net/13/6065/2013/
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Fig. 4. Climatologies of the MODIS AOD, total (solid blue) and fine mode (dotted blue), left ordinate, and of the MODIS@#ngsjponent
(865-550 nm) (green, right ordinate), for the two regions EA and AS.

For region AS, covering the Arabian Sea, south of themodes (and, obviously, the difference between the observa-
Arabian Peninsula, the situation is more complex. Signifi-tion wavelengths).
cant differences are observed between the various products in We also compared the 10 um IASI AOD with the NSCM
June—July and, in August—September, IASI displays slightlyAOD at 865 nm derived from PARASOL, both being specific
larger AODs. Differences are also seen for the four monthsof the dust particle coarse mode. These two AOD climatolo-
October—January, with significantly lower IASI AODs. The gies are shown in Fig. 5 together with that of the MODIS
IR/VIS ratio is 0.31. These differences can partly be ex- Angstiom exponent (865-550 nm). To approximately match
plained by the different behaviour of the MODIS Angstr  the IASI AOD, the NSCM AOD has been scaled by a ra-
exponent (865-550 nm) shown on Fig. 4 together with thetio, actually the IR/VIS coarse mode ratio, chosen in such a
climatologies of the MODIS total and fine modes AODs way that the best agreement is obtained around the peak of
for the two regions EA and AS, closest to source regions.the dust season. Indeed, more coarse mode is expected to be
While EA region shows a relatively flat Angétn exponent, present at this time of the year. This ratio corresponds to the
with maxima in September—November and minima in July—only coarse mode and can be estimated theoretically using
August, the AS region shows a pronounced lewd(3 in- the same refractive index than previously and a monomodal
stead of~0.4) of the Angstdm exponent in June—August lognormal distribution. This time, the variables that have the
and high values=0.9) in October—January. This indicates strongest impact on this ratio are the effective radius and the
a summer peak period largely dominated by the coarse modstandard deviation of the distribution. Such a ratio decreases
(Smirnov et al., 2002; Eck et al., 2008), seemingly more inwith the effective radius and increases with the width of the
phase with the flat PARASOL fine mode AOD than with distribution. For typical values from AERONET, the ratio
the MODIS fine mode peak of June—July (Figs. 3 and 4).10 um IASI AOD/ 865 nm PARASOL NSCM AOD is ex-
Moreover, the high Angsbm exponent values of the four pected to lie between 0.7 and 0.9. These values are higher
months October—January coincide with the low IASI AOD than the one found here, which would imply, if IASI actu-
values for this region (Fig. 3) indicating the dominating in- ally retrieves the same coarse mode as the one obtained from
fluence of the fine mode almost not seen by IASI. For thePARASOL observations, an underestimation of the IASI
seven first months, IASI| appears more in phase with MISR.AOD. On the other hand, the PARASOL NSCM AOD could
For IASI and for this region, however, there may be somealso be slightly overestimated. An analysis of the monthly
doubts about the use of the MITR aerosol model, in particu-ratio 865 nm PARASOL NSCM AOD/ 865 nm PARASOL
lar, because of the presence observed of carbonate mineraigtal AOD leads to values sometimes above 0.9 and even
from deposits along the Oman/Yemen and United Arab Emi-1.0, higher than the values theoretically expected. Indeed,
rates coasts (Reid et al., 2005, 2008) or the possible mixingstimating the coarse mode contribution to the total AOD
of dust with anthropogenic pollution aerosols either from theat 865 nm (following Pierangelo, 2013) for typical values of
petroleum industry in the Arabian peninsula or from India. the size distribution parameters taken from AERONET, leads

The IR/VIS ratios shown on Fig. 3 for regions EA@.45),  to values lower than 0.85. Nevertheless, with a ratio I1ASI/
MA (~0.42), and WA (0.40) are consistent with the ex- 865 nm PARASOL NSCM of 0.65 for the EA and the MA
pected range of ratios obtained from AERONET results, andregions, a relatively good agreement is found between the
are in reasonable agreement with values from Highwood etwo products with a slightly faster start of the IASI season.
al. (2003) (see also Pierangelo et al., 2004). For region ASFor both regions and both products, the rapid decrease of the
the ratio comes te~0.31, much smaller than for the other AOD in August—September coincides with the rapid increase
regions. These ratios reflect, at least in part, the varying disof the Angstdm exponent. With a ratio IASI/PARASOL
tribution of the dust layer between the coarse and the fineNSCM of 0.55 (resp. 0.40) for the WA (resp. AS) region,

www.atmos-chem-phys.net/13/6065/2013/ Atmos. Chem. Phys., 13, 6@&®B2 2013
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Fig. 5. IASI 10 um AOD climatology (red, left ordinate) and PARASOL non-spherical coarse mode (CMo) AOD at 865 nm climatology
(scaled by the empirically determined IR/VIS ratio shown on each graph: top-left label) for the four regions of study (grey, left ordinate); cli-
matology of the MODIS Angstim exponent (865-550 nm) (green, right ordinate). Average over 4 (January to June) to 5 (July to December)
years.

the agreement between the two products is significantly lessheir AOD time series for the four regions of study (Fig. 6).
good, particularly outside the peak of the season. For the WAAgain, region WA well depicts the late arrival of the coarse
region, however, both products confirm the late start of themode relatively to the fine mode. Some discrepancies are also
dust coarse mode season and show the same sharp Sprif@und, for example, in March—May 2009 for region EA, orin
transition in May/June. A similar behaviour is observed for August—September 2010 for region MA.

the AS region. In both cases, the sharp decrease of IASI AOD

in August-September occurs in phase with the increase 08.3 Comparisons between IASI 10 um AOD and visible

the Angstbm exponent, but occurs one month sooner for the MODIS, MISR, PARASOL and AERONET AODs
PARASOL NSCM AOD. This makes the IASI season one at six AERONET sites

month longer than seen by PARASOL, again more in phase _ o
with the Angstbm exponent behaviour. In general, the ra- Comparisons between IASI 10 um AOD and visible MODIS,

tio IASI/PARASOL NSCM is smaller to what is expected MISR, PARASOL and AERONET AODs have been done at

(~0.5, with the exception of Tenerife). The impact of the dust SiX AERONET sites, namely: Tenerife (La Laguna), Capo
fine mode on the IASI AOD cannot explain this difference: Verde, Dakar, Barbados, La Parguera, all in the Atlantic re-
for dust with a typical bimodal distribution, the fine mode 9ions, and Karachi, in the AS region (sites indicated by a star
contribution to the total optical depth at 10 um is usually of O Fig. 2). Figure 7 shows climatologies of the IASI AOD,
the order of 10% (Pierangelo, 2013). Another explanation®f the visible AOD from MODIS-Terra (total), MISR (to-
could come from the (hypothetical) presence of polluted dust@!). PARASOL (total and fine mode), and from AERONET
(possibly including the hygroscopic growth of the fine mode (500 nm AOD) at these sites (N.B.: for Capo Verde, the
particles, Smirnov et al., 2002) that present more spherica®ERONET AOD is at 440nm as no 500 nm AQOD is avail-
particles not fully accounted for in the NSCM AOD. This re- able). Time average is made over 4 (January to June) to
sult could also indicate that the use of the MITR model is not® (July to December) years for the satellite products. For
appropriate for all the regions, and particularly for AS due to AERONET data, we consider that at least two years must be

the heterogeneity of the aerosol types observed in this regiofPorted for averaging. Space average is made over an area
(Kaskaoutis et al., 2010). + 1.5 in latitude and longitude, centred on each site; pixels
Finally, the interannual variability seen by the visible in- flagged “land” are excluded. On the whole, the agreement be-

struments is also well reproduced by IASI, as shown byfWween IASIand the other sources of data appears satisfactory
with, however, differences from one site to another.
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for the EA region (top left), the MA region (top right), the WA region (bottom left), the AS region (bottom right). All visible AODs are scaled
by the empirically determined IR/VIS ratio shown on each graph (top left label).

For Tenerife (La Laguna), IASI and the visible (total)  Figure 8 shows the climatologies of the 10 um IASI AOD,
AOD climatologies display similar shapes with relatively of the PARASOL NSCM AOD at 865nm, scaled by the
small differences. A more pronounced difference is observedR/VIS ratio (label top-left on each graph) empirically esti-
between AERONET and the other satellite data, as alreadynated, as in Fig. 5, to approximately match the IASI AOD
reported by Kalashnikova and Kahn (2008) for the neigh-around the peak of the dust season, and of the MODIS
bouring site of Izana, where this difference is even larger. TheAngstibm exponent. For Tenerife, the agreement is relatively
meteorological conditions currently prevailing at these sites,good with a ratio of 0.95. At Capo Verde, if the agreement is
marked by strong low level intrusions of cold air, may at satisfactory from June to December, IASI starts much more
least partially explain this problem. At Capo Verde, the IASI rapidly than the 865nm PARASOL NSCM AOD does. It
dust season starts more rapidly. At Dakar, 1ASI is more inmay however be observed that the Spring sharp gradient of
phase with MISR and AERONET (several months are miss-the Angstbm exponent, indicative of a change in the aerosol
ing) than with MODIS or PARASOL which peak months ap- modes distribution, is more in phase with 1ASI than with
pear two to three months later. The reason for this differencd?PARASOL. Almost the same situation is observed at Dakar.
is still unclear. At the site of Barbados, far from the sources,The IASI AOD, well in phase with the AERONET or MISR
IASI AOD is larger than the other AODs in August and de- AODs (see Fig. 7), peaks two months earlier than the PARA-
creases less rapidly; at this site, the AERONET AOD is sub-SOL NSCM AOD. The situation is different far from the
stantially smaller than the other visible AODs, a result alsosources (at Barbados and La Parguera) and in the Arabian
observed by Kalashnikova and Kahn (2008) at the nearbysea (at Karachi) with IASI dust seasons significantly longer
site of Guadeloup (16N, 61° W). At La Parguera, the over- than the PARASOL NSCM ones, but again appearing more
all agreement is satisfactory but, as for Barbados, the 1ASIin phase with the MODIS Angsim exponent gradients, par-
season decreases less rapidly than shown by the other protieularly at Barbados. As for the WA and AS regions (Fig. 5),
ucts. For both sites, the PARASOL AOD peak is significantly IASI AOD lies significantly above PARASOL outside the
larger than the other visible AOD peaks. In the Arabian Seasummer months.
region, at Karachi site, IASI AOD performs relatively well  All together, these comparisons, with differences between
(again larger in August) in spite of our use of the MITR IASI and the other products of the same order of magnitude
model most probably less adapted to this region. as between the other products themselves, demonstrate the

ability of IASI to work properly at small scale. They also
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Fig. 7. Climatology of the 10 um IASI AOD (red, left ordinate), and of the AODs from MODIS-Terra (total: blue), MISR (total: green),
PARASOL (total: grey; fine mode: purple), and AERONET (500 nm: cyan), right ordinate, for the six AERONET sites. Time average over
4 (January to June) to 5 (July to December) years; space average over anlaBeia latitude and longitude, centred on each site. N.B.:

for Capo Verde, the AERONET AOD is at 440 nm (no AOD-500 available). Visible AODs are scaled by the empirically determined IR/VIS
ratio shown on each graph.

indicate that dust models more adapted to the region (or site) Figure 9a shows the dust layer monthly mean altitude time
observed have to be constructed and substituted to the MITReries (July 2007—-September 2011) for IASI and CALIOP,

model. averaged over regions EA, MA and AS of Fig. 2. For IASI,
. _ _ . months with no data correspond to an insufficient number of
3.4 1ASI altitude time series versus CALIOP altitude items in the statistics mostly due to cloudiness or to rejec-

tions from the algorithm. Region WA is not shown for the
same reason. For these three regions, a clear seasonal cycle
o ! oo _ : is seen, with the monthly mean altitude being higher dur-
IASI, itis an mfrared-equwalgnt altitude, i.e. the .altltude ing summer than during winter. This transport pattern is con-
at which half of the dust optical depth at 10um is below gjstent with conclusions from numerous other studies (see,
and half of the optical depth at 10 pm is above, when, for¢, example, Prospero et al., 1981; Chiapello et al., 1995,
CALIORP, it is the centre of the attenuated backscatter coeffi-2005)_ Averaged over the whole period shown on Fig. 9a, the
cient profile (centroid”). mean and the standard deviations of the difference between

It is worth recalling that the altitudes seen by either IASI or
by CALIOP do not correspond to the same definition. For
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Fig. 8.1ASI 10 pm AOD climatology (red, left ordinate) versus PARASOL non-spherical coarse mode AOD at 865 nm climatology (scaled
by the empirically determined IR/VIS ratio shown on each graph: top-left label) for the six AERONET sites (grey, left ordinate); climatology
of the MODIS Angstom exponent (865-550 nm) (green, right ordinate). Average over 4 (January to June) to 5 (July to December) years.

IASI and CALIOP mean altitudes, for regions EA, MA, and the MITR model may be in question and future plans include
AS, respectively, come te-140+290m, —180+270m, the construction of models better adapted to this situation.
and—220+ 470 m. These results illustrate the good consis-A relatively slow regular decrease of the altitude from east
tency between the two products keeping in mind (i), the largeto west (from about 3km at 2W to 1.5km at 80 W), al-
difference between the spatial and temporal samplings of theeady reported in several studies (see, for example, Colarco
IR sounder and of CALIOP, (ii), the variability associated et al., 2003a, b, and references therein), appears on Fig. 9b,
with 1ASI and CALIOP altitudes during the summer peak for both CALIOP and IASI. The decrease is somewhat faster
season (of the order of 800 m and 1 km, respectively), theséor CALIOP from 20° W to 60° W.

values more reflecting the variability of the aerosol layer (one This comparison illustrates the ability of infrared sounders
month, P) than the accuracy of the products themselves,to retrieve dust aerosols altitude that compare relatively well
(iii), the different definitions of the mean altitude retrieved with that of CALIOP.

by IASI or by CALIOP. The agreement is significantly less

good for region AS than for the other two, particularly con-

cerning the amplitude of the seasonal cycle. Again, the use of
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3.5 IASI dust coarse mode effective radius to lowest values around 1.8-1.9 um, mostly at the southern

or northern edges of the dust layer. Figure 10b shows the
As reported in Pierangelo et al. (2005), the sensitivity of 2007—2011 averaged zonal evolution of the 1ASI effective
infrared BTs to the particle size is a few tenths of Kelvin, radius, from the African coast to the Caribbean, in June,
an order of magnitude smaller than their sensitivity to ei- July, and August. Data are averaged over the latitude band
ther AOD or altitude, making it only slightly larger than 10° N-30° N and over+ 3°longitude, around the longitude
the IASI radiometric noise. Moreover, the smaller the AOD considered. With an almost constant value of about 2 um,
the smaller the sensitivity to the radius, and the less reli-this figure confirms the findings of Maring et al. (2003a)
able the retrieved radius. Figure 10a presents the monthlywho had noted that “Normalized mineral dust size distri-
climatology (T x 1°) of the IASI-retrieved dust coarse mode butions of particles smaller than 7.3um over the Canary
effective radius Resr) for the period 07/2007-12/2011. As Islands and Puerto Rico were indistinguishable, indicating
expected, months outside the dust season appear noisighese particles were not preferentially removed during atmo-
Cleaner results are obtained within the period April-May to spheric transport” (see also Christopher and Jones, 2010).
September. This 5-yr monthly climatology reveals relatively IASI-retrieved radius values are in reasonable agreement
small variations ofRes, from highest values of about 2.2— with AERONET-retrieved dust coarse mode effective radius
2.3 um close to the African coasts and over the Arabian Sea
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245 T e— ered here. IASI retrieved AOD (grey) is also shown (right
I Y~ ordinate). IASI missing months correspond to too small
: IASI AODs (<0.04). Here again, small variations &
are seen, with noisier IASI results at La Laguna (Tenerife)
/ | 480y and Karachi. As for the AOD, the site of La Laguna shows
E different results with a larger positive bias 6f0.50 um
| 2002 (0.35+0.15). A rather good agreement comes out from these
comparisons (however, still too limited) with this quasi op-
185 1 160 erational network. Such comparisons also raise the question
of the accuracy of AERONET measurements (Ryder et al.,
o 2013; Miller et al., 2012). Comparisons with in situ cam-
40 a0 70 -80 » -ﬂfm& I L paign measurements are more problematic as shown by Reid
e et al. (2003a) who compared various methods of measure-
Fig. 10b.Same as Fig. 9b for the IASI radius. ment of dust particles coarse mode from Africa and empha-
sised the uncertainties in the sizing methods and on the am-
biguities in the size parameters. It is worth noting thait ker

monthly mean valuesftp://aeronet.gsfc.nasa.gov/neveb/ et al. (2012), comparing AERONET data and airborne mea-
opticalproperties.htnlat various sites. Preliminary compar- surements during the SAMUM 2006 campaign, found out

isons have brought into evidence an overall Systematic posmat the effective radius of the coarse mode fraction of min-

itive bias of~ +0.35 pm between IASI and AERONET re- eral dust derived from sun photometer was twice as small as
trievals. To facilitate the comparison, this bias, still not un- that from the airborne observations.

derstood, has then been removed from the IASI results of

Fig. 11, a choice which does not mean that more confidence

should be given to either AERONET or to IASI. This fig-

ure shows the dust coarse mode effective radius climatol-

ogy from IASI and from AERONET at the six sites consid-
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Fig. 11. Dust coarse mode effective radius climatology from IASI (red) and AERONET (blue) for the six AERONET sites. IASI retrieved
AODs (dotted grey) are also shown (right ordinate). IASI missing months are due to too small AOD&) or to not enough items in the
statistics. A systematic bias of 0.35 um has been subtracted to IASI radius results (see text).

4 Discussion and conclusions using the 4A/OP-DISORT radiative transfer model in its op-

erational version. Use is made of the MITR aerosol model

The main characteristics of the northern tropical Atlantic andfrom the OPAC database (Hess et al., 1998).

Arabian Sea dust aerosol layers, i.e. 10 um AOD, mean alti- Maps of the aerosol 10 um IASI AOD over the Atlantic
tude, and coarse mode effective radius, have been retrievegcean illustrate the main patterns of dust transport: during
from IASI and compared with MODIS-Terra (no significant the May—September dust season, a fast westward decrease of
differences seen with Aqua at the monthly level) total andthe optical depth is observed, from about 0.2 at the African
fine modes AOD, MISR total AOD, PARASOL total, fine €oast to about 0.1 a+55*W. This value remains approx-
and non-spherical coarse modes AOD, AERONET AOD, imately constant up to the Caribbean. MODIS, MISR and
CALIOP mean altitude, and AERONET radius retrievals. PARASOL visible AODs at 550 nm confirm these results.
Such comparisons have been made at regional scale, over the Comparisons at regional scale (three regions of the north-
northern tropical Atlantic and the Arabian Sea, as well as ate'n tropical Atlantic: East Atlantic (EA), Mid-Atlantic (MA),
local scale around six AERONET sites. The retrieval method'Vest Atlantic (WA) and one region of the Arabian Sea (AS))
is a three-step algorithm (retrieval of (i), the atmospheric en-Show a good agreement between IASI and the other instru-
vironment, (ii), of the AOD and altitude, (iii), of the effec- mMents either during the summer peak of the dust season
tive radius), based on the use of Look-Up-Tables computed®’ outside of it. Differences between IASI AODs and the
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properly scaled (see Sect. 3.2) 0.55 um AODs are of the samsamplings of these two sounders, and the different definitions
order of magnitude as between them. The IR AOD to Visible of the mean altitude retrieved by IASI and by CALIOP. Such
AOD ratio is found to vary with the region, from about 0.45 results illustrate the capability of IR sounders to retrieve a
eastward to 0.40 westward and 0.31 for the Arabian Sea, remeaningful dust layer altitude on a global scale over ocean.
flecting, at least in part, the varying distribution of the dust Another interesting feature of this work is the retrieval of
layer between the coarse and the fine modes (and, obviouslyhe dust coarse mode effective radikg) from IASI, a vari-
the difference between the observation wavelengths). Thesable of prime importance for the study of dust radiative forc-
ratios are in reasonable agreement with values expected froiimg, transport and deposition. The method developed follows
AERONET and with already published values (Highwood that of Pierangelo et al. (2005). A 5-yr climatology of the
et al., 2003). Both expected to be representative of the dusdust effective radius has been obtained, revealing relatively
coarse mode, the climatologies of the 10 um IASI AOD andsmall variations ofRes, from highest values of about 2.2—
of the PARASOL non-spherical coarse mode (NSCM) AOD 2.3 close to the African coasts and over the Arabian Sea to
at 865nm, compare well for the two regions EA and MA lowest values around 1.8—-1.9 um, mostly at the southern or
even if the ratio AOD IASI/ PARASOL NSCM AOD is lower  northern edges of the dust layer. This result agrees with the
than theoretically expected. For the two regions WA and AS findings of the PRIDE campaign (Maring et al., 2003a, b;
the comparison reveals a coarse mode dust season longer fBeid et al., 2003b). Compared to AERONET-retrieved val-
IASI than for PARASOL NSCM, the former seemingly more ues, these results bring into evidence a positive bias of IASI
in phase with the MODIS 865-550 nm Angstn exponent  of about 0.35 um. Work is in progress to explain this differ-
gradients. Outside the season, the ratio IASI AOD/ PARA-ence. The main interest of the present results is to bring a
SOL NSCM AOD is significantly larger than inside. This re- global and consistent view of the coarse mode dust particle
sult could indicate that the use of the MITR model is not ap-size throughout its transport to the Caribbean and over the
propriate for all the regions, and particularly for AS. Another Arabian Sea.
explanation could come from the presence of large, more Further potential improvements are numerous: increase of
spherical, polluted dust particles, including the hygroscopicthe IASI aerosol products space-time resolution frofy (1
growth of the fine mode particles (Smirnov et al., 2002; Eck month) to (1 spot, 1 day) (Tsamalis et al., 2011); retrieval
etal., 2008; Basart et al., 2009), not fully accounted for in theof dust characteristics over land, using maps of the infrared
NSCM AOD. Still at regional scale, time series of the IASI surface emissivity at high spectral resolution (0.05um) and
AOD illustrate the dust natural cycle as well as its interannualskin temperature retrieved from IASI (Capelle et al., 2012);
variability, in good agreement with 0.55 um AODs. extension in latitude; improvements of the assumptions con-

On a local scale, around six AERONET sites, results arecerning the aerosol models presently used. Future work also
similar with a general good agreement between IAS| and théncludes deeper validation/evaluation of the present aerosol
other instruments or the AERONET AODs. Two noticeable products. Finally, CNES has begun feasibility studies on a
exceptions for the latter are Tenerife (La Laguna) and Barbahew-generation atmospheric sounding interferometer (IASI-
dos with all space-borne instruments (including IASI) mea- Next Generation) to be flown aboard the second-generation
suring too high AODs compared to AERONET, particularly MetOp satellites. IASI NG will improve the IASI perfor-
in summer. This discrepancy had already been observed bgnances by a factor of two in both the spectral resolution
Kalashnikova and Kahn (2008). Conclusions similar to thatand radiometric noise, leading to major improvements in the
obtained at regional scale are obtained when comparing IASaccuracy of retrieved aerosol characteristics: AOD, altitude,
AOD to PARASOL NSCM AOD with largest differences ob- and, particularly, effective radius.
served outside the dust season for sites far from the sources
(Barbados and La Parguera).
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