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Abstract. IASI  (Infrared  Atmospheric  Sounder desert, correlation is 0.74 for 619 items and the normal-
Interferometer)-derived monthly mean infrared (10um)ized standard deviation is 0.86. This slight but significant
dust aerosol optical depth (AOD) and altitude are evaluatediegradation over land most probably results from the greater
against ground-based Aerosol RObotic NETwork of suncomplexity of the surface (heterogeneity, elevation) and,
photometers (AERONET) measurements of the 500nmto a lesser extent, to the episodic presence of dust within
coarse-mode AOD and CALIOP (Cloud-Aerosol Lidar with the boundary layer (particularly for sites close to active
Orthogonal Polarization) measurements of altitude at 38sources) to which IASI, as any thermal infrared sounder, is
AERONET sites (sea and land) within the tropical belt poorly sensitive, unlike AERONET. Site by site, disparities
(30° N-30C° S). The period covered extends from July 2007 appear that are principally due to either the insufficient
to June 2013. The evaluation goes through the analysis oiumber of AERONET observations throughout the period
Taylor diagrams and box-and-whiskers plots, separatingconsidered, to the complexity of the location leading to the
situations over oceanic regions and over land. For the AODmixing of several aerosol types (in the case of the Persian
such an evaluation raises the problem of the difference beGulf, for example), to surface heterogeneities (elevation,
tween the two spectral domains used: infrared for IASI andemissivity, etc.), or to the use of a single aerosol model
visible for AERONET. Consequently, the two measurements(called “MITR"). Results using another aerosol model, with
do not share the same metrics. For that reason, AERONE® different refractive index, are presented and discussed.
coarse-mode AOD is first “translated” into 1ASI-equivalent Concerning altitude over oceanic regions, correlation is
infrared AOD. This is done by the determination, site by site,0.70 for 853 items and the normalized standard deviation
of an infrared to visible AOD ratio. Because translating visi- is 0.92. A systematic bias 6£0.4km (IASI-CALIOP) is

ble coarse-mode AOD into infrared AOD requires accurateobserved, with a standard deviation of 0.48 km. This result is
knowledge of variables, such as the infrared refractive indexsatisfactory, considering the important differences between
or the particle size distribution, quantifying the bias betweenthe two instruments (space—time coverage, definition of the
these two sources of AOD is not straightforward. This altitude). Altitude results over land, essentially over deserts,
problem is detailed in this paper, in particular in Appendix are not satisfactory for a majority of sites. The smaller
A. For the sites over oceanic regions, the overall AOD sensitivity of IASI to altitude compared to its sensitivity to
temporal correlation comes to 0.86 for 786 items (IASI and AOD, added to the difficulties met for the determination of
AERONET monthly mean bins). The overall normalized the AOD over land (surface heterogeneities), explain this
standard deviation (i.e. ratio of the standard deviation of theresult. Work is in progress to solve this difficulty.

test data (IASI) to that of the reference data (AERONET)) is

0.93, close to the desired value of 1. Over land, essentially
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We conclude that the present results demonstrate the uséa particular, to its potentially large contribution to atmo-
fulness of IASI data, which are planned to cover a long pe-spheric radiative forcing (Markowicz et al., 2003; Vogelman
riod of time, as an additional constraint to a better knowledgeet al., 2003; Otto et al., 2007). Visible wavelengths are sen-
of the impact of aerosols on the climate system. sitive to both fine- and coarse-mode particles while infrared

wavelengths are essentially sensitive to the coarse mode. As-
sociating these two spectral domains should help improve
our knowledge of the impact of aerosols on climate, its
1 Introduction variability, and evolution. This requires validating infrared-
derived aerosol properties using well-recognized, accurate
During the past decades, determination of atmospheri@nd independent measurements of these properties, as well
aerosol characteristics from space has been carried out exas understanding possible differences emerging from such
tensively using instruments measuring in the visible part ofcomparison.
the spectrum. This has greatly contributed to enhancing our In this study, IASI-derived monthly mean dust 10 um
knowledge of the aerosol impact on the Earth radiation bal-AOD (aerosol optical depth), for the period July 2007-
ance (direct effect) as well as on the clouds (albedo, life-June 2013 (Peyridieu et al., 2013), is evaluated using ac-
time) (indirect effect). However, these processes are complexurate measurements, routinely made and distributed by the
as they involve the aerosol distribution (spatial, in particular Aerosol RObotic NETwork of sun photometers (AERONET;
vertical, and temporal), and their microphysical and opticalHolben et al., 1998), for 38 sites in the tropical band.
properties (size, shape, composition, etc.). Moreover, the adn this approach, use is made of the 500 nm coarse-mode
curacy obtained on the atmospheric radiative effect also deAOD from the Spectral Deconvolution Algorithm (SDA)
pends on surface characteristics (albedo, temperature). Th(®’Neill, 2003). Then, at the same 38 AERONET sites, IASI-
complexity still leads to large uncertainties in the estimationderived altitude is evaluated using observations of the two-
of aerosol impacts on climate (Forster et al., 2007; US Cli-wavelength depolarization lidar CALIOP onboard the satel-
mate Change Science Program, 2009; Hansen et al., 199%te CALIPSO (Winker et al., 2007).
Kaufman et al.,, 1997; Haywood and Ramaswamy, 1998; IASI, AERONET, and CALIOP data are described in
Claquin et al., 1998; Sokolik and Toon, 1999; Myhre and Sect. 2. Section 3 describes the method followed for evaluat-
Stordal, 2001; Tanré et al., 2003; Yu et al., 2006; Otto et al.,ing IASI results, based on the use of Taylor diagrams (Tay-
2007; Maller et al., 2012; Ryder et al., 2013). lor, 2001) and box-and-whiskers plots. Section 4 presents the

After a long period of relative lack of interest in aerosol results of the evaluation. In this section, the impact of the
remote sensing in the infrared (one of the earliest study ischoice of an infrared refractive index model made in this
Legrand et al. (1989)), a marked growing interest in the in-study is also discussed. Results of this evaluation are dis-
frared is now observed with the emergence of hyperspectratussed in Sect. 5.
instruments, such as AIRS (Advanced Infrared Sounder) and
IASI (Pierangelo et al., 2004, 2005; De Souza-Machado et
al., 2006; Peyridieu et al., 2010, 2013; Kluser et al., 2011,2 Data
2012). Coarse-mode aerosols have a higher contribution to
infrared radiation compared to fine-mode aerosols. Dust an@.1 1ASI
sea-salt particles are the main components of the coarse
mode, the latter usually remaining in the planetary boundaryDeveloped by CNES (Centre National d’Etudes Spatiales)
layer, at which altitudes infrared radiances collected at satelin collaboration with EUMETSAT (European Organization
lite level show poor sensitivity. Most of mineral dust aerosol for the Exploitation of Meteorological Satellites), the 1ASI
mass is composed of particles in the coarse-size mode, thuastrument (Chalon et al., 200Mhttp://smsc.cnes.fr/IAS)
with a potentially high optical depth in the infrared, and can onboard the Metop-A polar platform, is a Fourier trans-
be brought to high altitudes in the atmosphere, for examplegform spectrometer that measures Earth-emitted infrared radi-
in the so-called Saharan Air Layer (Chiapello et al., 1995,ation. Launched in October 2006 and operational since July
2005; Tsamalis et al., 2013). Consequently, the remote sen2007, it provides 8461 spectral channels, between 15.5um
ing of aerosols in the long-wave domain mostly focuses on(645 cm 1) and 3.63 um (2755 cnt), with a spectral reso-
retrievals of mineral dust properties (Pierangelo, 2013). Thidution of 0.50 cnT?® after apodization, and a regular spectral
domain offers some unique opportunities such as nighttimesampling interval of 0.25 crmt. Metop-A crosses the Equa-
aerosol observation, the determination of the aerosol layetor at 21:30 LT, on its ascending node. IASI provides a near
mean altitude, or the aerosol characterization over desertglobal coverage twice a day at a spatial resolution of 12 km
Mineral dust is a major contributor to total aerosol loading at nadir. The period covered by the present study ranges from
and has been the subject of an increasing number of studieluly 2007 to June 2013.

(e.g. Maher et al., 2010; Mahowald et al., 2010; Formentiet The method used to derive dust characteristics from
al., 2011; Shao et al., 2011; Knippertz and Todd, 2012), duelASI observations is a three-step algorithm based on a

Atmos. Chem. Phys., 14, 9343362 2014 www.atmos-chem-phys.net/14/9343/2014/


http://smsc.cnes.fr/IASI

V. Capelle et al.: Evaluation of IASI-derived dust aerosol characteristics 9345

“Look-Up-Table” (LUT) approach (Pierangelo et al., 2004, 3 e Te.P‘,g;L oUW B PPN B NCT. T

2005; Peyridieu et al., 2010, 2013). The first step determinesz F=¥&,, {5500 %U AR Y

the atmospheric state observed; the second step simultanez F i N f 7 x&f ,,@,}?m’,, ]
ously determines the 10 um AOD and the aerosol layer mean_;g < Ty N NS
altitude while the dust coarse-mode effective radius is deter-:3 f ¢ Pl AT

mined in the third step. It is worth pointing out that, measur- % 75 < < 3 5 o 15 3 45 e 75 9% 105 120 15 10 165
ing in the infrared, IASI is essentially sensitive to the dust

32

coarse mode, with a sensitivity to the fine mode of about i

H “ H 28 ”
10% or less. The dust model used is the “mineral trans- \/}\m .
ported” (MITR) aerosol model from the “Optical Properties 2 =SYA %@Lv
of Clouds and Aerosols” (OPAC) database (Koepke et al., v ko
1997; Hess et al., 1998). The main microphysical param- \
eters associated with this model are: a monomodal lognor- % w6 40w 48 52 56 60 64

mal distribution with a m radi f 0. n-
al distributio a mode radius of 0.5 Uitiban), Sta Figure 1. Location of the 38 AERONET sites selected for this study.

((j)a7r§ dev:;itlont.ml‘ tf(lje Slz.te dl?tzngu“gr% eAc!{ulatl)llng ZchO(jn: Top: whole tropical belt; bottom: zoom of the Arabian Peninsula.
-78), an par '.C e density of 2.69 pm e C_or_— See Table 1 for the meaning of the three-letter codes.
responding optical parameters are mass extinction efficiency

of 0.24nf g1, single scattering albedo of 0.48, asymme-
try factor of 0.44. Look-Up-Tables of IASI-simulated bright- egions (coasts or islands) and over land. Four coastal sites

ness temperatures are calculated using the forward-couplegre ysed both over land and sea which means that AERONET
radiative transfer model 4A/OP-DISORT (Scott and Chédin, measurements are associated with IASI data either over

1981; Stamnes etal., 198&p://4aop.noveltis.comENtries  gceanic regions or over land. This selection takes into ac-
to the model include AOD, altitude, surface pressure, surfacgoynt the availability of a sufficient number of items (“items”
temperature and emissivity, viewing angle, and a set of aboufefers to 1ASI and AERONET monthly mean bins through-
600 atmospheric situations representative of the tropical bang,; the paper) throughout the time period studied: from July
(30° S-30 N). Over land, surface spectral _emissivity is taken 2007 to June 2013, a maximum of 72 items may be expected;
from Capelle et al. (2012). IASI observations are processed, feyy sites, representative of a region of interest, with less
spot by spot (daily), averaged monthly, and gridde8%.1°.  {han 12 jtems (6 sites over oceanic regions and 1 over land)
Several aspects of the retrieval algorithm such as the robuskayve however been kept. To provide a sufficiently large and
ness to aerosol model (size distribution, shape, and rEfraCtiV?epresentative list of sites, the coarse-mode AERONET AOD
index), the possible contamination by other aerosol speciesg gf quality “Level 1.5” for a minority of sites (15) selected,
the radiative transfer model bias removal, or the cloud maskyeaning that they have been cloud-screened but may not
including discrimination between clouds and aerosols, etc.nave final calibration applied; the other sites are of quality
were investigated in Pierangelo et al. (2004) and in Peyridieu| gye| 2.0” (quality-assured). Table 1 lists the 38 AERONET

etal. (2010). sites: name, longitude, latitude, three-letter code, elevation
(inm), and 500 nm coarse-mode AERONET AOD data qual-
2.2 AERONET ity level. Figure 1 shows the location of each AERONET site

] selected for this study: the top shows the whole tropical belt
Accurate ground-based measurements are essential to evalgng the bottom is a zoom on the Arabian Peninsula for the

ating satellite-derived aerosol characteristics. Here, we Usgake of readability. Out of all the sites listed in Table 1, the
the measurements routinely made and distributed by the first sites are located in the Persian Gulf or in the Arabian
AERONET (Holben et al., 1998), particularly the SDA re- pgninsula, the following 9 are over Africa, the following 8

trieval of the coarse-mode AOD monthly averages. Indeedgyer the Atlantic Ocean, and the following 11 over Asia; the
as explained by O’Neill (2003), recognising that the aerosol|ast site is located over Australia.

particle size distribution is effectively bimodal permits the

extraction of the fine- and coarse-mode optical depths frorp.3 CALIOP

the spectral shape of the total aerosol optical depth. Compar-

ison between infrared spaceborne and visible ground-baseldaunched in April 2006, the satellite CALIPSO with the on
instruments requires keeping in mind that the IASI obser-board two-wavelength depolarization lidar CALIOP permits
vations used here are made at nighttime at 21:30 LT, whilean accurate determination of the aerosol altitude (Winker et
AERONET measures during daytime; this difference shouldal., 2009, 2010) to which 1ASI-derived altitude is here com-
not be too important on a monthly scale, except in the prespared. CALIOP, a near-nadir viewing instrument, has a very
ence of a strong, well-established, local diurnal cycle af-narrow swath (beam diameter of 70 m at the Earth’s surface,
fecting the free troposphere. A total of 38 AERONET sites giving a 16-day repetition cycle). Actually, rarely more than
have been selected within the tropical belt, both over oceanitwo to three collocations between IASI and CALIOP can
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Table 1. List of the 38 AERONET sites selected for this study: discussed in Tsamalis et al. (2013), are related to the fact that
name, longitude (degree), latitude (degree), three-letter code, ele€ALIOP is an elastic lidar, meaning that it needs an assump-

vation (in m), 500 nm coarse-mode AOD data quality level. tion about the lidar ratio to retrieve the extinction coefficient.

' Recent studies further corroborate our choice by finding sig-
Site Long Lat Code z(m) @lLev nificant AOD differences between CALIOP and other instru-
Abu_Al_Bukhoosh 53.146 25495 AAB 24 15  ments (Amiridis et al., 2013; Ma et al., 2013; Omar et al.,
Dhabi 54383 24481 DHB 15 20  2013: Tesche et al., 2013). Moreover, IASI shows low sen-
Dhadnah 56.325  25.513 DHA 81 2.0 o lex | . f the d Bi | |
Kuwait_University 17971 29395 KuU 12 5o  Sitivity to a complex layering of the dust (Pierangelo et al.,
Mezaira 53.779  23.145 MEZ 204 2.0  2004).

Mussafa 54.467  24.372 MUS 10 2.0

Solar_Village 46.397 24,700 SVA 764 2.0

Hada_el-Sham 39.729  21.802 HAD 254 15 3 Method

KAUST_Campus 39.102  22.304 KAU 11 2.0

Agoufou —-1.479 15345 AGO 305 1.5 o .

Banizoumbou 5665 13541 BAN 250 15 IASI monthly mean 1 x 1° gridded AOD and altitude are
Dakar —6.959  14.394 DAK 0 2.0 first averaged over boxes centred around each AERONET

DMN_Maine_Soroa ~ 12.023  13.217 MaS 350 15 site. A large majority of the boxes<(70 %) are of the size

Tamanrasset_INM 5.530 22.790 TAM 1377 2.0 o ; P P

Zinder Airport 8690 13977 7iA 156 s #1_50 by +£1.5°. Qver land, in partlcular, this standa}rq box
Zouerate-Fennec  —12.483  22.750 ZoF 343 15 size may vary slightly according to the characteristics of
llorin 4.340 8.320 ILO 350 2.0 the terrain (presence of high orography, of lakes, of a com-
CRIESM_Ma“ndi 40194 —2.996 MAL 12 15 plex coastal configuration, etc.). For each site, all pairs of
Calhau —-24.867  16.864 CAL 40 15 ; o

Camaguey 77850 21422 CAM 122 20 monthly mean AOD from IASI, prowde_q _|t is larger than
Capo_Verde 22935 16.733 CVE 60 20 0.02 (a limit imposed by the 1ASI sensitivity to AOD) and
Santa_Cruz_Tenerife —16.247  28.473 TES 52 2.0 from AERONET, available over the period considered, are
:_Za”f‘ _ig:gi ;g-igg iE:_ Zggé ;-8 included in the evaluation; the same rule applies for IASI
a_Laguna —16. . . . . . .

La_Parguera 57045 17970 LPA 12 20 and CALIOP altltqde, provided IASI _altlt_ude is larger than
Ragged_Point _59432 13.165 BAR 40 20 1km. In the following such a data pair will be referred to as
Karachi 67.030 24870 KAR 49 2.0 one item.

MCO-Hanimaadhoo ~ 73.183  6.776 MCO 0 20 To quantify how accurately IASI agrees with AERONET
Pune 73.805 18537 PUN 559 1.5 CALIOP : de h f 2 Tavior di h
Jaipur 75.806  26.906 JAI 450 20 OF , US€ IS made here of a laylor diagram approac
Gual_Pahari 77150  28.426 GUA 384 20 (Taylor, 2001). As explained by the author, this diagram can
Kanpur 80.232 26,513 KAN 123 20 concisely summarize how well two patterns match each other
Dhaka_University 90.398 = 23728 DHU 34 15 i, terms of their correlation, their root-mean-square (rms)
GOT_Seaprism 101.412 9.286 GOT 10 15 . . : ;

Qiandaohu 119.053 29556 QIA 133 15 d!ﬁgrence, and the ratio of their variances (or standgrd de-
EPA-NCU 121.185  24.968 NCU 144 2.0  viations). Here, the two patterns are IASI (AOD or altitude)
Ningbo 121.547 ~ 29.860 NIN 121 15  on the one hand, and AERONET for the AOD or CALIOP
Lucinda 146.386 —18.520 LUC 8 15

for the altitude on the other. In this diagram, the correlation
coefficient and the rms difference between the two fields,
along with the ratio of the standard deviations of the two
be observed during 1 month in the tropics. For that reasonpattems’ are allulnd|cat§d by a s!ngle point. In the. follow-

ing, we use the “normalized” version of the Taylor diagram,

starting from the L2 5km aerOSOI layer product (version 3), which means that the rms difference and the two standard de-
monthly mean CALIOP altitudes are calculated at a resolu-

. " . . o viations (one for each pattern) have been normalized by the
tion of 3* x 3° following the approach and quality criteria of standard deviation of the corresponding reference field, here
Tsamalis et al. (2013). It is worth recalling that the altitudes P g '

seen by either IASI or by CALIOP do not have the same defi—AERONET for the AQD or C.:AUOP for the aIt|tud¢.
o . o . . . Moreover, because the diagram has been designed to con
nition. For IASI, altitude is “infrared equivalent” altitude, i.e.

the altitude at which half of the dust optical depth is below vey information a bout centred pattern d!fference;, we glso

. : ) use box-and-whiskers plots to characterize the distributions
and half of the optical depth is above, while, for CALIOP, . . )
o ; .~ .’ of the differences between the two patterns considered. This
it is the mean value calculated from the vertical distribution

of dust occurrence frequency (see Tsamalis et al. (2013) fo"rippmaCh Is important in that such box plots display differ-

details), thus independent from the dust load. The cALiopeNces between pqpulatlons _thhogt mak!ng any assumptions
. . L . ; about the underlying statistical distribution. The plots pre-
mean altitude is calculated in this way in order to avoid the ! ; ; )
o : . o sented here show the first and third quartiles and the median,
critical influence of the lidar ratio on the estimation of the ex-

tinction coefficient (and the optical depth), and the possiblethe ends of the Wh'Sker.S _bemg the minimum and“ma>_<|mlﬂm
of all of the data remaining after elimination of “outliers

misclassification of dust layers as polluted dust, which af- see below)
fects the assignment of the lidar ratio. These issues, alreadg/ '

Atmos. Chem. Phys., 14, 9343362 2014 www.atmos-chem-phys.net/14/9343/2014/
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For the AOD, such a comparison raises the problem of the Finally, all statistical results are given after having elimi-
difference between the two spectral domains used: infrarechated so-called “outliers” for which the difference between
(IASI) and visible (AERONET). Assuming a monomodal the IASI and the reference data stands too far from the mean
size distribution in the two cases (the contribution of the of all the sites. Here, the test distance has been chosen so that
fine mode to the IASI AOD is~ 10 % or less; Pierangelo, about 7% of the items are eliminated. Outliers may corre-
2013), the infrared (IR; 10 um)/visible (Vis; 500 nm) AOD spond to remaining thin clouds not detected by the cloud de-
coarse-mode ratio essentially depends on the refractive intection algorithm, to strong temporal aerosol heterogeneities
dex, on the width of the size distribution, and on the effective (bearing in mind that IASI and AERONET, and a fortiori
radius. Because the parameters involved in the determina€ALIOP, do not often measure the same days in the month),
tion of the ratio vary from one site to another (and possiblyto limits of the 1ASI retrieval algorithm, or to errors in the
throughout the time period for a given site), there is no oneAERONET (AOD) or CALIOP (altitude) observations. This
common factor reconciling the two observation metrics. Toprocedure allows us to eliminate cases which would other-
overcome this difficulty, a fit is done, site by site, including wise mask the real performance of the evaluation.
all the available items over the period studied, resulting in
an IR (10 um)/Vis (500 nm) AOD coarse-mode “empirical”
site ratio. As detailed in Appendix A, a theoretical site ratio 4 Results

can be estimated from the a priori knowledge of the aeroso!A ‘ K ¢ lain th vsis bel
microphysical properties (size distribution and effective ra- ew remarks are necessary 1o expiain the analysis beiow.

dius, refractive index), using a Lorenz—Mie calculation (see,F'rSt' the signal induced on IASI observations by each vari-

for example, Mishchenko et al., 2002). Results show that th _bledof _irnhtfar(_ast,hhere AOID or E.llt.itllj?e’ (:]epelr_ldsdonbits mag-
theoretical ratio strongly varies with both the size distribu- nitude. This 1S, NOWEVET, 1ess trivial for the at'u.] e but, gen-
tion (Fig. A3, left) and the refractive index (Fig. A3, right). erally, the higher the altitude the larger the signal. This is
For typical v’aIues of the effective radius and widt’h of the due to the decreasing thermal contrast between the surface
size distribution from AERONET, the theoretical ratio may _and the atmosphere when_ a_pproachlng _the surface. Hence,
vary between 0.6 and 1.3. However, being provided by theInfrared sounders Sh_OW a_llmlted sensitivity to_th_e b_oundary
AERONET database at each site studied, these two paramé@yer' Second, the_ signal induced by al_tltu.de is |ntr|nS|caII_y
ters are not a real problem for the evaluation of IASI. Regard-SMaller than that induced by AOD: retrieving accurate alti-

ing the refractive index, the theoretical ratio, estimated usingﬁfﬁ? dlﬁ’pfg?r:froerr?arrrll(c;r;;fggﬂlrtéteevss drr;?azﬁlz(?r::{rljor\rgveﬁtoﬁés
the microphysical properties measured by AERONET, ma ’ e X ) ’
Py brop y y drawback in that the larger noise of its short wavelength

vary from 0.4 for aerosol close to sources to 1.1 for aerosol

transported far from the sources (see Appendifoordet<'1ils).0hanne'S prevents good disentangling of the AOD and alti-

This is a very large range of variation: assuming a differenttﬁde S|gnhalsAg1[|)s difficulty has more impact on the altitude
refractive index model can lead to quite a different theoret-"an on the ’

ical site ratio. As a consequence, assuming a wrong refrac; .
o . . . 4.1 Evaluation of IASI 10 um AOD

tive index leads directly to a bias between IASI infrared and vaiuat H

AERONET visible AOD. The lack of knowledge of the true |, the following, for the sake of a simpler identification, each

infrared refractive index model to use at each site explainsjte name is followed by a parenthesized number referring

our choice of determining “empirical” IR/Vis AOD coarse- gither to Table 2 for sites over oceanic regions or to Table 3
mode site ratios through a fitting procedure. The problem as¢q; sjtes over land. As mentioned previously, a few sites are

sociated with this method is that of a bias potentially affect-\;seq poth over oceanic regions and over land which means
ing the IASI AOD (or AERONET coarse-mode AOD): inthis  that AERONET measurements are associated with IASI data

case, the procedure will mask the bias and produce a wrongiiher over oceanic regions or over land. This is the case for
empirical site ratio. As discussed in the following (Sect. 4.1), Dakar, Karachi, Pune, and Solar_Village, the latter, an obvi-
results of the site-by-site empirical fits are within the range g5 |1and site. for reasons discussed below.

of variation of their theoretical values and, also, in reasonable

agreement with values from Highwood et al. (2003). In ad-4.1.1 IR/ Vis AOD coarse-mode site ratios

dition to leading to wrong empirical site ratios, the presence

of biases should affect the amplitude of the seasonal cycletR /Vis AOD coarse-mode ratios have been computed for all

as well as degrade the correlation. Both sets of informatiorthe sites, over oceanic regions and over land, as explained in

are given and discussed site by site; they should help asseS&ect. 3. It is important to point out that the quality of the fit

the quality of the retrieved IASI AOD. In the remainder of for each site will depend on the number of items available

the paper, for each AERONET site, the visible coarse-moddas said above, a maximum of 72 items in 6 years may be ex-

AOD is multiplied by the empirical site ratio prior to being pected). Sites with obviously not enough items to correctly

compared to IASI infrared AOD. represent the seasonal cycle may lead to a wrong site ratio.
For that reason, site ratio statistics exclude those sites with
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Table 2. Correlation between IASI AOD and 500 nm coarse-mode Table 3. Same as for Table 2 except over land.

AERONET AOD (column 5), and amplitude (normalized standard

deviation of IASI) (last column), over oceanic regions. Each site  Site Code No. Nbit Correl. Amplit.
is identified by its name (first column), its three-digit code (sec-

S . Mezaira MEZ 1 39 0.55 0.57

ond column), and |dent|f|cat|0.n num.ber (third §0!umn). The fourth Solar_Village SVA > 55 0.47 084

column gives the number of items in the statistics (“Nb it"). The Hada el-Sham* HAD 3 8 0.50 0.35

last line gives the overall statistics (all sites merged). An asterisk Agouf_ou* AGO 4 39 0.64 0.65

in the first column indicates that the AERONET coarse-mode AOD  Banizoumbou* BAN 5 65 0.60 0.81

data at this site are “Level 1.5” instead of “Level 2.0” (see text). Dakar DAK 6 35 0.74 0.77

Bold names correspond to stations with weak mean IASI AOD (all- DMN_Maine_Soroa*  MaS 7 28 0.55 0.59

period average less than 0.08). Tamanrasset_INM TAM 8 14 0.87 0.71

Zinder_Airport* ZiA 9 47 0.53 0.52
*

Site Code No. Nblt Correl. Amplit. ﬁgr‘frfrate":e””ec ”_éo': 1110 4715 0.5056 o.s?é41
Abu_Al_Bukhoosh*  AAB 1 12 0.67 0.82 Karachi KAR 12 62 0.78 0.62
Dhabi DHB 2 7 0.87 0.68 Punet PUN 13 49 0.77 0.89
Dhadnah DHA 3 23 0.70 0.67 Jaipur JAL 14 32 0.88 0.56
Kuwait_University KuU 4 23 0.74 0.83 Gual_Pahari GUA 15 12 0.82 0.89
Mussafa MUS 5 15 0.62 0.74 Kanpur KAN 16 56 0.61 0.85
Solar_Village SVA 6 52 0.83 0.89 Qiandaohu* QA 17 12 051 1.32
KAUST_Campus KAU 7 10 0.78 1.77 .
CRPSM__MaIi‘r)ldi* MAL 8 42 051 144 Allsites merged av 619 074 08
Calhau* CAL 9 14 0.75 0.77
Camaguey CAM 10 31 0.91 1.05
ggﬁgr—verde Di\f 121 3(;5 097'25 O%gs 41.2 Evaluation of IASI 10 um AOD over oceanic
Santa_Cruz_Tenerife  TES 13 51 0.82 1.04 regions
Izana TEI 14 55 0.85 0.93
La_Laguna TEL 15 39 0.89 1.05 Table 2 gives the correlation (column 5), site by site, ob-
La_Parguera LPA - 16 43 086 0.93 tained between IASI and 500 nm coarse-mode AERONET
EZ?;’;?—POW i’:ﬁ 1178 55% %;11 %_%% AOD, and the normalized standard deviation of IASI (last
MCO-Hanimaadhoo MCO 19 34 0.60 0.90 column). In the following, the normalized standard deviation
Pune* PUN 20 50 0.81 1.03 will be referred to as “amplitude”, as often representative of
Dhaka_University* DHU 21 10 0.85  0.96] the amplitude of the seasonal cycle. For each site, identified
GOT_Seaprism* Got - 22 9 054 108 pyits full name, three-digit code, and number (columns 1, 2,
EPA-NCU NCU 23 36 0.62 0.72 . . . T
Ningbo* NIN o 5 0.85 0.85 and 3,_ respectlvely),.the number of |t9ms in the stat|st|c§ is
Lucinda* LUC 25 8 067 1.11 also given. The last line of this table gives the overall statis-
All sites merged av 786 0.86 0.93 tics. Sites marked by an asterisk indicate that the AERONET

coarse-mode AOD at this site is “Level 1.5” instead of “Level
2.0" (see Sect. 2.2). 32% of the sites considered are con-
cerned. Bold names correspond to sites for which the full-
ﬁeriod averaged IASI AOD is less than 0.08, noting that a
majority of sites have an averaged AOD of the order of 0.15
(see also the AOD time series in the Supplement). With a to-
: o . . tal of 786 items and overall correlation of 0.86, one may rea-
fact that the mean site ratio is larger over oceanic reglonsSOnably conclude that IASI matches AERONET well. Sup-
where the MITR aer?sol m.Od?I s?ems best adaPted, th""Bressing the elimination of outliers leads to an overall corre-
over Ia_nd_, where the “dust-like” or \(olz—Fouquart model lation of 0.78 for 853 items. Site by site, disparities appear
'S & priort better adapted, agrees V.V'th thg theory (see ApWith, for example, CRPSM_Malindi(8) and a weaker cor-
pendix A). One may also note the slightly (in percent) Iargerrelation of 0.51; this is mainly due to the small IASI AOD

standard deV|_at|on for the S|te_s over ocean|<_: regions comy < aq throughout the period (average AOD of 0.04) at or
pared to the sites over land. This may be due in part to the la-

. . even under the limit of the method and is perhaps also due
bel “sea” given to sites far from the aerosol sources as well a3, the quality “Level 1.5 of this site. However, other “Level

tosites, e.g. in the Persiap Gulf, closer to sources. This is _alsg_S,, sites show good correlation as, for example, Pune(20) or
due to the two Tenerife sites (TEL and TES), both Show'ngDhaka University(21) with 0.81 and 0.85, respectively.

ratios much larger 1.2) than the mean. Kal_ashnikova ar_1d Figure 2 shows the Taylor diagram (normalized by the ref-
Kahn (2008) had already observed the particular behavioug, o, oo AERONET) for the IASI and the AERONET coarse-
of these sites, which is still not clearly understood. mode AOD. In this figure, the labels (hnumbers) correspond

to those in Table 2 and the symbol “av” stands for the result

less than 20 items. The site of Izana, measured at an altitud
of ~2.4km, is also excluded. Averaged over all remaining
sites, the mean ratio comes to 0#9.25 for the sites over
oceanic regions and to 0.850.15 for the sites over land. The
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Figure 3. Box-and-whiskers plot (ends of the whiskers exclude the
outliers) for the difference between IASI and AERONET 500 nm
coarse-mode AOD (scaled by the site ratio as explained in Sect. 3)
over oceanic regions. Sites are identified by their number and code
Figure 2. Taylor diagram (normalized) for IASI and AERONET in Table 2, followed by the number of items. Last box marked “Tot"™:
500 nm coarse-mode AOD over oceanic regions. Sites are identifie@verall result.

by their number in Table 2. Grey numbers are for “Level 1.5” sites.

The overall statistics appear in blue (*av” for average). Correlation . . . L
shown on the external circle; amplitude: radial distance. the MITR aerosol model inappropriate; this problem is dis-

cussed in Sect. 4.3.
Figure 3 shows the box-and-whiskers plot for the differ-

ence between IASI and AERONET AOD: first and third

obtained when all items from the 25 sites over oceanic réartiles and median. The ends of the whiskers are the min-
gions are merged. In addition to the good overall correla-

) T ; ima and maxima of all of the data, outliers excluded. For
tion of 0.86 already seen, this diagram provides an overalk, o overall sample, there is almost no skewness and a rel-

(“av”) amplitude of 0.93, similar to that of the AERONET 4iuely small inner quartile range (third quartile minus first
reference, marked by the cyan arc indicating a radius of 1q,arile) of~0.05. Most sites show a small skewness with

Four sites, located far from aerosol sources, Camagu_ey(lO}he noticeable exception of 1zana(14), but the altitude of this
Capo_Verde(11), La_Parguera(16), and Ragged_Point(17)iq js ~ 2400 m (see also Sect. 3), and of the sites with

show an amplitude close to 1, with good correlations. i, smajl a number of items (Dhabi(2), KAUST Campus(7),
Three sites of the Persian Gulf (Dhabi(2), Dhadnah(3), Mus-phaa university(21), etc.), which actually display dubious
safa(5)), and Dakar(12), which are relatively close t0 aerosol g its as far as the data distribution is concerned. For the

sources, show smaller amplitudes (by about 25%). FOKjies with more items available, poor results may indicate the

Dhabi(2) and Mussafa(5) to a lesser extent, the number of,se of 5 wrong IR/ Vis coarse-mode AOD ratio (see above).
items is among the smallest. For these sites, the MITR model

is probably not adapted well enough. CRPSM_Malindi(8), 4.1.3 Evaluation of IASI 10 um AOD over land

with a weak correlation, shows a much larger amplitude (1.4)

compared to the reference than KAUST_Campus(7) with anAs in Table 2 for the sites over oceanic regions, Table 3
amplitude of 1.8 (and a better correlation of 0.78). Resultsgives the correlation (column 5) obtained between IASI and
for sites, such as GOT_Seaprism(22), Ningbo(24), or Lu-the 500 nm coarse-mode AERONET AOD and the amplitude
cinda(25), are not really significant, probably due to their (last column). Here, the overall correlation reaches 0.74 for
low numbers of items; see Table 2. These differences may$19 items (0.67 for 660 items without elimination of the out-
at least partially, be due to the way the AERONET metricsliers), a relatively good result keeping in mind that, here,
are adapted to the IASI metrics (see Sect. 3). As already exthe proportion of “Level 1.5” sites (marked by an asterisk)
plained in Sect. 3, biases affecting IASI AOD as well as toois larger than over oceanic regions (47 %). The overall am-
few AERONET measurements, poorly distributed through-plitude (0.86) is significantly lower than for the sites over
out the time period studied, can degrade the fit, leading taoceanic regions (0.93). This is also due to the use of the
a wrong IR /Vis coarse-mode AOD ratio. The correlation is MITR model for sites close to aerosol sources. As for the
weak for the two sites MCO-Hanimaadhoo(19) and EPA- sites over oceanic regions, site by site disparities appear with,
NCU(23). Both are under the influence of a variety of aerosolfor example, the high correlation (0.87) of Tamanrasset_INM
sources, as revealed by trajectory analysis (Eck et al., 2001(8), however, for which there are only 14 items available, or
Wang et al., 2010). They are also sites where conditions makéhe weak correlation (0.47) of Solar_Village(2). This poor

0.50 . 1.25
IASIVSAERONET
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Figure 5. Box-and-whiskers plot (ends of the whiskers exclude the
outliers) for the difference between IASI and AERONET 500 hm
coarse-mode AOD (scaled by the site ratio as explained in Sect. 3)

050 075 . . o . .
IASIVSAERONET over land. Sites are identified by their number and code in Table 3,

followed by the number of items. Last box marked “Tot": overall
Figure 4. Same as for Fig. 2 except over land. Sites are identifiedresult.
by their number in Table 3.

too low by ~20% (note that, as an “over oceanic regions”

correlation for a site with a relatively high number of items site, its amplitude is almost equal to 1; see Fig. 3). The am-
(55) has at least two explanations: terrain heterogeneities anplitude corresponding to the whole ensemble of items from
elevation (about 850 m). This situation complicates the re-the 17 merged overland sites (“av”’ on the graph) is slightly
trieval of AOD by rendering channels sensitive to the lower smaller (13 %) than that of the reference (AERONET). Ac-
part of the atmosphere even more transparent and hence motaally, all sites show a deficit, but some of them (Mezaira(1),
affected by surface heterogeneities. As a consequence, ekarachi(12), Jaipur(14)) more than the others. This is all the
rors in the surface emissivity and/or temperature have largemore true over Sahara, most sites being “Level 1.5". These
consequences. This has led us to associate Solar_Villageesults confirm that the MITR model is not well adapted to
AERONET measurements with IASI data from the nearestthese situations closer to sources. They also show that the
region (centred at 2N, 51° E; box of +1° in latitude and  presence of pronounced terrain heterogeneities has a nega-
longitude), over oceanic regions of the Persian Gulf, beartive impact on the accuracy of the AOD retrieved from IASI,
ing in mind the prevalence of roughly similar weather con- this being due to the increased difficulty in determining sur-
ditions over the Arabian Peninsula during the pre-monsoonaface characteristics (emissivity and temperature; see Capelle
(spring) and monsoonal (summer) period, when maximumet al., 2012).
dust activity occurs (Walters Sr. and Sjoberg, 1990; Smirnov Figure 5 shows the box-and-whiskers plot for the differ-
et al., 2002; Léon and Legrand, 2003). This time, a strongence between IASI and AERONET AOQOD: first and third
correlation of 0.83 is obtained as seen in Table 2 and Fig. 3quartiles and median for the sites over land. Results are sig-
We see this result as a confirmation of the increased difficultynificantly worse than over oceanic regions, with a majority of
in retrieving aerosol characteristics over “difficult” terrains. skewed distributions, most pronounced for Mezaira(1) and
Except Zouerate-Fennec(10) and Pune(13), all other “Levefamanrasset_IMN(8), the latter with only 14 items (and an
1.5” sites show relatively weak correlations. elevation of~ 1400 m). As a consequence, the overall distri-

Figure 4 shows the Taylor diagram (normalized by the ref-bution is slightly skewed and the ends of the whiskers are at
erence AERONET) for IASI and AERONET coarse-mode about+0.15 instead of£0.1 over oceanic regions.
AOD. The largest discrepancies, marked by a much too low Both over oceanic regions (coastal) and over land, the sites
amplitude compared to AERONET, can be seen at threean the Middle East are not among the best, with a few excep-
“Level 1.5 sites (Hada_el_Sham(3), Zinder_Airport(9), and tions. This might be due to the aerosol heterogeneity in this
Zouerate_Fennec (10)), although the latter shows a strongegion (Kaskaoutis et al., 2010), where coarse-mode desert
correlation; however, Pune(13), also a “Level 1.5” site, dust aerosols often mix with fine-mode pollution aerosols
shows good results. Among the “Level 2” sites, Tamanras-argely produced by the petroleum industry and themselves
set_IMN(8) shows a strong correlation but too low an am- possibly affected by aerosol humidification growth (Smirnov
plitude (~0.75), Gual_Pahari(15) has good results, and So-t al., 2002; Eck et al., 2008; Reid et al., 2005, 2006, 2007,
lar_Village(2) has the weakest correlation and an amplitude2008; Basart et al., 2009). This is somewhat similar for
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Table 4. Correlation between IASI and CALIOP altitude (column
5) and amplitude (last column) over oceanic regions. Each site is
identified by its name (first column), its three-digit code (second
column), and identification number (third column). The fourth col-
umn gives the number of items in the statistics. The two last lines
give the overall statistics: first line — all sites merged; second line —

1.25

1.00

without three sites (Malindi, Ningbo, Lucinda), see text. E

g 0.75
Site Code No. Nbit Correl. Amplit. §
Abu_Al_Bukhoosh AAB 1 40 0.62 1.28 g
Dhabi DHB 2 40 0.62 1.28 & 050
Dhadnah DHA 3 45 0.75 1.18 3
Kuwait_University KuU 4 44 0.65 1.07 3
Mussafa MUS 5 43  0.76 1.23 g
Solar_Village SVA 6 43 0.79 1.11 S 025
KAUST_Campus KAU 7 45  0.80 0.86 @
CRPSM_Malindi MAL 8 42 0.23 0.18
Calhau CAL 9 47 0.78 1.09 , -
Camaguey CAM 10 22 0.10 1.05 0.25 0.50 0.75 REF 1.25
Capo_Verde CVE 11 47 0.78 1.09 IASIvsCALIOP
Dakar DAK 12 47 0.83 1.59
Santa_Cruz_Tenerife ~ TES 13 42 0.63 0.58 Figure 6. Taylor diagram (normalized) for IASI and CALIOP al-
Izana TEI 14 42 0.63 0.58 titude over oceanic regions. Sites are identified by their number in
La_Laguna TEL 15 42 0.63 0.58 Table 4. The overall statistics appear in blue (“av” for average).
La_Parguera LPA 16 24 0.61 1.29
Ragged_Point BAR 17 27 0.64 1.14
Karachi KAR 18 47 0.65 0.51
'\P/Iucn(; Hanimaadhoo 'F\,AS,\? 2109 4453 09'7882 0(?'7848 al_titude ar_1d the amplitu_de (last column). Overall statistics
Dhaka_University DHU 21 38 0.57 0.39 with all sites merged give a correlation of 0.65 for 929
GOT_Seaprism GOT 22 27 0.24 1.61 items and an overall amplitude of 0.91. Eliminating three
EPA-NCU NCU 23 30 052 0.25 sites — CRPSM_Malindi(10), due to too low a mean AOD
Ningbo NIN =24 14 0.03 0.48 (0.04), and Ningbo(24) and Lucinda(25), due to too low
Lucinda LUC 25 14 -0.52 0.23 . . .

a number of items (14) — gives a correlation of 0.7 for
All sites merged av. 929 0.65 0.91 853 items (overall amplitude: 0.92). These weaker corre-
All sites (filtered) av 853 0.70 0.92

lations, compared to the AOD, had to be expected due
to (i) the sensitivity of IASI, lower to altitude than to
AOD (Pierangelo et al., 2004); (ii) the different defini-
llorin(11) and Kanpur(16) (Singh et al., 2004; Eck et al., tions of the two altitude products (see Sect. 2.3); and (iii)
2010). One may note that the “Global dust model intercom-the large differences in the space—time resolution of 1ASI
parison in AeroCom Phase I” (Huneeus et al., 2011) cameand CALIOP. Here again, site by site disparities appear
to similar conclusions for the Middle East AERONET sta- with, for example, sites far from the sources character-
tions and the coarse-mode AOD. More generally, results oveized by a weak AOD throughout the time period (see Ta-
land are significantly worse than over oceanic regions, theble 2, bold face sites). CRPSM_Malindi(8), Camaguey(10),
main reasons being (i) the use of the MITR model, partic-La_Parguera(16), Ragged_Point(17), GOT_Seaprism(22),
ularly its refractive index in the infrared (see Appendix A), EPA-NCU(23), or Lucinda(25) are examples of such sites,
for sites close to aerosol sources; (ii) the greater complexshowing a low correlation. This is due to the fact that a low
ity of the surface (heterogeneities, elevation); and (iii), the AOD increases the difficulty of determining the altitude from
episodic presence of dust in the lower troposphere, particutASI (there are a few exceptions: MCO-Hanimaadhoo(19) or
larly for sites close to active sources (the Sahara, for examPune(20), which show strong correlations of 0.82 and 0.78,
ple), to which IASI is poorly sensitive, unlike AERONET. respectively). Sites, such as Calhau(9) or Capo_Verde(11), or
Close to sources, the measurement time difference betweespme sites of the Persian Gulf, closer to sources, show better
IASI (at night) and AERONET may also be a problem due to correlations.

the presence of a diurnal cycle (Kocha et al., 2013). Figure 6 shows the Taylor diagram for IASI and CALIOP
altitude over oceanic regions, CALIOP being the reference.
4.2 Evaluation of IASI altitude over oceanic regions In addition to the overall correlation already seen, if this di-

agram shows overall amplitude similar to that of CALIOP
As in Table 2 for the AOD, Table 4 gives the corre- (0.91), it also shows a large dispersion of the amplitudes
lation (column 5) obtained between IASI and CALIOP for the sites. Among the “Level 2" sites with a mean AOD
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Box-and-whiskers plot (Sea) 4.3 Impact of the refractive index in the infrared
2 " IASivsCALIOP  mmmms
I I AR A A While numerous measurements of the aerosol refractive in-
1 [ T I B dex (real and imaginary parts) actually exist in the visible
o8- ' FT R TR T part of the spectrum, this is not the case in the infrared. How-
“'AENR "iEwl RETHeul THlel ever, refractive indices in the infrared are often marked by a
e F 1L IBE BA RE N IDEE Rd I BER I 1 B relatively large spectral variability from one source of aerosol
04 ' 1N . = | EEm to another. Sokolik et al. (1998) illustrate this variability well,
08 oo [ de e A EEEES | ERR listing most of the existing measurements of mineral aerosol
12 P L infrared refractive index. This can cause important changes
16 S S U S S O in the aerosol optical characteristics (Sokolik et al., 1998;
2 ‘%‘%“’v:’f\ ‘%m:’% e 03 };};ﬁ;}m))\ oa,&\ - ;a}zoie i Lo Claquin et al., 1998; Sokolik and Toon, 1999; Pierangelo,
8 e ;y%;o;;(%j%(é’;%%ij%;%%@%%;f%)j%z%é%%?é&;%;&g 2013) and, consequently, in the dust radiative forcing, both

in the infrared and in the visible. Figure A2 of the Ap-
Figure 7. Box-and-whiskers plot (ends of the whiskers exclude the Pendix shows infrared refractive indices from four sources:
outliers) for the difference between IASI and CALIOP altitude over the MITR model from the OPAC data base (Hess et al.,
oceanic regionsy axis is in kilometres. Sites are identified by their 1998), resulting from the measurements by Volz (1973) and
number and code as defined in Table 4, followed by the number ofrepresentative of desert dust far from the sources; the “dust-

items. Last box: overall result. NB: a systematic bias—@‘.4_ km like” model from the measurements by Volz (1972, 1973),
(IASI-CALIOP) has been removed from the mean (all sites andmgre representative of non desert mineral aerosols generated
total). from soil; the “revisited” index, proposed by Balkanski et

al. (2007) in an effort to reevaluate mineral aerosol radia-

larger than 0.08, amplitudes that are much too small are obEIVe forcings; and the "Volz-Fouguart” model from Saharan

. . . dust measurements above Niger (Volz cited by Fouquart et
served for the three sites at Tenerife(13-15), overlappin : o I k
with an amplitude of~0.60 and a correlation of 0.63, gaI., 1987). At this stage, it is worth pointing out that, in the

and for Karachi(18). Amplitudes that are too large are Ob_infrared, the impact of the refractive model is difficult to

served for Dakar(12), Abu_Al_Bukhoosh(1), and Dhabi(2) quantify a priori since it depends on the variability of both
Sites with a mean AO’D less than 0.08 enérall show 0(Srits imaginary and real parts at the central wavelengttedlof
e g y P e channels used in the retrieval process (Pierangelo et al.,

results, Agaln_, we see that the method_ cannot be applie 004). Locations of the IASI channels used in the present ap-

to low-AOD situations. The box-and-whiskers plot for the : - :

difference between IASI and CALIOP altitude — first and proach are shown by the vertical bars in Fig. A2. Because this
study was carried out using a single refractive index model

third quartiles and median — over oceanic regions is Shown(the MITR model) whatever the location of the site consid-

in Fig. 7. In this figure, the difference between the me- ered, it appeared important to test the sensitivity of the results
dian and O is the bias observed between IASI and CALIOP. 1tapp P y

Here, a systematic bias 0f0.4km (IASI-CALIOP) has to a change in the refractive index. IASI results have thus

T been reevaluated using the “revisited” mineral dust refrac-
been removed. The overall standard deviation is 0.48km,.~ . : . -
. : ) o tive index (Balkanski et al., 2007), which shows significant
explained in part by the layering of the radiative transfer

code used to compute the LUTS: two adjacent layers ar differences with the MITR model, in particular around 9.3,

. E'11.5, or 11.8 um, as illustrated by Fig. A2.
separated by- 0'85.km' For the overall sample, there is no With this new refractive index model, new LUTs have

5Deen computed and the whole retrieval process has been re-
done. Figure 8 summarizes the differences found between

. . he MITR evaluation and this new evaluation for the sites
aguey(10), Dakar(12), and GOT_Seaprism(22). Lucmda(250ver land (see Table 3). This figure shows differences, site

again shows strange behaviour. Largest remaining biase%y site and total, between MITR and “revisited” for the cor-

seen in Fig. 7-£0.4km, giving a tota_1| bias of-0.8km), relation (red) and the amplitude (blue) for the AOD (IASI
are observed for the three Tenerife sites. These results over o .
: s g . versus AERONET). Positive (negative) values mean better
oceanic regions must be improved; they demonstrate that the

difficulties met in determining the AOD are largely amplified _corr'falatmn and an amphtude closer to 1 for_ MITR ( revis-
. . ited”). A few conclusions stand out from this comparison.
when determining the altitude.

- ) . Concerning the correlation, there are four differences larger
For a majority of sites over land, essentially over deserts

: : ._than 0.10. Two support the use of MITR: Dakar(6) with a
results for altitude are not satisfactory. To the reasons dis-,. : . .

difference of 0.12 and Gual_Pahari(15) with a difference of
cussed above for the AOD must be added the lower sensiz

tivity of IASI to altitude. Work is in progress to solve these 0'15_ and too low a number of ‘|‘tem_s_ o "really be s_|gn_|f|-
difficulties. cant; two support the use of the “revisited” IR refractive in-

dices: llorin(11) with a difference of 0.11 and Kanpur(16)

first quartile) of~ 0.8 km. Most sites show a small skewness
with the exception (again) of CRPSM_Malindi(8), Cam-
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0.3 P considered in this study, we present the time series figures in

0.2 [ GLEE ampll e the Supplement associated with this paper.

. 1 /\ Figure S1 in the Supplement shows time series of the
\ 54 \ \ u 10pum IASI AOD (red) and of the AERONET coarse-

0 ?L \ — \ / mode 500 nm AOD (black) for the sites over oceanic re-
0.1 gions. AERONET AOQOD is scaled by the empirical IR/Vis
0.2 \/ / coarse-mode AOD site ratio, determined as explained in

Sect. 3, and shown at the top left of each figure. Fig-
0.3 %, %, B, o, %, % R 2y N 0 Y B %, %0 O 0, % ure S2 in the Supplement shows similar time series for
Bo Wy 0 Vo Gy Rp Ve Ve Tp N s % Vs Vo Gy Yo the sites over land. Several remarks can be made about

%s,
© these figures. A relatively modest result seen from the Tay-
Figure 8. Differences, site by site and total (“Tot”), found between lor diagrams can result from low AOD (for example, at
the MITR and “revisited” evaluations (see Sect. 4.3) for the AOD CRPSM_Malindi(8), Lucinda(25), GOT_Seaprism(22)). A
(IASI versus AERONET) and for the sites over land (see Table 3).good correlation can mask an IR/Vis ratio a priori far
Differences in correlation are shown in red; differences in amplitudefrom its theoretical value: a ratio of 2.3 is obtained at
(_normalized standard deviation)_are shown in bl_ue. Positive (”ega1zana(14), the site elevation (2400 m) of which is problem-
E/IvleT)%/a‘l‘ues_ mean better correlation and an amplitude closer to 1oL \when compared to IASI, which integrates the whole
(revisited”). atmospheric column. For the same site, the difference be-
tween the amplitudes of the IASI and the AERONET time
with a difference of 0.17; the latter site is under the influ- SEres is obvious; as already said, an anomalous ratio can
ence of the Thar desert, the primary potential source of dust§ask @ bias of the IASI AOD. Similar remarks can be
in the Indian subcontinent (Dey et al., 2004, and referencednade for the sites over land. Similar remarks can be made
therein). Differences in amplitude are clearer with three sited©" the sites over land, for example, the smaller amplitudes
that support the use of MITR (Mezaira(1), Solar_Village(2), © the IASI time series for Mezaira(1), Agoufou(4), Ban-
and llorin(11)), and four sites that support the use of “revis-1Z0Umbou(5), DMN_Maine_Soroa(7), ZLﬂdBI’_AII’p(Bl’t(Q),
ited” (DMN_Maine_Soroa(7), Karachi(12), Pune(13), and and Zouera‘ge_Fennec(lO), howe_ver all _Level 1.5” sites,
Kanpur(16)). Some sites show larger correlation but smallef£XCePt the first one. The same time series also show that
amplitude, contrary, for example, to Kanpur with the two re- € IASI AOD is likely too high outside the aerosol sea-
sults that support the use of “revisited”. Concerning the box-S0n- Incidentally, the largest IASI AOD ever observed in
and-whiskers results, we have observed that differences iff1iS Study,~0.7, is for Qiandaohu(17) over land. There
the median are negligible and that differences in the inne® N0 AERONET measurements for this event (Decem-
quartile range are slightly more important, the three larges€r 2008), but one exists for the nearby site of LA_TM
differences (however, less than 0.04) supporting the use of119-40 E, 30.32N). Fig. S3 shows the corresponding
“revisited”. AOD time series, which confirm the 1ASI observation for
These results show the significant impact of this changdnis event. Figure S4 in the Supplement shows time se-
in refractive index model for some sites and the relevance of €S Of the IASI (red) and CALIOP (green) altitude (km)
the Sokolik et al. (1998) recommendation regarding the usd®' the sites over oceanic regions. The most obvious re-
of a particular refractive index according to the geographicalMa'K is the (expected) difficulty of deriving altitude in case
region considered. Differences between the two experimentSf Weak AOD (see, for example, CRPSM_Malindi(8), or
made here are significant and point to the need of more nevrPA_NCU(23)). Also, there are several amplitude problems

experimental measurements. As detailed in Appendix A, theyl 1enerife sites (13-15), Karachi(18), etc.) or phase shifts
would be even more significant with the “dust-like” or the (Calhau(9), Capo_Verde(11), etc.), illustrating that improv-
“Fouquart” refractive index models as they differ more from N9 the method is still necessary.

the MITR model than the “revisited” model does.

4.4 AOD and altitude time series 5 Discussion and conclusions

Time series of the AOD from IASI and AERONET and of 5.1 AOD

the altitude from IASI and CALIOP give another view of

the degree of agreement between the different sources of thie this study, I1ASI-derived dust AOD has been evaluated us-

products. They also highlight the frequent lack of AERONET ing AERONET ground-based measurements of the 500 nm
data throughout the period of study. Lack of IASI data is alsocoarse-mode AOD for 38 sites (of which four sites are con-

seen, due to not enough IASI daily results in the monthlysidered both over oceanic regions and land) of the tropical

average (presence of persistent clouds, rejection by the algdsand. There are sites over oceanic regions, over land, and
rithm, etc.). Because of the relatively large number of sitesover desert. Most sites are of AERONET quality “Level 2"
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(quality-assured), the rest being of quality “Level 1.5”, mean- This is a relatively high correlation, keeping in mind that,
ing that they have been cloud-screened but may not have fihere, the proportion of “Level 1.5” sites is larger (47 %) than
nal calibration applied. The evaluation method relies on theover oceanic regions (32 %). All sites show smaller ampli-
analysis of Taylor diagrams and of box-and-whiskers plots.tude than that of the reference AERONET (amplitude of 0.86
To overcome the difficulty raised by the difference betweenfor the overall sample), with a stronger discrepancy found
the two spectral domains used to derive the AOD, and hencever Sahara, where most sites are “Level 1.5". In addition to
different metrics, a fit is done, site by site, including all the the explanations already given for sites over oceanic regions,
available items for the period studied, resulting in an IASI IR pronounced terrain heterogeneities, increasing the difficulty
(10 um)/ AERONET Vis (500 nm) AOD “empirical” coarse- of determining surface characteristics (emissivity and tem-
mode site ratio. Theory (see Appendix A for details) showsperature; see Capelle et al., 2012), have a negative impact on
that this ratio essentially depends on the refractive index (inthe AOD accuracy. The box-and-whiskers diagram over land
particular its infrared part, which is measured much less thar(Fig. 5) shows results that are significantly degraded com-
its visible part), on the width of the size distribution, and on pared to the ones over the oceans (Fig. 3) with a majority of
the effective radius, the latter two being given, but not al- skewed distributions.
ways, at each AERONET site. With these parameters vary-
ing from one site to another (and, often, from one day to the5.2 Altitude
next), there is no one common factor reconciling the two ob-
servation metrics. For sites over oceanic regions, we infeWith 929 items for the whole period (all sites over oceanic
a mean ratio of 0.72 0.25; a lower mean ratio is obtained regions), the overall correlation is 0.65 and the overall ampli-
over land: 0.55: 0.15. Although these values are compatible tude is 0.91. Eliminating three sites — CRPSM_Malindi(10),
with theoretical simulations, the dispersion is significant anddue to too low a mean AOD (0.04), Ningbo(24) and Lu-
comes not only from the variability, site by site, of the influ- cinda(25), due to too low a number of items (14) — gives
encing variables, but also from the possibly incorrect use ofa correlation of 0.7 for 853 items (overall amplitude: 0.92).
the MITR aerosol model for a particular site. As shown in This is significantly worse than for the AOD but still accept-
Sect. 3 and Appendix A, theoretical values of this ratio vary able. Actually, a correlation weaker than for the AOD was
from 1.1, using the MITR refractive index model, to 0.4, us- expected, due to the great difference between the two ap-
ing models more representative of aerosols closer to sourceproaches (definition of the altitude, difference in the space—
The problem raised by the determination of an “empirical” time resolutions, and lower sensitivity of IASI to altitude
coarse-mode site ratio is that of a bias potentially affectingthan to AOD). It is also seen that low IASI AODs increase
the IASI AOD: in that case, the procedure will mask the biasthe difficulty of determining the altitude from IASI. The Tay-
and produce a wrong empirical site ratio. Large differences inlor diagram that depicts the altitude of the dust layer over
the amplitudes of the IASI and scaled AERONET AOD time the oceans (Fig. 6) shows overall amplitude similar to that of
series, as well as degraded correlations, are potential signs &ERONET and also shows a large dispersion in the site am-
such a problem. Also, if too few items are available over theplitudes. There is a systematic bias-d9.4 km between IASI
time period studied, the fit may not really be representative ofand CALIOP (IASI-CALIOP). The box-and-whiskers plot
the whole seasonal cycle and hence may lead to an incorre¢Fig. 7, in which the systematic bias has been removed) for
ratio: the smaller the number of items, the less reliable the rethe overall sample shows a small skewness and a relatively
sults. In general, results are significantly better over oceanismall inner quartile range (third quartile minus first quartile)
regions, where surface characteristics (temperature, emissivaf ~ 0.55 km. Most sites show no pronounced skewness. Re-
ity) are more accurately retrieved, than over land, particularlysults over land, particularly over deserts, are not satisfactory.
in case of heterogeneous terrains. We suggest that this is due to terrain heterogeneities and el-
Over oceanic regions, the main results found for the AODevation as well as to the residual presence of dust aerosols
in this work are (i) a strong overall correlation of 0.86 be- in the lower troposphere. Work is in progress to solve these
tween IASI and AERONET monthly mean AOD for the 786 difficulties.
items representing all the months available at the 25 sites;
(i) weaker correlations observed for some sites with com-5.3 Problem of the refractive index
plex aerosol situations marked by the influence of a variety
of sources, or for some sites that may reasonably be sugdne of the limits of the present approach is the systematic use
pected not to correspond to the MITR model used here (Hessf the MITR refractive index model. The experiment consist-
et al., 1998); (iii) overall amplitude (normalized standard de-ing of exchanging this model for the “revisited” IR refrac-
viation) similar to that of AERONET; and (iv) no skewness tive indices from Balkanski et al. (2007) and proceeding to
of the overall sample (as well as of most site samples) and @ new evaluation has provided some indications concerning
relatively small inner quartile range 6f0.05. the sensitivity of such an evaluation to the refractive index
Over land, the overall correlation comes to 0.74 for the 582model used in the inversion. First, it highlights the significant
items representing all the months available at the 17 sitesimpact of this change in refractive index model for certain
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sites: two sites (one) show a better correlation with “revis- In spite of these difficulties, the overall agreement be-
ited” (MITR); four sites (three) show a better amplitude with tween IASI and AERONET for the AOD and between IASI
“revisited” (MITR). Second, it confirms the relevance of the and CALIOP for the altitude is satisfactory. AERONET,
Sokolik et al. (1998) recommendations regarding the use ofCALIOP, and IASI all have their advantages and drawbacks:
refractive index adapted to the geographical region considthe present results demonstrate the usefulness of 1ASI data,
ered. For example, Highwood et al. (2003), analysing in-which are designed to cover a long period of time, as an ad-
frared interferometric measurements made during the Sahaditional constraint to a better knowledge of the impact of
ran Dust Experiment (SHADE), get the best agreement wheraerosols on the climate system. With the aim of a still more
using the “Fouquart” refractive index model. This highlights accurate comparison between IASI and AERONET, work is
the need for more new experimental measurements of refradn progress to analyse IASI results on a daily scale, over the
tive indices for more geographical aerosol source regionstropics as well as over midlatitudes. Preliminary results, in
Recent publications by Journet et al. (2014) and by Di Biagioparticular over the Mediterranean Sea, are encouraging.
etal. (2014) seem promising. The method used here to derive

aerosol characteristics from IASI can be applied immediately

to such new measurements.

5.4 Difficulties of the evaluation

The evaluation as described above encounters several prob-
lems. First, the number of IASI-AERONET monthly mean
AOD bins per site is often much smaller than the number of
months of the period studied (72). The most complete site
is, by far, Capo_Verde, with 65 items. The overall mean is
~ 33, with large variations, and the time distribution is not
always representative of the seasonal cycle. Second, measur-
ing either in the visible or in the infrared, AERONET and
IASI do not share the same AOD metrics. The fit used to
adapt the AERONET metrics to that of IASI must be made
site by site due to the dependence of the infrared to visible
AOD coarse-mode ratio on the refractive index, the size dis-
tribution, and the effective radius, all varying from one site
to another. A wrong empirical ratio may result from the in-
correct use of the MITR model for a particular site, from the
presence of IASI AOD biases, or from a fit with too small
a number of items. Wrong site ratios should, in principle,
correspond to differences in the amplitude of the IASI and
AERONET AOD time series, as well as to degraded corre-
lations. However, as shown in the Appendix, it is interesting
to point out that, despite its limited accuracy, the “empirical”
IR/Vis AOD coarse-mode ratio, directly determined by the
ratio of the 1ASI-retrieved 10 um AOD and the AERONET
500 nm coarse-mode AOD, can be interpreted asaaker

of the aerosol situation observed. Over land, and particularly
over desert, terrain heterogeneities may render the determi-
nation of the surface characteristics more problematic, result-
ing in a degradation of the dust properties derived from IASI.
Moreover, the episodic presence of dust within the lower tro-
posphere, particularly for sites close to active sources (Sa-
hara, for example), to which IASI is poorly sensitive, con-
trary to AERONET, may also lead to differences between
ground-based AERONET observations and IASI retrievals.
Finally, the level of IASI radiometric noise at short wave-
lengths hampers the altitude retrieval, the quality of which
relies on a combination of long-wave and shortwave chan-
nels (Pierangelo et al., 2004; Peyridieu et al., 2013).
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Figure Al. Mean values+one standard deviation) e andog

for the 38 AERONET sites analysed in this study (see Table 1).Figure A2. Real (top) and imaginary (bottom) refractive index for

The standard deviation associated with each site corresponds to tHbe MITR model (Hess et al., 1998; Volz, 1973) in red; the “revis-

variability of the parameter considered over the whole time periodited” (Balkanski et al., 2007) model in green; the “dust-like” model

analysed (July 2007-June 2013). from Volz (1972, 1973) in blue, and “Fouquart” et al. (1987) in pink.
Black vertical bars indicate the location of the IASI channels used
in the aerosol retrieval.

Appendix A: Impact of dust aerosol microphysical

properties on the IR/VIS AOD coarse-mode ratio and

on IASI brightness temperatures Al Range of variation of the dust aerosol

microphysical properties

The parameters describing aerosol optical properties are the

extinction coefficient, directly linked to the AOD; the sin- A1.1 Size distribution parameters

gle scattering albedo; and the asymmetry parameter. These (from AERONET)

parameters enter the radiative transfer equation for com-

puting radiances or brightness temperatures (BT), a quanFor each of the 38 sites analysed in this study, Fig. Al

tity commonly used in the infrared. These optical propertiesshows the mearf-one standard deviation, e (top) and

may be obtained from the a priori knowledge of the aerosolof o4 (bottom) as provided by the AERONET archive for

microphysical properties (size distribution and effective ra-the coarse mode. The standard deviation at each site corre-

dius, refractive indices) using a Lorenz—Mie algorithm (e.g. sponds to the variability of the parameter considered over

Mishchenko et al., 2002). With the purpose of comparing in-the whole time period July 2007-June 2013. From this fig-

frared (10 um) AOD to visible (500 nm) coarse-mode AOD, ure, the ranges of variation @&y andog are, respectively,

the size distribution can be modelled by a monomodal log-1.5-2.5 um and 0.5-0.8 (a few sites, with too few items, have

normal distribution (see, for example, Zender et al., 2002not been taken into account). This figure also shows the rel-

and Dubovik et al., 2002) that is described by the effectiveatively low variability of the site-by-site mean value f

radius (eff) and the standard deviation of the distributig and, to a lesser extent, a§.

In the following,oq stands for Infg). This approximation is

justified by the fact that, if we only consider the dust coarse-Al1.2 Refractive index

mode, the contribution of the fine mode in the long-wave do-

main is less than 10 % (Pierangelo et al., 2013, Sect. 9).  Unlike the size distribution parameters, the infrared part of

In this appendix, we investigate the variability of dust the refractive index is not available from the AERONET

aerosol microphysical properties and their impact on thearchive. However, the aerosol composition is variable and

IR/VIS AOD coarse-mode ratio and on the IASI brightness may change during transport (see for example Highwood et

temperatures. al., 2003), inducing a change in the refractive index from one
place to the other. The impact of the refractive index on the
IR/VIS AOD coarse-mode ratio and on IASI brightness tem-
peratures has been investigated for four models: MITR (see
Sect. 2.1); “revisited”, proposed by Balkanski et al. (2007),
in an effort to re-evaluate mineral aerosol radiative forcings;
“dust-like”, from the measurements by Volz (1972, 1973),
more representative of non-desert mineral aerosols generated
from soil; and “Fouquart”, from Saharan dust measurements
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Figure A4. Sensitivity of IASI brightness temperature() a vari-

: : _ation of 25 % of the effective radiusess (designated-e in the
above Niger (from Volz, cited by Fouquart et al., 1987), rep qiagram);(b) a variation of£259% of the standard deviatiany;

resentative of dust above sources. Figure A2 displays the re?c) a change in the refractive index (i.e. compositiql); an AOD
and imaginary parts of the refractive index for these four, iavion of10.1 (~ 25%) and—0.15 (~ —37 %). Reference con-
models. In this figure, black vertical bars indicate the loca- yitions: AOD at 10 prm= 0.4, mean aerosol layer altituge2700 m,
tion of the IASI channels used in the aerosol retrieval. reff = 2 im,og = 0.65, and refractive index is MITR.

A2 Sensitivity of the IR/VIS AOD

coarse-mode ratio to microphysical parameters
A3 Sensitivity of the infrared brightness

Figure A3a displays the values of the theoretical IR/Vis temperature (BT) to microphysical parameters
AOD coarse-mode ratio for typical valuesaf(0.5-0.8) and
reff (1.5-2.5 um) found in the AERONET database for the 38In order to quantify the impact of microphysical parame-
sites selected and for the MITR refractive index. It is seenters on infrared brightness temperatures, difference in BT to
that the IR/Vis AOD coarse-mode ratio can vary within quite a reference case is computed for a relatively high AOD of
a large range: 0.6-1.3. Figure A3b displays the values taken.4 at 10 um and for an aerosol layer at a mean altitude of
by this ratio for the four refractive index models of Fig. A2 2700 m. The reference configuration corresponds to the av-
and typical values ofeff (here,og = 0.6). Two model pairs  eraged values seen in the AERONET databage: 0.65,
behave similarly: on the one hand, MITR and “revisited”, ref = 2 um, refractive index model: MITR (from Volz et al.,
more representatives of aerosols far from sources, and, on theg73, slightly modified by Carlson and Benjamin, 1980).
other hand, “dust-like” and “Fouquart”, more representativesFigure A4 shows the sensitivity of the IASI brightness tem-
of aerosols closer to sources. The range of variation is, agairperature to a variation af25 % of the effective radiuse
quite large: 0.4-1.15. Moreover, oneg andref are given,  (a), a variation of+25 % of the standard deviatiary (b),
the impact of the refractive index on the ratio can reach 40 %a change of the refractive indeg){ and a variation of the
if the ratio is estimated with a refractive index more typical AOD (d).
of aerosols close or far from dust sources. For example, with  Concerning the variation of (Fig. 4a), maximum dif-
reff = 1.8 um andrg = 0.65, the ratio may go from-0.55t0  ferences are smaller than 0.2 K for an AOD of 0.4 at 10 um.
~0.90 (Fig. A3b). Note that the impact is proportional to the AOD: because the
For this evaluation of IASI-derived aerosol characteristics AOD is generally not larger than 0.6 at 10 um, the maximum
around AERONET sites, for which the standard deviation ofimpact is less than 0.5K for the channel the most sensitive
the size distribution and the effective radius are provided, thiso the size (at 9.3 um). Indeed, for the channels used in the
analysis demonstrates that the crucial parameter, governingetrieval, the impact is less than 0.3K for an AOD of 0.6.
the conversion of the AOD from the visible domain to the We conclude that, in the infrared domain, the effect of the ef-
infrared domain, is the refractive index, substantially varying fective radius is small, particularly on the channels selected.
with the type of aerosol considered. Unfortunately, an obvi-This agrees with Sokolik et al. (1998). Concerning the
ous lack of measurements of dust refractive index in the inimpact is less than 0.1K over the entire infrared spectrum,
frared precludes determining an accurate theoretical IR/ Vijuite negligible compared to the impact of a variation in
AOD coarse-mode site ratio. AOD (see also, e.g., Pierangelo et al. (2013), Sect. 9.4). Simi-
lar results are obtained for a reference (extreme) 10 um AOD
of 0.6 (impact of 0.2K instead of 0.1). Finally, the impact
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of the refractive index is, by far, the most important. For an
AOD of 0.4, the difference in BT can reach 0.8 K for two of
the channels used in the retrieval (around 12 um—-83dgm

To summarize, for the “reference case” used in this appendix
(0g = 0.65, reff = 2 um), using OPAC instead of “Fouquart”
can lead to an error of 0.1 for an AOD of 0.4, i.e. a 25% er-
ror. At the same time, the variation of the theoretical IR/ Vis
ratio will reach 40 %. This large signal means that, despite
its limited accuracy, the “empirical” IR/ Vis ratio, directly
determined by the ratio of the 1ASI-retrieved 10 pm AOD
and the AERONET 500 nm coarse-mode AOD, can be inter-
preted as anarker of the aerosol situation observed. Actu-
ally, as shown in Sect. 4.1.1, the mean empirical ratio comes
to 0.79+ 0.25 for the sites over oceanic regions, which are
far from sources and for which MITR is best adapted, and
to 0.55+ 0.15 for the sites over land, which are closer to
sources and for which the “Fouquart” model is best adapted,
following Highwood et al. (2003). This result gives some
confidence in the value of this empirical ratio.
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