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Abstract

Infrared Atmospheric Sounder Interferometer (IASI) observations covering the period
from July 2007 to December 2011 are interpreted in terms of monthly mean, 1°x1°,
10 um dust Aerosol Optical Depth (AOD), mean altitude and coarse mode effective
radius. The geographical study area includes the northern tropical Atlantic and the
north-west Arabian Sea, both characterized by strong, regular dust events. The method
developed relies on the construction of Look-Up-Tables computed for a large selection
of atmospheric situations and observing conditions. At regional scale, a good agree-
ment is found between |ASI-retrieved 10 um AOD and total visible optical depth at
550 nm from either the Moderate resolution Imaging Spectroradiometer (MODIS/Aqua
or Terra), or the Multi-angle Imaging SpectroRadiometer (MISR), or the Polarization
and Anisotropy of Reflectances for Atmospheric Science coupled with Observations
from a Lidar (PARASOL). Taking into account the ratio existing between infrared and
visible AODs, the diversity between the different 550 nm AODs is similar to the differ-
ence between these and the IASI AODs. The infrared AOD to visible AOD ratio, partly
reflecting the varying distribution of the dust layer between the dust coarse mode par-
ticles seen by IASI, and the fine mode seen by the other instruments, is found to vary
with the region observed with values close to already published values. Comparisons
between the climatologies of the 10 um IASI AOD and of the PARASOL non-spherical
coarse mode AOD at 865 nm, both expected to be representative of the dust coarse
mode, lead to conclusions differing according to the region considered. These differ-
ences are discussed in the light of the MODIS Angstrom exponent (865-550 nm). At
local scale, around six Aerosol Robotic Network (AERONET) sites, close or far from
the dust sources, a similar satisfactory agreement is found between IASI and the visi-
ble AODs and the differences between these products are shown and analysed. IASI-
retrieved dust layer mean altitudes also compare well with the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP/CALIPSO) aerosol mean layer altitude, both in terms
of climatology and of zonal evolution throughout the Atlantic. Comparisons between
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the IASI-retrieved dust coarse mode effective radius and retrievals from AERONET
at the six sites brings into evidence an almost systematic bias of about + 0.35 (IASI-
AERONET). Removing this bias leads to a satisfactory agreement between the cli-
matologies of these two products. Overall, these results illustrate the dust westward
transport characterized by a fast decrease of the dust optical depth, a somewhat slower
decrease of the altitude, and an effective radius remaining almost constant during sum-
mer throughout the northern tropical Atlantic. They also demonstrate the capability of
high resolution infrared sounders to contribute improving our understanding of pro-
cesses related to the aerosols (transport, sources, cycles, effect of aerosols on the
terrestrial radiation, etc.).

1 Introduction

Aerosols originate either from natural sources (dust, volcanic, sea salt aerosols, etc.)
or from anthropogenic sources (smoke, sulfates, soot, etc.). In its fourth report, the In-
tergovernmental Panel on Climate Change (IPCC, 2007) notes that, if aerosol forcings
are now better understood than at the time of the Third Assessment Report due to im-
proved measurements and more comprehensive modelling, they remain the dominant
uncertainty in radiative forcing, on the one hand because they show a very high spatio-
temporal variability, on the other because they influence many complex processes of
the planet. Amongst all aerosol species, mineral dust is a major contributor to total
aerosol loading and has been the subject of an increasing number of studies (e.qg.
Maher et al., 2010; Mahowald et al., 2010; Formenti et al., 2011; Shao et al., 2011;
Knippertz et al., 2012). Remote sensing in the visible domain has been widely used
to obtain better characterization of these particles and their effect on solar radiation.
In contrast, remote sensing of aerosols in the infrared domain still remains marginal.
Yet, not only knowledge of the effect of aerosols on terrestrial radiation is needed for
the evaluation of their total radiative forcing, but also infrared remote sensing provides
a way to retrieve other aerosol characteristics, including their mean altitude and size.
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Moreover, infrared and visible spectra are not sensitive to the same ranges of particle
size: the coarse mode (size range > 1pum) is preferentially observed in the infrared,
whereas the fine mode (<1 um) is mostly observed in the visible.

The new generation of high spectral resolution infrared sounders, such as the At-
mospheric Infrared Sounder (AIRS) on Aqua, or the Infrared Atmospheric Sounder
Interferometer (IASI) on Metop, have already shown promising capabilities to retrieve
dust aerosol properties such as the 10 um optical depth, the mean altitude, and the
mean coarse mode particle size (Pierangelo et al., 2004, 2005; Peyridieu et al., 2010,
hereafter referred to as “Pey2010”).

In this study, dust aerosol characteristics are retrieved from a method based on a
Look-Up-Table (LUT) approach, already applied to more than 9 yr of AIRS observations
(Pey2010), with results being obtained at a space-time resolution of 1 degree-1 month.
Two spectral bands are of particular interest for the retrieval of aerosol properties in
the infrared: between 8 and 12 microns, where channels are sensitive to both the dust
optical depth and the altitude of the dust layer, and around 4 microns, where channels
are essentially sensitive to the dust optical depth (Pierangelo et al., 2004, Pey2010: see
their Fig. 1). Combining channels from these two spectral regions allows simultaneous
retrieval of both properties. Retrieval of the dust coarse mode aerosol effective radius,
a variable of prime importance for the study of dust radiative forcing, transport and
deposition, uses a channel at about 9.3 um (Pierangelo et al., 2005) selected for its
high sensitivity to dust size and relative insensitivity to other atmospheric components
(ozone, sulfates) or to dust asphericity.

This method is here applied to Infrared Atmospheric Sounder Interferometer (IASI)
observations for the period from July 2007 to December 2011. Compared to AIRS, IASI
has the advantage of a higher spectral resolution (0.50 cm™! apodized), being constant
throughout the whole spectrum, and of a full coverage of the spectral domain, allowing
the selection of channels more specific to the variable considered. Its drawback is a
larger noise at short wavelengths which may be overcome by averaging a few adjacent
and radiatively similar channels.
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Data and method are described in Sect. 2. Section 3 presents the results from IASI
and comparisons with other aerosol products derived from the Moderate Resolution
Imaging Spectro-radiometer (MODIS/Aqua and Terra), from the Multi-angle Imaging
SpectroRadiometer (MISR), from the Polarization and Anisotropy of Reflectances for
Atmospheric Science coupled with Observations from a Lidar (PARASOL), and from
the AErosol RObotic NETwork (AERONET) for the IASI AOD, from the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP/CALIPSO) for the 1ASI altitude, and from
AERONET for the IASI dust coarse mode radius. These results are discussed in
Sect. 4.

2 Method and data
2.1 Method

The method for the retrieval of dust characteristics from IASI observations was orig-
inally developed for application to AIRS (Pierangelo et al., 2004). The present study
uses a slightly modified version of this method already described in details in Pey2010.
It is a three-step algorithm based on a “Look-Up-Table” (LUT) approach. The two first
steps, determination of the atmospheric state observed (using six IASI channels) and
simultaneous determination of the 10 um AOD and aerosol layer mean altitude (using
eight IASI channels), have been described in Pey2010 and Peyridieu (2010). The third
step of the algorithm is the retrieval of the dust coarse mode effective radius (Rq):
the approach follows the one described in Pierangelo et al. (2005). It must here be
recalled that in the thermal infrared, at the reference 10 um wavelength, the number
of parameters describing the Particle Size Distribution (PSD) can be reduced to one:
the effective radius R4 (Pierangelo et al., 2005). In fact, the PSD may be considered
as being monomodal and the impact of its width is negligible once the AOD is given.
“radius-LUT” are built for a channel selected at 9.315 um and for the values of the dust
infrared optical depth, mean altitude and R4 of Table 1, using a monomodal lognormal
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size distribution. In order to simulate IASI brightness temperatures (BT) for the different
effective radii, the optical properties were calculated using a Mie code (Mishchenko et
al., 2002 and ftp://ftp.giss.nasa.gov/pub/crmim/spher.f) and the refractive indices of the
“Mineral Transported” (MITR) aerosol model from the “Optical Properties of Clouds and
Aerosols” (OPAC) database (Hess et al., 1998). For this model, the complex refractive
index at 550nm is 1.53+0.0055i and the mode radius is 0.5 um. Using the atmospheric
and aerosol properties (AOD, altitude) retrieved from the two first steps, the observed
BT of the IASI radius-sensitive channel selected is compared to the LUT-simulated
BTs for all sampled R values and the two values framing the observed BT are kept.
The retrieved R value results from a linear interpolation between their associated R4
values.

Entries used to build the IASI simulated brightness temperature LUTs used in the
three-step algorithm are given in Table 1. LUTs BTs are calculated either using the
forward coupled radiative transfer model 4A/OP-DISORT (Scott and Chédin, 1981;
Stamnes et al., 1988, http://4aop.noveltis.com; entries in bold face), or are interpolated
linearly or quadratically.

Several aspects of the retrieval algorithm such as the robustness to aerosol model
(size distribution, shape, and refractive index), the possible contamination by other
aerosol species, the radiative transfer model bias removal, or the cloud mask includ-
ing discrimination between clouds and aerosols, etc., were investigated in Pierangelo
et al. (2004) and in Pey2010. Most of the methodological work developed here has
consisted in the adaptation to IASI of the AIRS channels selection procedure.

2.2 Data

In addition to 1ASI, the core instrument of this study, several other space-based instru-
ments and their aerosol products have been used for the purpose of comparison and
validation: MODIS, MISR and PARASOL, all measuring visible AOD and therefore es-
sentially sensitive to the fine mode, and CALIOP, part of the A-train, measuring aerosol
vertical distribution.
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Developed by CNES in collaboration with EUMETSAT, the IASI instrument (Chalon
et al., 2001; http://smsc.cnes.fr/IASl), onboard the MetOp-A polar platform, is a Fourier
Transform Spectrometer that measures Earth-emitted infrared radiation. Launched in
October 2006 (operational since July 2007), it provides 8461 spectral samples, be-
tween 15.5um and 3.63 um, with a spectral resolution of 0.50 cm™! after apodisation
and a regular spectral sampling interval of 0.25 cm™. Metop-A crosses the Equator at
9:30pm on its ascending node.

MODIS (http://modis.gsfc.nasa.gov/) is an imaging radiometer flying on board the
Terra platform since December 1999 and on board the Aqua platform since May 2002.
Its data products are widely used in the aerosol community. Aqua (Terra) crosses the
Equator at 01:30a.m. (10:30a.m.) on its descending node. Despite this temporal shift
with IASI, yet not significant at the monthly scale, MODIS remains one of the best-fitted
instruments to compare aerosol products at global scale (Tanré et al., 1997; Remer et
al., 2005, 2008). Here, we use the Level 3 monthly products (total and fine mode)
from Terra, which provide the optical depth reported at 550 nm at a spatial resolution
of 1°x1° (see: http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html). MODIS fine
mode AOD is obtained by multiplying the total AOD by the fine mode fraction. We have
verified that no significant differences are observed between Terra and Aqua, at least
at the monthly scale considered here.

MISR (http://www-misr.jpl.nasa.gov; Diner et al., 2002), flying on board the Terra
platform since December 1999, views the sunlit Earth simultaneously at nine widely
spaced angles. The MISR Level 3 global data products are reported on a rectangular
grid 0.5° by 0.5° degree. Here, use is made of the AOD reported at 555 nm.

Launched in December 2004, PARASOL carries a POLDER-like (Polarization and
Directionality of the Earth’s Reflectances) wide field radiometer. The instrument (De-
schamps et al., 1994) measures the polarized light in different directions for retrieving
aerosol and cloud optical and physical properties (Tanré et al., 2011). The mission
takes also advantage of the other instruments in the A-Train formation. Original AOD
values are given at 865 nm in the official PARASOL archive provided by the ICARE
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datacenter (http://www.icare.univ-lille1.fr/). They are here referenced to 550 nm using
the Angstrom exponent (865-670) from the Level 2 products (orbits) of the PARASOL
archive, then combined into global, monthly products, gridded at a resolution of 0.25
degree. Use is also made of the non-spherical coarse mode (NSCM) monthly mean
AOD at 865 nm.

Launched in April 2006, the satellite CALIPSO with the on board two-wavelength
depolarization lidar CALIOP permits an accurate determination of the aerosol altitude
(Winker et al., 2007, 2009; Kim et al., 2008). The depolarization at 532 nm allows dis-
criminating between the dust aerosols and other types of aerosols which in general do
not depolarize light. It should be noted that CALIPSO does not offer a full coverage
of the Earth (beam diameter of 70 m at the Earth’s surface, 16 days repetition cycle)
which makes it difficult to interpret statistically the result. Here, the L2 5km aerosol
layer product (version 3.01) is used to calculate monthly mean altitudes at regional
scale. Two classes of aerosols are used for the comparison of the IASI altitude with
the L2 product: “dust” and “polluted dust”. The polluted dust class, which corresponds
to dust mixed with other types of aerosols, as biomass burning or urban pollution, is
also taken into account. For one CALIOP measurement, up to eight aerosol layers
can be reported. With the purpose of a simple and robust evaluation of IASI retrievals,
only the cases where one aerosol layer is detected and measured by the lidar are se-
lected. The subset of CALIOP data resulting from this selection represents about 65 %
of all CALIOP data where aerosol layers are detected (see Pey2010 for more details).
Contrary to CALIOP, the IASI dust retrieval algorithm outputs the mean altitude of the
whole dust layer, i.e. the altitude at which half of the AOD is below and half of the AOD
is above, with low sensitivity to a complex layering of the dust.

Finally, IASI-retrieved 10 um AOD and coarse mode effective radius are compared to
AERONET (see, for example, Dubovik et al., 2002) visible AOD (550 nm) and coarse
mode radius for several sites of the northern tropical Atlantic and one site of the Arabian
Sea.
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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 north-west Arabian Sea. Only night-time observations are analysed because of the
use of shortwave channels significantly sensitive to sun radiation.

3.1 IASI 10 pm optical depth 1°x1° climatology

Figure 1a shows IASI-retrieved monthly climatology (1°x1°) of the dust aerosol mean
10 um optical depth for the period 07/2007—12/2011. Blank areas correspond to cloudy
conditions or no retrievals. This figure clearly shows dust transport, through the so-
called Saharan Air Layer (SAL), from the Saharan sources to the Caribbean and north
America in summer and to the Amazon basin in winter as already described in sev-
eral publications (see, for example: Chiapello et al., 1995, 2005; Karyampudi et al.,
1999; Kaufman et al., 2005; Huang et al., 2010). Note the “clean” period in November-
December as shown in Ben-Ami et al. (2012). Figure 1a is similar to the AIRS cli-
matology of Pey2010 as well as to the MODIS 550 nm AOD climatology (not shown).
Figure 1a shows a fast westward decrease of the AOD more clearly seen in Fig. 1b
which displays the 2007-2011 averaged zonal evolution of the AOD from IASI (top-left),
and of the total AOD from MODIS(Terra) (top-right), MISR (bottom-left), and PARASOL
(bottom-right), from the African coast to the Caribbean, in June, July, and August, for
the latitude band 10° N-30° N (+3° longitude, 1° moving average). All products show a
similar fast westward decrease up to 50° W and then remaining approximately constant,
with differences of the same order of magnitude between 0.55 um AODs as between
IASI and the other three products (apart from the ratio observed between IASI 10 um
AOD and the 0.55 um AODs and discussed in the next section).
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3.2 Comparison between IASI 10 um AOD and visible MODIS, MISR, and
PARASOL AODs at regional scale

For each of the four regions illustrated in Fig. 2, East-Atlantic (EA), Mid-Atlantic (MA),
West Atlantic (WA) and Arabian Sea (AS), Fig. 3 shows climatologies of the IASI 10 um
AOD, the MODIS-Terra, total and fine modes AODs, the MISR total AOD, and the
PARASOL total and fine modes AODs, for the period July 2007 to December 2011
(January—dJune: 4-yr average; July-December: 5-yr average). In general, I1ASI com-
pares well with the total visible climatologies but significant differences are also ob-
served. Note that, on this figure, all visible AODs are scaled by the factor (or, equiv-
alently, the IR/Vis ratio) shown on each graph (top-left label). These ratios have been
chosen empirically so as to ensure the best match between the IR and the various
visible AODs, taking into account both their climatology and their time series.

For region EA, close to the dust sources, IASI AOD well matches the shape of the
MODIS, MISR, and PARASOL AODs. The scaling factor is 0.45.

For region MA, farther from the sources, the agreement is still good with even smaller
differences than for the EA region. The scaling factor is 0.42.

Region WA shows an IASI AOD season lagging behind the MODIS (or MISR and
PARASOL) dust season. This behaviour had already been pointed out for AIRS in
Pey2010 who explained it by a late arrival of the dust coarse mode compared to the fine
mode. This late arrival was confirmed by both AERONET 0.55 um AOD and Angstrom
exponent at La Parguera (18° N, 67° W) station, showing a fast transition between the
two aerosol modes in May/June (see Pey2010 for more details). Note that for regions
MA and WA, the MODIS fine mode AOD appears significantly larger than that from
PARASOL. The scaling factor is 0.40.

For region AS, covering the Arabian Sea, south of the Arabian Peninsula, the situa-
tion is more complex. Significant differences are observed between the various prod-
ucts in June—July and, in August—-September, IASI displays slightly larger AODs. Differ-
ences are also seen for the four months October—January, with significantly lower 1ASI
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AODs. The scaling factor is 0.31. These differences can partly be explained by the
different behaviour of the MODIS Angstrom exponent (865-550 nm) shown in Fig. 4
together with the climatologies of the MODIS total and fine modes AODs for the two
regions EA and AS, closest to sources regions. While EA region shows a relatively
flat Angstrom exponent, with maxima in September—November and minima in July—
August, the AS region shows a pronounced low (~0.3 instead of ~0.4) of the Angstrom
exponent in June-August and high values (> 0.9) in October-danuary. This indicates a
summer peak period largely dominated by the coarse mode (Smirnov et al., 2002, Eck
et al., 2008), seemingly more in phase with the flat PARASOL fine mode AOD than with
the MODIS fine mode peak of June-July (Figs. 3 and 4). Moreover, the high Angstrom
exponent values of the four months October—January coincide with the low IASI AOD
values for this region (Fig. 3) indicating the dominating influence of the fine mode al-
most not seen by IASI. For the seven first months, IASI appears more in phase with
MISR. For IASI and for this region, however, there may be some doubts about the use
of the MITR aerosol model, in particular because of the presence observed of carbon-
ate minerals from deposits along the Oman/Yemen and United Arab Emirates coasts
(Reid et al., 2005, 2008) or the possible mixing of dust with anthropogenic pollution
aerosols either from the petroleum industry in the Arabian peninsula or from India.

The scaling factors shown on Fig. 3, i.e., the ratios IR(10 um IASI AOD)/Vis(0.55 pm
AODs), for regions EA (~0.45), MA (~0.42), and WA (~0.40) are in reasonable agree-
ment with values from Highwood et al. (2003) (see also Pierangelo et al., 2004). For
region AS, the ratio comes to ~0.31, much smaller than for the other regions. These
ratios reflect, at least in part, the varying distribution of the dust layer between the
coarse and the fine modes (and, obviously, the difference between the observation
wavelengths).

We also compared the 10 um IASI AOD with the NSCM AOD at 865 nm derived
from PARASOL, both being specific of the dust particle coarse mode. These two AOD
climatologies are shown in Fig. 5 together with that of the MODIS Angstrom exponent
(865—550 nm). To approximately match the IASI AOD, the NSCM AOD has been scaled
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by a factor chosen in such a way that the best agreement is obtained around the peak
of the dust season. Indeed, more coarse mode is expected to be present at this time
of the year. With a ratio IASI/PARASOL NSCM of 0.65 for the EA and the MA regions,
a relatively good agreement is found between the two products with a slightly faster
start of the IASI season. For both regions and both products, the rapid decrease of the
AOD in August-September coincides with the rapid increase of the Angstrom exponent.
With a ratio IASI/PARASOL NSCM of 0.55 (resp. 0.40) for the WA (resp. AS) region,
the agreement between the two products is significantly less good, particularly outside
the peak of the season. For the WA region, however, both products confirm the late
start of the dust coarse mode season and show the same sharp transition in May/June
when PARASOL NSCM lies significantly below IASI outside the summer months. A
similar behaviour is observed for the AS region. In both cases, the sharp decrease
of IASI AOD in August-September occurs in phase with the increase of the Angstrom
exponent but occurs one month sooner for the PARASOL NSCM AOD. This makes the
IASI season one month longer than seen by PARASOL, again more in phase with the
Angstrom exponent behaviour. In both cases, outside the peak of the season, the IASI
AOD is significantly larger than the scaled PARASOL NSCM AOD. The impact of the
dust fine mode on the IASI AOD cannot explain this difference: for dust with a typical
bimodal distribution, the fine mode contribution to the total optical depth at 10 um is
usually of the order of 10 % (Pierangelo, 2012). Another explanation could come from
the (hypothetical) presence of polluted dust (possibly including the hygroscopic growth
of the fine mode particles, Smirnov et al., 2002) that present more spherical particles
not fully accounted for in the NSCM AOD. More investigations have to be done before
concluding. On a theoretical basis, Mie computation using the OPAC MITR dust model
would lead to a IASI/PARASOL NSCM ratio (here, the scaling factor) of about 0.85,
this value being very sensitive to R (increasing with R.x). However, this sensitivity
cannot easily explain the large range of variation of this ratio observed from one region
to another (0.65 to 0.40). This result could also indicate that the use of the MITR model
is not appropriate for all the regions, and particularly for AS.
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Finally, the interannual variability seen by the visible instruments is also well repro-
duced by IASI, as shown by their AOD time series for the four regions of study (Figure
6). Again, region WA well depicts the late arrival of the coarse mode relatively to the
fine mode. Some discrepancies are also found, for example in March-May 2009 for
region EA, or in August-September 2010 for region MA.

3.3 Comparisons between IASI 10 um AOD and visible MODIS, MISR, PARASOL
and AERONET AODs at six AERONET sites

Comparisons between IASI 10 um AOD and visible MODIS, MISR, PARASOL and
AERONET AODs have been done at six AERONET sites, namely: Tenerife (La La-
guna), Capo Verde, Dakar, Barbados, La Parguera, all in the Atlantic regions, and
Karachi, in the AS region (sites indicated by a star on Fig. 2). Figure 7 shows clima-
tologies of the IASI AOD, of the visible AOD from MODIS-Terra (total), MISR (total),
PARASOL (total and fine mode), and from AERONET (500 nm AOD) at these sites
(N.B.: for Capo Verde, the AERONET AQOD is at 440nm as no 500 nm AOD is avail-
able). Time average is made over 4 (January to June) to 5 (July to December) years
for the satellite products. For AERONET data, we consider that at least two years must
be reported for averaging. Space average is made over an area +3° in latitude and
longitude, centred on each site. On the whole, the agreement between IASI and the
other sources of data appears satisfactory with, however, differences from one site to
another.

For Tenerife (La Laguna), IASI and the visible (total) AOD climatologies display simi-
lar shapes with relatively small differences. A more pronounced difference is observed
between AERONET and the other satellite data, as already reported by Kalashnikova
and Kahn (2008) for the neighbouring site of 1Izana, where this difference is even larger.
The meteorological conditions currently prevailing at these sites, marked by strong low
level intrusions of cold air, may at least partially explain this problem. At Capo Verde, the
IASI dust season starts more rapidly. At Dakar, IASI is more in phase with MISR and
AERONET (several months are missing) than with MODIS or PARASOL, the salient
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feature being the difference in the peak months. At the site of Barbados, far from the
sources, IASI AOD is larger than the other AODs in August and decreases less rapidly;
at this site, the AERONET AOD is substantially smaller than the other AODs, a re-
sult also observed by Kalashnikova and Kahn (2008) at the nearby site of Guadeloup
(16°N, 61° W). At La Parguera, the overall agreement is satisfactory but, as for Barba-
dos, the IASI season decreases less rapidly than shown by the other products. For both
sites, the PARASOL AOD peak is significantly larger than the other visible AOD peaks.
In the Arabian Sea region, at Karachi site, IASI AOD performs relatively well (again
larger in August) in spite of our use of the MITR model most probably less adapted to
this region.

Figure 8 shows the climatologies of the 10 um IASI AOD, of the PARASOL NSCM
AOD at 865 nm, scaled by a factor (label top-left on each graph) chosen, as in Fig. 5,
to approximately match the IASI AOD around the peak of the dust season, and of
the MODIS Angstrom exponent. For Tenerife, the agreement is relatively good with a
scaling factor of 0.95. At Capo Verde, if the agreement is satisfactory from June to De-
cember, IASI starts much more rapidly than the 865 nm PARASOL NSCM AOD does.
It may however be observed that the Spring sharp gradient of the Angstrom exponent,
indicative of a change in the aerosol modes distribution, is more in phase with IASI than
with PARASOL. Almost the same situation is observed at Dakar. The IASI AOD, well in
phase with the AERONET or MISR AODs (see Fig. 7), peaks two months earlier than
the PARASOL NSCM AOD. The situation is different far from the sources (at Barbados
and La Parguera) and in the Arabian sea (at Karachi) with IASI dust seasons signifi-
cantly longer than the PARASOL NSCM ones, but again appearing more in phase with
the MODIS Angstrom exponent gradients. As for the WA and AS regions (Fig. 5), IASI
AOD lies significantly above PARASOL outside the summer months.

All together, these comparisons, with differences between IASI and the other prod-
ucts of the same order of magnitude as between the other products themselves,
demonstrate the ability of IASI to work properly at small scale. They also indicate that
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dust models more adapted to the region (or site) observed have to be constructed and
substituted to the MITR model.

3.4 1ASI altitude time series versus CALIOP altitude

It is worth recalling that the altitudes seen by either IASI or by CALIOP do not cor-
respond to the same definition. For IASI, it is an “infrared-equivalent” altitude, i.e. the
altitude at which half of the dust optical depth at 10 um is below and half of the optical
depth at 10 um is above, when, for CALIOP, it is the centre of the attenuated backscatter
coefficient profile (“centroid”).

Figure 9a shows the dust layer monthly mean altitude time series (July 2007—-
September 2011) for IASI and CALIOP, averaged over regions EA, MA and AS of
Fig. 2. Months with no data correspond to an insufficient number of items in the statis-
tics (region WA is not shown for the same reason). For these three regions, a clear
seasonal cycle is seen, with the monthly mean altitude being higher during summer
than during winter. This transport pattern is consistent with conclusions from numer-
ous other studies (see, for example, Prospero et al., 1981, Chiapello et al., 1995, 2005).
Averaged over the whole period shown on Fig. 9a, the mean and the standard devia-
tions of the difference between IASI and CALIOP mean altitudes, for regions EA, MA,
and AS, respectively come to —140+290m, —180+£270m, and —220 £ 470 m. These
results illustrate the good consistency between the two products keeping in mind (i),
the large difference between the spatial and temporal samplings of the IR sounder and
of CALIORP, (ii), the standard deviations associated with IASI (of the order of 800 m dur-
ing the summer peak season) and with CALIOP (~1 km) altitudes, these values more
reflecting the variability of the aerosol layer (one month, 1°) than the accuracy of the
products themselves, (iii), the different definitions of the mean altitude retrieved by IASI
or by CALIOP. The agreement is significantly less good for region AS than for the other
two, particularly concerning the amplitude of the seasonal cycle. Again, the use of the
MITR model may be in question and future plans include the construction of models
better adapted to this situation. A relatively slow regular decrease of the altitude from
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east to west (from about 3km at 20° W to 1.5 km at 80° W), already reported in several
studies (see, for example, Colarco et al., 2003a, b, and references therein), appears in
Fig. 9b, for both CALIOP and IASI. The decrease is somewhat faster for CALIOP from
20°W to 60° W.

This comparison illustrates the ability of infrared sounders to retrieve dust aerosols
altitude that compare relatively well with that of CALIOP.

3.5 IASI dust coarse mode effective radius

As reported in Pierangelo et al. (2005), the sensitivity of infrared BTs to the particle
size is a few tenths of Kelvin, an order of magnitude smaller than their sensitivity to
either AOD or altitude. The first is measured in tenths of Kelvin and not in Kelvin as
for the two other variables. Moreover, the smaller the AOD the smaller the sensitivity to
the radius, and the less reliable the retrieved radius. Figure 10a presents the monthly
climatology (1°x1°) of the IASI-retrieved dust coarse mode effective radius (R.4) for
the period 07/2007-12/2011. As expected, months outside the dust season appear
noisier. Cleaner results are obtained within the period April-May to September. Figure
10b shows the 2007-2011 averaged zonal evolution of the 1ASI effective radius, from
the African coast to the Caribbean, in June, July, and August. Data are averaged over
the latitude band 10° N-=30° N and over +3° longitude, around the longitude considered.
With an almost constant value of about 2 um, this figure confirms the findings of Maring
et al. (2003a) who had noted that “Normalized mineral dust size distributions of parti-
cles smaller than 7.3 um over the Canary Islands and Puerto Rico were indistinguish-
able, indicating these particles were not preferentially removed during atmospheric
transport” (see also Christopher and Jones, 2010). IASI-retrieved radius values are
in reasonable agreement with AERONET-retrieved dust coarse mode effective radius
monthly mean values (http://aeronet.gsfc.nasa.gov/new_web/optical_properties.html)
at various sites. Preliminary comparisons have brought into evidence an overall sys-
tematic positive bias of ~+0.35 um between IASI and AERONET retrievals. To facilitate
the comparison, this bias, still not understood, has then been removed from the 1ASI
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results of Figure 11, a choice which does not mean that more confidence should be
given to either AERONET or to IASI. This figure shows the dust coarse mode effective
radius climatology from IASI and from AERONET at Dakar, Capo Verde, La Parguera,
and Barbados. IASI retrieved AOD (grey) is also shown (right ordinate). IASI missing
months correspond to too small IASI AODs (<0.04). As for the AOD, the site of Tener-
ife (not shown) shows different results with a positive bias of ~0.50 um (0.35+0.15). A
rather good agreement comes out from these comparisons (however, still too limited)
with this quasi operational network. Comparisons with in situ campaign measurements
are more problematic as shown by Reid et al. (2003a) who compared various meth-
ods of measurement of dust particles coarse mode from Africa and emphasized the
uncertainties in the sizing methods and on the ambiguities in the size parameters. It is
worth noting that Muller et al. (2012), comparing AERONET data and airborne mea-
surements during the SAMUM 2006 campaign, found out that the effective radius of
the coarse mode fraction of mineral dust derived from sun photometer was twice as
small as that from the airborne observations.

4 Discussion and conclusions

The main characteristics of the northern tropical Atlantic and Arabian Sea dust aerosol
layers, i.e. 10 um AOD, mean altitude, and coarse mode effective radius, have been
retrieved from IASI and compared with MODIS-Terra (no significant differences seen
with Aqua at the monthly level) total and fine modes AOD, MISR total AOD, PARASOL
total, fine and non-spherical coarse modes AOD, AERONET AOD, CALIOP mean alti-
tude, and AERONET radius retrievals. Such comparisons have been made at regional
scale, over the northern tropical Atlantic and the Arabian Sea, as well as at local scale
around six AERONET sites. The retrieval method is a three-step algorithm (retrieval
of (i), the atmospheric environment, (ii), of the AOD and altitude, (iii), of the effective
radius), based on the use of Look-Up-Tables computed using the 4A/OP-DISORT ra-
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diative transfer model in its operational version. Use is made of the MITR aerosol model
from the OPAC database (Hess et al., 1998).

Maps of the aerosol 10 um IASI AOD over the Atlantic Ocean and the Arabian Sea
illustrate the main patterns of dust transport: during the May-September dust season, a
fast decrease of the optical depth is observed from east to west in the Atlantic, reaching
the Caribbean at low optical depths. MODIS, MISR and PARASOL visible AODs at
550 nm confirm these results.

Comparisons at regional scale (three regions of the northern tropical Atlantic: East
Atlantic (EA), Mid-Atlantic (MA), West Atlantic (WA) and one region of the Arabian Sea
(AS)) show a good agreement between IASI and the other instruments either during
the summer peak of the dust season or outside of it. Differences between IASI AODs
and the 0.55 um AODs are of the same order of magnitude as between them. The IR
AOD to Visible AOD ratio is found to vary with the region, from about 0.45 eastward
to 0.40 westward and 0.31 for the Arabian Sea, reflecting, at least in part, the varying
distribution of the dust layer between the coarse and the fine modes (and, obviously,
the difference between the observation wavelengths). These ratios are in reasonable
agreement with already published values (Highwood et al., 2003). Both expected to be
representative of the dust coarse mode, the climatologies of the 10 um IASI AOD and
of the PARASOL non-spherical coarse mode (NSCM) AOD at 865 nm, compare well
for the two regions EA and MA. For the two regions WA and AS, the comparison re-
veals a coarse mode dust season longer for IASI than for PARASOL NSCM, the former
seemingly more in phase with the MODIS 865-550 nm Angstrom exponent gradients.
Outside the season, IASI AOD is significantly larger than PARASOL NSCM AOQOD. This
result could indicate that the use of the MITR model is not appropriate for all the re-
gions, and particularly for AS. Another explanation could come from the (hypothetical)
presence of polluted dust more spherical particles not fully accounted for in the NSCM
AOQOD. Still at regional scale, time series of the IASI AOD illustrate the dust natural cycle
as well as its interannual variability, in good agreement with 0.55 pm AODs.
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At local scale, around six AERONET sites, results are similar with a general good
agreement between |IASI and the other instruments or the AERONET AODs. Two no-
ticeable exceptions for the latter are Tenerife (La Laguna) and Barbados with all space-
borne instruments (including IASI) measuring too high AODs compared to AERONET,
particularly in summer. This discrepancy had already been observed by Kalashnikova
and Kahn (2008). Conclusions similar to that obtained at regional scale are obtained
when comparing IASI AOD to PARASOL NSCM AQOD with largest differences observed
outside the dust season for sites far from the sources (Barbados and La Parguera).

IASI-retrieved mean altitude shows a relatively slow regular westward decrease with
transport. The agreement between IASI and CALIOP mean altitudes is quite satisfac-
tory (bias of the order of —0.25km and standard deviation of the order of 0.28 km,
averaged over the whole period studied) for the regions EA and MA, slightly less good
for the AS region (-0.22km and 0.47 km, respectively). Not enough items are avail-
able for region WA. These results must be analysed having in mind the large difference
between the spatial and temporal samplings of these two sounders, and the different
definitions of the mean altitude retrieved by IASI and by CALIOP. Such results illustrate
the capability of IR sounders to retrieve a meaningful dust layer altitude at global scale
over ocean.

Another interesting feature of this work is the retrieval of the dust coarse mode effec-
tive radius (A.) from IASI, a variable of prime importance for the study of dust radiative
forcing, transport and deposition. The method developed follows that of Pierangelo et
al. (2005). A 5-yr climatology of the dust effective radius has been obtained, reveal-
ing relatively small variations of R, from highest values of about 2.2—2.3 close to the
African coasts and over the Arabian Sea to lowest values around 1.8—1.9 um, mostly
at the southern or northern edges of the dust layer. This result agrees with the find-
ings of the PRIDE campaign (Maring et al., 2003a, b; Reid et al., 2003b). Compared to
AERONET-retrieved values, these results bring into evidence a positive bias of IASI of
about 0.35 um. Work is in progress to explain this difference. The main interest of the
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present results is to bring a global and consistent view of the coarse mode dust particle
size throughout its transport to the Caribbean and over the Arabian Sea.

Further potential improvements are numerous: increase of the IASI aerosol products
space-time resolution from (1°, 1 month) to (1 spot, 1 day) (Tsamalis et al., 2011);
retrieval of dust characteristics over land, using maps of the infrared surface emissivity
at high spectral resolution (0.05 um) and skin temperature retrieved from IASI (Capelle
et al., 2012); extension in latitude; improvements of the assumptions concerning the
aerosol models presently used. Future work also includes deeper validation/evaluation
of the present aerosol products.

Finally, CNES has begun feasibility studies on a new-generation atmospheric sound-
ing interferometer (IASI-Next Generation) to be flown aboard the second-generation
MetOp satellites. IASI NG will aim at increasing IASI performance twofold, a promise
for fruitful future works.
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Table 1. Entries used to build the IASI Look-Up-Tables (LUT) of simulated brightness temper-
atures (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 inter-
polated (linearly or quadratically).

step 1: LUT - step 2 : LUT - step 3: LUT -
Atmosphere AOD, altitude effective radius
Number of IASI 6 8 1
channels
Angles (°) 0, 5, 10, 15, 20, 25, 30, 0, 5, 10, 15, 20, 25, 30, 35, 0, 5, 10, 15, 20, 25, 30
35, 40, 45, 50 40, 45, 50
AOD values N/A 0.0,0.1,0.2,0.3, 0.4, 0.1,0.2,0.3,0.4,
0.5,0.6,0.7, 0.8 0.5,0.6,0.7, 0.8
Altitude values (m) N/A 757, 1258, 1756, 2411, 3254, 757, 1258, 1756, 2411, 3254,
4116, 4965, 5795 4116, 4965, 5795
Radii values (pm) N/A 2.3 (Reg) OF 3.0 (Fmoqv) 0.5, 0.8, 1.0, 1.5, 2.0,

OPAC/MITR

25,3.0,4.0,5.0
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Fig. 1a. IASI-retrieved 10 um 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 10N-30N and over +3° longitude, around the longitude considered. Black solid
line: number of items for July (right ordinate).
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Fig. 2. Boundaries of the four regions of study: EA: East Atlantic, MA: Mid-Atlantic, WA: West
Atlantic, AS: Arabian Sea. Blue stars indicate the locations of the AERONET sites considered.
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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 factor shown on each graph (top-left label). Average over 4 (January to June) to 5 (July to
December) years.
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Fig. 5. IASI 10um AOD climatology (red, left ordinate) and PARASOL non-spherical coarse
mode (CMo) AOD at 865 nm climatology (scaled by the factor shown on each graph: top-left
label) for the four regions of study (grey, left ordinate); climatology of the MODIS Angstrom
exponent (865-550 nm) (green, right ordinate). Average over 4 (January to June) to 5 (July to
December) years.
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Fig. 7. Climatology of the 10um 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 an area +3° in latitude
and longitude, centred on each site. N.B.: for Capo Verde, the AERONET AOD is at 440 nm (no
AOD-500 available).
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Fig. 9b. 2007-2011 averaged zonal evolution of the IASI (left) and CALIOP (right) altitude,
from the African coast to the Caribbean, in June (blue), July (red), and August (green). Data
are averaged over the latitude band 10° N-30° N and over +3° longitude, around the longitude
considered. Black solid line: number of items for July (right ordinate).
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Fig. 10a. IASI-retrieved dust coarse mode effective radius (pum) climatology. Average over 4
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Fig. 10b. Same as Fig. 9b for the IASI radius.
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Fig. 11. Dust coarse mode effective radius climatology from IASI (red) and AERONET (blue)
over Capo Verde (top left), Dakar (top right), Barbados (bottom left), and La Parguera (bottom
right). IASI retrieved AODs (dotted grey) are also shown (right ordinate). IASI missing months
are due to too small AODs (<0.04). A systematic bias of 0.35 um has been subtracted to I1ASI
radius results (see text).
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