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Abstract

This paper presents an 8-year (2005-2012 inclusive) study of the marine aero-
sol distribution and variability over the Southern Indian Ocean, precisely in the
area {10°S—40°S; 50° E—110° E} which has been identified as one of the most
pristine regions of the globe. A large dataset made of satellite data (POLDER,
CALIOP), AERONET measurements at Saint-Denis (French Reunion Island)
and model reanalysis (MACC), has been used. In spite of a positive bias of
about 0.05 between the AOD (aerosol optical depth) given by POLDER and
MACC on one hand and the AOD measured by AERONET on the other hand,
consistent results about the aerosol distribution and variability over the area
considered have been obtained. First, aerosols are mainly confined below 2km
asl (above sea level) and are dominated by sea salt, especially in the center of
the area of interest, with AOD < 0.1. This zone is the most pristine and is asso-
ciated to the Mascarene anticyclone position. There, the direct radiative effect
is assessed around —9Wm~2 at TOA (top of the atmosphere) and probabi-

lity density functions of the AODs are leptokurtic lognormal functions without
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any significant seasonal variation. It is also suggested that the Madden-Jullian
oscillation (MJO) impacts sea salt emissions in the northern part of the area
considered by modifying the Reynold number of the sea surface. Finally, this
area is surrounded in the northeast and the southwest by seasonal Australian
and South African intrusions (AOD > 0.1); all along the year, the ITCZ seems
to limit continental contaminations from Asia. Due to the long period of time
considered (almost a decade), this paper strenghens some observations perfor-
med during previous field campaigns and completes them by showing monthly
the variability of the marine aerosols in the Southern Indian Ocean.

Keywords: Sea spray aerosols, marine AOD, pristine conditions, Southern

Indian Ocean

1. Introduction

Oceans cover about 70% of the Earth surface and thus sea-air interactions
play a key role in the atmospheric system, from local to global scales. In particu-

lar, oceans are a reservoir of sea spray aerosols, i.e. sea salt aerosols (SSA) and

primary organic matter (e. g. chlorophyll-a, see |Gantt and Meskhidze (2013])),

and are thus the most widely distributed natural aerosols (average total flux sea

spray is 4100 Tgyr~! according to (IPCC} [2013} p. 596)). Oceans also produce
sulfate from DMﬂH SSA consist of seawater drops and dry sea salt particles

(ionic species, as sodium, potassium, ...) whose sizes can extend from 0.05 ym

up to I mm (e. g.|O’Dowd et al.,|1997)). They are produced at the sea surface by
various mechanical processes (Woodcockl 1948; |Boyce, (1951} 1954; Blanchard,
[1963; [Monahan et al.| [1986). For detailed information about SSA physical and

chemical properties, as well as their mechanism of production, see |[Lewis and

(2004}, and the exhaustive reference list therein). These natural aero-

sols are of fundamental importance for climate and interrelated topics (IPCC
2013)): direct and indirect radiative forcing, cloud formation and lifetime, atmos-

1. Dimethylsulfide
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pheric electrical charge (e. g. Blanchard, [1985)), possibly hurricane development
(Emanuel, 2003)), chemical cycles and health. Marine environments can also be

influenced by continental emissions and can contain other kinds of both natu-

ral and anthropogenic aerosols (Prospero et al. [2002)) like dusts and minerals,

biological matter, sulfate, nitrate, and organic aerosols (e. g. soot, carbonaceous
material). Considered together, all of the aerosols in marine environments are re-

ferred as 'marine aerosols’, (see O’Dowd and de Leeuw| 2007; [Fitzgerald, 1991))).

In pristine regions, i. e. undisturbed marine environments, where land and hu-
man activities have little impact, SSA are dominant (50% to 70% of the aerosol
mass, p- 596)). Such regions are interesting for at least two reasons:
(1) they can be considered as good indicators of the meteorological conditions
during the preindustrial epoch, which is a crucial point to better quantify the
contribution of natural emissions to the changing climate. (2) Aerosol concen-

trations are relatively low and so changes in the aerosol concentration can give

rise to unexpected results. E. g., [Koren et al.| (2014]) suggested that small mo-

difications in the SSA concentration may have a large effect on clouds and on

the climate by favoring warm convective cloud invigoration. Pristine regions are

located mainly in the Southern Hemisphere (e.g. Hamilton et al) 2014), i.e.

the Southern Indian Ocean, the South Pacific, and the South Atlantic between
Brazil and South Africa.

The focus here is on the vast region of the Southern Indian Ocean located
specifically between 10°S to 40° S latitude and 50° E to 110° E longitude. To
the authors’ knowledge, this area has not been examined as comprehensively as

others in the Pacific, Atlantic, or in other seas, although it is often included in

global analyses of SSA characteristics and properties (e. g.|Jaeglé et al. |2011)).

Some studies have already been devoted to aerosols over the Indian Ocean,
especially its northest part, around India, and have addressed the impact of
anthropogenic and land contaminations from Asia on the marine background.

In particular, these studies have exploited data collected during the INDOEXEl

2. Indian Ocean Experiment
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(see http://www-indoex.ucsd.edu/| and references therein for details) from
January to March, in 1998 and 1999, and aimed at understanding the transport
of continental aerosols to pristine ocean and their radiative impact. Both ob-
servations and models have revealed an abrupt transition, close to the ITCZEL
between the northest and the southest air masses, which has been called the
7 Chemical ITCZ” (Lawrence et al,[2003) or the ”Chemical equator”
here for the Western Pacific). E.g., from shipborne measurments,
Moorthy et al.| (1999)) have noticed, across the ITCZ, a sharp negative south-

ward AOD gradient at shorwaves and no longwave AOD variation, suggesting

large aerosols of oceanic origin south of the ITCZ, and Norman et al.| (2003)

have shown strong decreasing (by a factor up to 40) in the concentrations of an-
thropogenic and continental sources of submicrometer aerosols. Also, during the

1999 intensive field phase of INDOEX, Welton et al| (2002)) have measured AOD

(at 523 nm) of 0.05 £ 0.03 for marine acrosols in the absence of any continental
influence with a peak extinction close to the top of the MBIEI In addition,
[Rajeev et al. (2000) have studied the aerosol distribution through AVHRR, ob-

servation during February-March 1998: AOD at 630 nm appears smaller than
0.1 in the Southern Hemisphere Indian Ocean, but the non-SSA component is
estimated to exceed the SSA component because of interhemispheric transport,
despite the high SSA production associated with high wind speed values around

20° S. Atmospheric models have also been used to describe shortwave AOD and

aerosol radiative forcing from January to March 1999 (e. g. Rasch et all [2001}
|Collins et al., [2002; Reddy et al., [2004)). It has been obtained AOD values lower
than 0.1 from 10 to 30°S, with larger values due to Australian dust and SSA
contribution to total AOD around 40 — 60%. Other studies after the INDOEX

have analyzed the impact of Asia contamination to the Southern Indian Ocean

(e. g.[Pant et al.| 2009)); Lawrence and Lelieveld| (2010) have proposed a review

of the knowledge about the southern Asian pollutant outflow (see especially

3. Inter Tropical Convergence Zone
4. Marine Boundary Layer
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sections 4 and 6 in this reference for the Indian Ocean) and have encouraged
further studies all along the year.

As indicated, the studies mentioned above have focused on relative short
periods of time (at most three months) and which is almost always the same
(the winter moonson season). In this paper, we present a 8—year (2005-2012 in-
clusive) study of the AOD and aerosol distribution and variability (throughout
a year) in the pristine area indicated above. To the authors knowledge, none
study over almost a decade have yet been performed over the pristine Indian
Ocean region. To that end, several sources of independent data have been used:
spaceborne instruments, ground stations, and model reanalysis. A short descrip-
tion of each is given in Section The period chosen (2005-2012) corresponds to
that for which all of these sources of data were available together. The spatial
distributions and variabilities of the AOD and aerosols are presented in Section
In Section probability density functions (pdfs) related to AOD are compu-
ted. The pdfs may be of interest to aerosol/cloud modeling research since they
can provide a statistical basis for theoretical analysis and inform numerical mo-
dels. These results are then used (Section to assess the direct radiative effect
of aerosols (DREA) at the top of the atmosphere (TOA). Finally, conclusions

are given in Section [0}

2. Description of datasets and intercomparisons

2.1. Satellite data

Spaceborne instruments are used to measure the aerosol optical depth (AOD)
at regional and synoptic scales. The AOD data comes from retrievals from the
POLDER-3/PARASOL instrumentEl onboard a CNES/Myriade microsatellite,
launched in December 2004 within the A-train constellation. POLDER is a wide
field of view imaging radiometer which provides measurements of the spectral,

polarized and directionality of solar radiation reflected by aerosols and clouds.

5. Polarisation and directionality of the Earth’s Reflectances/ Polarization and Anisotropy

of Reflectances for Atmospheric science coupled with Observation from a Lidar
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Among the Level 2 products, the aerosol optical thickness data correspond
physically to AOD at a wavelength (in vacuum) A = 865nm. This product is
available from March 2005 to October 2013 with a latitude/longitude (lat/lon)
resolution of 1/6° x 1/6°. In the present study, this product has been avera-
ged on a daily 0.75° x 0.75° lat/lon grid, in order to have the same gridding
as other data fields for comparisons described further below. This change does
not modify substantially the number (10°) of data points over the area consi-
dered. This number is high enough to allow the statistical examination to be
further presented throughout this paper. Over oceans, surface reflectance is an
important source of uncertainty in aerosol remote sensing, but cloud screening
is probably the largest one (Myhre et al., 2004, and references therein). The
POLDER cloud screening identification procedure is based on reflectance thre-
shold values, pressure and polarization considerations (e. g. Bréon and Colzy,
1999, for details). Overall, the uncertainty in the AOD provided in the Level 2
product is about 0.02 over the area of investigation.

In addition to POLDER data, we have also used data from the spacelidar
CALIOP/ CALIPSQE to examine how aerosols are distributed along the vertical.
This instrument provides backscattering profiles at A = 532nm and 1064 nm,
including parallel and perpendicular polarized signals at 532nm. Precisely, we
used the Level 3 product associated with monthly averaged aerosol extinction
profiles at 532nm over a uniform spatial grid (2° x 5° lat/lon) with a vertical
resolution of 30m (60m above 8.2km) (Winker et al| |2010). In this Level 3
product, cloudy pixels are removed after calibration and range registration to
avoid cloud contamination of the aerosol data. See (Liu et al., [2000L 2004) for

the aerosol-cloud discrimination technique.

6. Cloud-Aerosol Lidar with Orthogonal Polarization / Cloud-Aerosol Lidar and Infra-red
Pathfinder Satellite Observation
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2.2. Ground Data: Aeronet/Aeroman

AERONETE (Holben et al. 1998 2001) is an international collaborative
network of ground-based CIMEL Sun-Photometers providing high quality aero-
sol optical property observations over the long term. The AERONET dataset is
used as ground validation of some satellite data. Here, the Level 2.0 data, which
are pre- and post-field calibrated, cloud-screened, and quality-assured (Dubo-
vik and King), 2000; Dubovik et al., [2002), have been used. Data are ranked by
observation time, with a temporal resolution of around 15 min under cloud-free
conditions. Daily-averaged data are also available. The estimated uncertainty in
AOD measurements is about 0.01 — 0.02.

There are two AERONET stations over the Southern Indian Ocean: one
located at Saint-Denis on the French Réunion Island (20.883° S, 55.483° E) and
the other one at Amsterdam Island (37.810° S, 77.573° E). In order to increase
the spatial coverage of the examined area, we have also used the Maritime
Aerosol Network (MAN or Aeroman) (Smirnov et al. 2009), which provides
shipborne AOD measurements from the Microtops II sun photometers with
an estimated uncertainty not exceeding 0.02. A total of 19 missions have been
conducted over the Southern Indian Ocean between the years 2007 and 2013.
Among all of these data, the Reunion Island AERONET station represents a

larger dataset with the best time coverage.

2.8. Reanalysis

Meteorological reanalyses are of considerable interest for our purposes since
they provide an estimate of the thermodynamic state and composition of the
atmosphere (and/or ocean), even for areas not covered by observations for va-
rious reasons (absence of stations, cloud cover masking low atmospheric levels,
etc.). Reanalysis consists in the assimilation of observations (from e. g. satellite
instruments, weather stations, ships, buoys, etc.) into atmospheric models in

order to determine as best as possible the atmospheric state.

7. Aerosol Robotic NETwork
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Herein, the thermodynamic variables representing the meteorological condi-
tions (temperature, pressure, wind, etc.) are described by daily and monthly
mean fields from the global atmospheric reanalysis ERA-Interim (ERA-I, Dee
et al.| (2011))) of ECMWF. The wind variables used here are the zonal and meri-
dional wind components, vertical velocity, and near-surface wind speed. ERA-I
is based on the IFS-Cy31r2 numerical weather prediction system, including a
four-dimensional variational analysis with a 12 hour analysis window. Data are
represented on a 0.75° x 0.75° lat/lon grid over 37 vertical levels from 1979 to
present.

The MACC—I]E| aerosol reanalysis provides AOD and aerosol mass-mixing
ratio (per model level) for the 2003-2012 period. It consists in an aerosol forward
model (Morcrette et al., [2009) and a data assimilation model (Benedetti et al.|
2009)) which assimilates MODIS satellite observations. This aerosol model is
fully coupled to the ECMWF weather prediction model with data assimilation.
The MACC reanalysis diagnoses total and component AODs by using their
optical properties (Morcrette et al., [2009). MACC presents the advantage to
discriminate between five aerosol species: sea salt, mineral dust, sulfate, black
carbon, and organic matter. For computation of mixing-ratio by MACC, mineral
dust and sea salt are divided into three different modes (dry particle radius
ranges in um are 0.03 — 0.5, 0.5 — 5 and 5 — 20 for sea salt, and 0.03 — 0.55,
0.55 — 0.9, and 0.9 — 20 for dust). These limits are chosen so that roughly 10,
20, and 70% of the mass of each aerosol type lie in the three respective bins.
There is only one bin size for sulfate aerosols. Black carbon and organic matter
are divided into two modes: the hydrophobic mode and the hydrophilic one.

Mass-mixing ratio is directly linked to aerosol concentration. The emission
flux of sea salt is parametrized from a scheme by |Schulz et al.| (2004) and de-
pends of the 10m wind speed near the free ocean surface. The dust emission
flux depends on both observations and a mix of weather variables, while other

aerosols (organic matter, black carbon, and sulfate) are deduced from monthly

8. Monitoring Atmospheric Composition and Climate — Interim Implementation; ECMWF
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and annual mean climatologies. Data are represented on a 0.75° x 0.75° lat/lon
grid over 60 vertical levels from surface to 0.1 hPa (about 70 km). We note that
POLDER observations are not assimilated in MACC (it assimilates MODIS
observations), thus both datasets are independent. To facilitate dataset inter-

comparisons, the period of study is limited to January 2005 to December 2012.

2.4. AOD intercomparison

In this subsection, the POLDER-retrieved AO Ds and those from MACC out-
puts are compared with Aeronet/Aeroman measurements in order to determine
whether they provide realistic AODs. Indeed, AERONET AOD measurements
are recognized to be of quality. They have smaller uncertainties than satellite
observations, which are often impacted by surface optical properties (reflectance
and emissivity) and depend on a radiative transfer scheme. The intercomparison
of AODs requires that the POLDER and MACC AODs be collocated in the
vicinity of the ground instrument. Precisely, an AERONET AOD measurement
is considered if it falls into the pixel of POLDER and MACC. Moreover, since
AOD measurements are wavelength-dependent, the Aeronet/Aeroman AODs
(at A = 870nm) are interpolated to the wavelengths of POLDER (A, = 865 nm)
and MACC (A\g = 550 nm) through the Angstrom equation:

AOD; ( A ) @
AOD:s A2

where AOD; (i = 1,2) is the AOD at \; and « is the Angstrom exponent
(Angstrom, [1929). This is given by Aeronet/Aeroman. Overall, the values of
« range from about 0.0 to 1.5, with a mean of 0.7. Such values are typical of
marine aerosols. For instance, Smirnov et al.| (2002)) have reported values of «
ranging from 0.3 to 0.7 over clean marine regions free of continental influences.

Figure displays time series from 2007 to 2012 inclusive of the averaged
AODs at 865 nm at Reunion Island. Average values were computed with a mo-
ving mean of 15 days after and 15 days before the considered date. There are

no records for the period 2005-2007 for this AERONET station. The two series
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present some similarities, especially in the orders of magnitude and in the evolu-
tion of the averaged AOD, although POLDER slightly overestimates the AO Ds
by about 0.05 on average. Agreement is better after 2010, although, according
to the authors knowledge, no technical change occurred for the sun-photometer
nor in the algorithm to process data. A comparison between the AERONET
and POLDER monthly-averaged AODs (resp. AOD4 and AODp) is presented
on Figure [Ib. The fitting equation obtained is AODp = 0.341 AOD 4 + 0.055.
According to (Chen et al. (2015)) (and references 28, 29, and 30 therein), a non-
zero intercept may be due to errors in calibration or surface reflectance while
a non-unity slope may be associated to computation of the optical properties
by the retrieval algorithm. In addition, the bias (difference of the mean values
between the satellite products and the AERONET measurements) is 0.011 and

the root mean square error is RMSE = 0.027.

10
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Fic. 1 — (a) Time series (from 2007 to 2012 inclusive) of the monthly averaged AOD at
865 nm around the Reunion Island from POLDER retrieval (in red) and AERONET station
(in blue). Each shaded area around each solid line represents uncertainties. (b) Scatterplot
between AERONET and POLDER monthly-averaged AODs at 865nm from 2007 to 2012
(inclusive). The fitting curve (dotted line) is AODp = 0.341AOD 4 +0.055 with a correlation
factor r = 0.34.

Figure 2h displays the comparison from 2007 to 2012 between the monthly
averaged AODs (at 550nm) by MACC and those of the Reunion Island AE-
RONET station. MACC overestimates the monthly AODs (mean AOD value
is 0.148 for MACC and 0.068 for AERONET), but represents better the tempo-
ral variations of the monthly AOD than POLDER. In particular, we note that
some peaks (ends of 2007, 2008, 2009, 2010, 2011, 2012) are quite well represen-

ted (though not in magnitude). We have not found any information about the

11



uncertainties in the MACC AOD outputs. The scatterplot of the AERONET

and MACC monthly-averaged AODs (resp. AOD 4 and AOD)y) is presented in

20 Figure[2b. The fitting equation obtained is AODy; = 1.081 AOD 4 4 0.076. The

slope is close to 1 but the intercept is not 0, which means a systematic overes-

timation by MACC over the AERONET data. The correlation coefficient, the
bias, and the RMSFE are respectively 0.79, 0.082 and 0.084.

These long time series are consistent with the AO D values obtained for short

25 periods of time by other studies Rasch et al.|(2001));[Welton et al.| (2002)); Collins

] (200).

12
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Fic. 2 — (a) Time series (from 2007 to 2012 inclusive) of the monthly averaged AOD at
550nm around the Reunion Island from MACC outputs (in red) and AERONET station
(in blue). Each shaded area around each solid line represents uncertainties. (b) Scatterplot
between AERONET and MACC daily AODs from 2007 to 2012 (included). The fitting curve
(dotted line) is AODp = 1.081A0D 4 + 0.076 with a correlation factor r = 0.79.

3. Aerosol spatial distributions and variability

3.1. AOD horizontal field

Figure [3| displays the mean POLDER AOD between 2005 and 2012 (inclu-
sive). The Indian Basin clearly exhibits a meridional AOD gradient with very
low values (AOD < 0.15) in the Southern Hemisphere and higher values in

the Northern Hemisphere close to the Arabian and Asian coasts. These higher

13
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values are due to anthropogenic and terrestrial emissions (e. g. [Li and Rama-
nathan), [2002). In addition, recurrent high cloud cover south to 40° S prohibits
POLDER observations and reduces the quality of the aerosol statistics. Herein,
focus is put on the marine area {10° S —40°S; 50° E—110° E} (white rectangle

in Fig. [3]), i. e. far from continental influences.

0.25

20°N

00
Ay
20°S 0.158
<
40°S
60°S
0.05

50°E 80°E 110°E

F1a. 3 — Mean POLDER AOD between 2005 and 2012 (inclusive). The rectangle with white

border lines indicates the area under investigation.

8.1.1. Monthly averaged AODs

The horizontal field of the monthly averaged POLDER AOD values (AODp)
is displayed in Figure |4l These averages are based on at least 10® number of
grid points per month. Over the considered area, AODp < 0.2, especially in the
southern part where AODp < 0.13. The AODp spatial distribution presents
a striking north-south seasonal modulation. In January, February, and March
(Fig. , b, ¢ resp.), low AOD values (in the south, AODp < 0.1) are separa-
ted from high AOD values (in the north, AODp > 0.1) at 25°S. This strong

14
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latitudinal AODp gradient starts moving northward in April (Fig. ) to reach
a northernmost location in July and August (Fig. [k, h). Then a southward
motion begins in September (Fig. ) and an AODp distribution similar to that
of January is obtained in October, November and December (Fig. @j, k, L resp.).
This separation between high and low AODp values presents a wavelike pat-
tern in December and from January to April, reaching a southernmost position

in the western part (35°S) of the area; in the eastern part, position is around

25° 8.

oc(a) (b) (c)
10 SF

o F v -

25°S

40°S
10°S,

(f)

25°S

40°S
10°S,

110°E50

50°E 80°E 110°E50
[ aaaere— |
0.0 0.1 0.2
AODp

F1G. 4 — Horizontal field of the monthly averaged (from 2005 to 2012 inclusive) POLDER
AOD (AODp), from January (a) to December (1).

This behaviour strongly suggests the ITCZ (Inter Tropical Convergence
Zone) pattern and its south/north seasonal oscillation. Figure [5| sketches the
position of the ITCZ in the Indian Ocean. In January, the ITCZ is centered
around 5°S — 10° S, covering the northern part of the area considered and rea-

ching a southernmost position west to 80° E, while in July it passes much far-

15
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ther to the north, over India. By reducing interhemispheric air mass exchanges
and washing out aerosols because of heavy precipitations associated to strong
convection, the ITCZ can explain why the southern Indian Ocean is not greatly
contaminated by northern continental emissions. This role has been noted for
the winter moonson season by previous studies (see Introduction and (Lawrence
and Lelieveld} [2010} section 4.2.2)) and similarly in the Western Pacific (Hamil-
ton et al., [2008]). It seems, from Fig. |4} that this natural protection also occurs
for the rest of the year. On the other hand, at higher south latitudes, the des-
cending branch of the Hadley cell, characterized by near-surface divergent flow
and high pressure, corresponds to the Mascarenes anticyclone. It is centered
near 30°S and extends from the Mascarenes Islands to the western coasts of
Australia (i. e. between 60° E and 100° E). The qualitative location of this anti-
cyclone is also indicated in Figure [} The position of this anticyclone appears to
correspond to the lowest AODp values. The northeasternmost part of the area
is characterized by AODp values greater than 0.2 from January to March (Fig.
[4h-c) and then from September to December (Fig. [4-1). These relatively high
values are likely due to the proximity of Australia and the prevailing easterly

winds.

50°F B0°E 110°E S0°E 80°E 110°E

a) b)

F1G. 5 — Sketch of the ITCZ position in (a) January and (b) July. Isobar line in each subfigure
indicate the position of the Mascarenes anticyclone. Sketch has been made using air vertical

velocity from ECMWEF.

16
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Figure [6] displays the horizontal field of the monthly averaged AOD values
computed from MACC (AOD,y). This represents the total aerosol burden. This
field shows the same spatial organization and the same seasonal variability as
the POLDER observed field (AODp). However, the values of AOD), are ove-
rall slightly higher than those of AODp: precisely, AOD,; ~ 0.1 — 0.3 while
AODp ~ 0.02—0.2. A similar overestimation has already been observed locally
when comparing AOD time series of MACC outputs with those of AERONET

measurements.

10°53)

25°S

40°s
107552

| aaaaer— |
0.100 0.175 0.250
AOD,,

F1G. 6 — Horizontal field of the monthly averaged (from 2005 to 2012 inclusive) MACC AOD
(AODyy), from January (a) to December (1).

3.2. Distribution of MACC' aerosol species

Figure El displays the annual average, over the period 2007-2012 (inclusive),
of the horizontal AOD fields of each of the five aerosol species (SSA, sulfate,
organic matter, dust, and carbonic aerosols) as given by MACC. The following

can be noted: (1) SSA is the dominant aerosol species; (2) there is no significant

17



290

295

300

305

trace of black carbon aerosols; (3) sulfate aerosols have very low AOD (about
0.04 at most) and are mainly located on the southern part of the area; (4) dust
appear in the northeastern part of the area, close to the Australian coast; (5)
organic matter is relatively uniformly distributed over the area with very low
AOD values (0.02 on average).

By considering each month separately (not shown), it can be seen that dust
is mainly observed from August to March (AOD = 0.04) with a peak in Ja-
nuary (AOD =~ 0.08) while organic matter can be observed in September and
October (AOD = 0.07) in the southwestern part of the area close to the South
African coast. This is consistent with the knowledge about some aerosol sources:
Prospero et al.| (2002) have reported dust emissions from Australia during the
dry-season with a maximum in December-February; Barbosa et al.| (1999)) have
noted biomass burning occurrences in southeast Africa during September and
October; Menon et al| (2015]) have observed, from December 2011 to February
2012, very weak contribution of organic matter and sulfate aerosol sources north
to 38°S.

It will be shown thereafter that the low level wind circulation can explain
such distributions. SSA represents around 60% of the total AOD over the stu-
died area, the maximum contribution being reached in June and July. On the

center of the area, the maximum contribution is 80%.
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F1G. 7 — Annual averaged over the period 2007 — 2012 (inclusive) of the horizontal AOD field
of the five aerosol species as given by MACC: (a) SSA, (b) dust, (¢) organic matter, (d) black

carbon, and (e) sulfate.
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F1G. 8 — Horizontal field of the monthly averaged (from 2005 to 2012 inclusive) MACC SSA
AOD, AOD3; from January (a) to December (1).

3.2.1. Sea salt distributions
The monthly averaged MACC sea salt AOD (AOD33) is displayed in Figure
The values range from around 0.05 to 0.16. SSA emissions depend on the

near surface wind speed because SSA particles are mainly formed at the sea

surface by various mechanical processes (Woodcock, 1948} Boycel [1951, 1954;
Blanchard}, [1963}; Monahan et al.,[1986} [Lewis and Schwartz, [2004)) like breaking

waves via bubble bursting and direct tearing of wave crests under high wind
speed conditions. Thus, it is worth analyzing the near-surface wind (W), =
(U?+V?)1/2 U and V being the zonal and meridional components, respectively)
circulation in the area (Fig. E[) As already suggested by Figure it is organized
as a gyro centered on the Mascarenes anticyclone. The values of W), are low in
the anticyclone (W), ~ 6ms~!) and in the ITCZ (W), ~ 3ms~!). Two higher
speed zones (W), > Tms™!) can be identified to the north and to the south of
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the anticyclone. The first one is westward and corresponds to the tradewinds,
while the second is eastward and is the circumpolar circulation. This relatively
high wind speed can explain the contamination of the oceanic area by land
aerosol emissions (from Australia to the north and from Africa to the south).
This circulation appears to be very stable, the main seasonal variation being a
meridional modulation, as previously described for the ITCZ. During January,
February, and December (Fig. E}a, b, 1), the high wind speed area to the north of
the anticyclone is roughly contained between 12° S and 25° S. From May (Fig.
EIZ—)) to September (Fig. @), this organization moves northward, and presents two
high wind speed areas (10°S — 20°S and 35°S — 40° S) with no specific zonal
variations. Transitions between those two extreme states occur during March
and April (Fig. [0, d) on one side, and October and November (Fig. [Jj, k) on
the other side.

F1G. 9 — Horizontal field of the monthly averaged (from 2005 to 2012 inclusive) wind field Wp,
by ERA-I from January (a) to December (1).

The W}, field is closely related to the AOD3; field. As expected, the highest
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values of AOD3; (AOD3; > 0.1) correspond to the highest wind speeds (W), >
8ms~!). To further examine this relationship, we now compare the AOD3S
field to the field of the monthly averaged sea salt emission flux ®g, over the
period 2005-2012 (Fig. , as parametrized by the relationship suggested by
(Ovadnevaite et al.|[2014] Fig. 1). This parametrization does not consider ®; as
depending only on the wind stress at the sea surface. Rather, @, is dependent on
the Reynolds number Re of the sea surface. This number is calculated by means
of the ECMWF wave model (WAM). This model assimilates wave characteristics
from satellite altimetry data (Abdalla et al. |2010) to provide data on a 0.75° x
0.75° lat /lon grid available with a time step of 6 h. This parametrization depends
not only on the instantaneous or mean wind stress on the ocean surface, but
also on the sea surface state since it includes wave height, wind history, friction

velocity, and viscosity (see |(Ovadnevaite et al.| (2014]) for details). Precisely:

UyoH,
Re:C;/2 1‘2

where Cy is the mean drag coefficient, Hy the significant height of wind waves,
Uio the 10 m wind speed, and V,, the kinematic viscosity. The latter has been
deduced from Eq. 22 and 23 of [Sharqawy et al.| (2010)). For that, SSTﬂ values

~1 and a water

are taken from ERA-Interim, and a water salinity of 0.035 kg kg
density of 1025 kgm ™3 are assumed throughout the area considered. Within the
highest wind speed areas (W), > 8ms™!), &, ~ 20ngm?s~!, while &y, <
10ngm?s~! within the anticyclonic area and the ITCZ. Overall, the ®,, and
AO D37 fields present on average similar patterns and evolutions during the year.

This suggests that MACC provides a reliable representation of sea salt AOD,

if the AOD is assumed to be representative of the SSA concentration.

9. Sea Surface Temperature
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F1G. 10 — Monthly averaged SSA emission flux ®ss from 2005 to 2012 (inclusive) as given by
theIOvadnevaite et al.l 420141) parametrization.

3.3. Vertical aerosol distributions

Vertical cross sections (height-latitude) of CALIOP extinction and MACC
SSA mixing ratio (for the size range 5 — 20 um) are presented in Figure and
b, respectively. These cross sections are meridional averages between 50° E and
110° E and a temporal average from 2005 to 2012 (inclusive). Since mixing ratio
is proportional to the mass of SSA in a given volume of air, it is assumed to be a
proxy of SSA concentration, as is the AOD. The vertical bars at 40° S and 10° S
(i. e. —40 and —10) indicate our area of investigation. In the Figure, we have
extended the domain in order to have a better representation. Both vertical
cross sections reveal very low quantities above 800 hPa (2km asl), indicating
that the aerosols analyzed above, according to horizontal cross sections, are
mainly limited to low atmospheric layers.

The highest values of CALIOP extinction observed below 2 km are likely as-
sociated with the highest values of the SSA mixing ratio as given by MACC: in
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January, maximum values are located between 60°S — 50° S and around 20° S.
These two locations are slightly translated northward in July compared to Ja-
nuary. The CALIOP extinction presents also a high value close to the Equateur
which is not given by MACC. This analysis, performed by considering 8 years
of data, agrees with the vertical cross section displayed in (IPCC|, 2013}, p. 599,
Fig. 7.14e) for the year 2010. This may be explained by the wind circulation
displayed in Figure|l1f; namely, the averaged zonal wind (arrows) and the avera-
ged vertical velocity (in Pas™!: negative values correspond to ascending motion
while positive values are associated with descending motion). Figure is the
averaged near-surface wind speed. The highest values of the zonal wind, located
close to the ascending branch of the Hadley cell, are associated with the two
maximum locations described above. On the contrary, the regions where the
SSA mixing ratio are low (around 40°S — 30° S in January and 30° S — 20° S in
July) correspond to the descending branch of the Hadley cell.
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F1c. 11 — Meridional averages (between 50° E and 110° E of longitude) and temporal average
(from 2005 to 2012 inclusive) of the CALIOP extinction (first row), MACC mizing ratio
(second row), wind circulation (third row) and wind speed (fourth row). The black vertical
lines at —40° and —10° indicate the south latitudes of our area of study. The black rectangle

on the subfigures of the third row indicates the zone considered on the other rows.

The vertical distributions have also been studied for the other sea salt aero-
sol sizes and the four other aerosol species considered in the MACC reanalysis.
In order not to present excessive Figures, we do not show these vertical distribu-
tions, but we can say that: (1) the smaller SSA (range size from 0.03 to 0.5 pm)
are mixed above the marine boundary layer until almost the tropopause; (2) the

1

four other aerosol species have very low mixing ratios, lower than 1 ngkg™", and

the presence of Australian and African contamination also appears in the verti-
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cal distributions. Dust and organic matter are located higher in the atmosphere
than sea salts, between 800 hPa and 600 hPa (i.e. 2km and 4 km). (3) There are
no significant traces of terrestrial aerosols in the center of the area because of
the Mascarenes anticyclone. Indeed, the surface divergent flow associated with
this anticyclone prohibits eventual horizontal transport of air masses with high
aerosol concentrations. In addition, the subsident air masses coming from near
the tropopause are likely poor in aerosol and/or carrying small particles that

do not contribute significantly to AOD.

3.4. Impact of the MJO on the aerosol distributions

We have shown above that the wind circulation over the area under study,
and consequently the sea salt burden, presents some general characteristics that
are rather stable. However, some disturbances in the circulation may occur, such

as the Madden-Julian Oscillation (MJO) (Madden and Julian, |1972), which

can influence the distribution of aerosols. The MJO is a perturbation of large-
scale deep convection existing inside the ascending branch of the Hadley cell.
It consists in the setting up of a zonal circulation between an area of suppres-
sed convection and an area of reinforced convection. This perturbation moves

L with a period between 30-90 days,

slowly from west to east, at around H5ms™
reaching its maximum amplitude over the Indian Ocean and Indonesia. The
MJO lifecycle can be divided into 8 phases, according to the motion state, each

phase being associated with an index. This oscillation affects many climatic fea-

tures, such as the Asian and Australian monsoon (e. g. Wheeler and McBride,

2005), the North Atlantic circulation (Cassou et al., 2005) or extreme events

(e. g. [Jones et all 2004). However, its impact on atmospheric composition is

still a relatively new area of investigation. [Tian et al.| (2008) have studied the

modulation of aerosols by the MJO using several satellite aerosol products. In

particular, they found a positive correlation between MODIS/ AVHRRIE AOD

10. Moderate Resolution Imaging Spectroradiometer / Advanced Very High Resolution Ra-

diometer
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measurements and TRMM[] rainfall anomalies associated with the MJO, and
concluded that the impact of the MJO on aerosol burden could be mainly due
to cloud contamination in the aerosol retrievals. More recently, (DeWitt et al.|
2013| Fig. 12) have shown, from field campaign measurements, that the MJO-
associated convection modifies wind dynamics and, as a consequence, changes
the concentration of SSA distributions over the equatorial Indian Ocean; es-
pecially, increased wind speeds during MJO convectively-active periods greatly
enhances SSA concentrations. In the following, we present some results that
lend support to the hypothesis of [DeWitt et al.| (2013]).

The progression of the MJO is displayed in Figure [[2h as the TRMM pre-
cipitation rate, corresponding to each phase of the MJO, because the reinfor-
ced convection, characteristic of the MJO, comes with rainfall enhancement.
The MJO index, computed on the basis of the method of Wheeler and Hendon!
(2004)), has been taken from the CAWCR (Collaboration for Australian Weather
and Climate Research) at http://cawcr.gov.au/staff/mwheeler/maproom/
RMM/. Strong rainfall over the equatorial Indian Ocean during the phases 2 and
3 can be seen. This enhanced precipitation moves over Indonesia during phases 4
and 5, while suppressed convection (low precipitation rate) takes place over the
Indian Ocean for the phases 6 and 7. The relatively low to intermediate rainrate
during phases 8 and 1 corresponds respectively to vanishing MJO convection
and the beginning of a new cycle of convection. The POLDER and MACC
AOD-anomalies (i.e. differences with mean value), AAODp and AAOD),;, for
each phase of the MJO, are displayed on Figure and [12, respectively. The
most important values of AAODp are mainly limited close to the equatorial
band, where the MJO is located. The anomaly values is £0.05. The extreme
positive value (4-0.05) corresponds to enhanced convection (phases 2-3) while
negative values (—0.05) correspond to suppressed convection (phases 6-7). These
have been circled by black ellipses in Fig. [[2b. Low and intermediate values of
AAODp are associated with the transitional phases 1-8 and 4-5. A similar field

11. Tropical Rainfall Measuring Mission
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is observed for AAOD,, (Fig. ) This suggests that MACC correctly repre-
sents the AOD variability due to the MJO. From these results, it follows that
a significant impact of the MJO appears to be restricted to the northern edge
(from 10°S to 20°S) of our area of investigation. Anomalies can also be com-
puted for each of the five classes of aerosols available in MACC. However, we
put focus on SSA which is the dominant class. Precisely, we have computed
anomalies of SSA emission flux (A®,,) for each phase of the MJO (Fig. [[21).
The behavior of A®,, is the same as that of AAODp and AAOD);: in the
northern part of the area, A®,, is maximal (+4ngm~2?s~!) during phases 2-3
and minimal (—4ngm~2?s™!) during phases 6-7. Low and intermediate values
correspond to the transitional MJO phases (1-8, 4-5). The fact that ®,, seems
to be related to the MJO-associated convection corroborates the conclusion of
DeWitt et al.|(2013]) because the SSA emission flux depends on the near-surface
wind speed (Uyg). However, we can extend this hypothesis and assume that the
MJO affects more generally the parameters that enter the definition of the Rey-
nold number: in addition to wind speed, the MJO may impact the state of the
sea surface (Cy and Hy) and the seawater kinematic viscosity V,, (rain changes
salinity, density and SST). The anomalies presented in this section do not ap-
pear to correspond to observational bias (cloud contamination in the retrieval
for instance), although this possibility cannot be totally ruled out, but rather to
a physically realistic influence of the MJO. Modeling work is needed to explore
more deeply how the MJO modifies the sea surface state (wave height, viscosity,
friction) and thus SSA emissions and AOD. We note that other disturbances,
like the El Nifio Southern Oscillation (Kessler and McPhaden, [1995), may im-
pact the circulation and the aerosol burden at the large scale (e.g. by favoring
transport, by changing precipitation regimes and thus aerosol scavenging). We

have not addressed this issue in this paper.
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F1G. 12 — (a) Precipitation rate R as measured by TRMM for each phase of the MJO and
corresponding anomalies of the AOD by POLDER AAODp (b) and MACC AAOD; (c),
and of the SSA emission flur A (d).

4. Probability density functions

In this section, a quantitative analysis of the aerosol distribution is performed
by computing the probability density function (pdf) of the AODs. The area
considered is restricted to 20° S - 30° S and 70° E - 90° E since, according to our
analysis above, this area has the highest ratio SSA /total aerosols, especially from
March to November. Weak occurrences of dust occur in December, January, and
February. Assuming that the optical properties do not change with time within
the area, the pdfs provided are representative of the aerosol atmospheric burden.

Briefly, the pdf f(x) is such that the probability p(x) for the variable z to be
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lower than the value xq is (e.g. [Forbes et al., |2011)):

p(0 <z < x) = /0930 f(z)dz.

Pdf are of interest to know how certain atmospheric variables, such as AOD
or species concentration, are distributed statistically. After testing fits of various
analytical functions, the lognormal distribution turned out to be the most sui-

table to describe AOD, as recognized previously by (O’Neil et all,2000)). This is

not surprising since this distribution is frequently used to describe atmospheric
variables of various types. For instance, it is used to describe statistically humi-
dity (Louf et al. [2015} |Soden and Bretherton, (1993 [Yang and Pierrehumbert!
and rain properties (Mesnard and Sauvageot], 2003} [Atlas et all, [1990}
\Sauvageot) |1994; [Sauvageot and Lacaux, 1995; [Foster et al., [2006). Physically,

the lognormal distribution is associated with the statistical process of propor-

tionate effects (e.g. [Aitchison and Brownl [1966; |Crow and Shimizul [1987)): the

change in the variate at any step of the process is a random proportion of the
previous value of the variate.

The general expression of the lognormal function is, with y = Inz:

o) = e [5 (54
Ty U,0) = ———75 €XP | —=
e zo(2m)1/? Py
where p and o2 are respectively the expected value and the variance of y. These

quantities are defined through the expected value and the standard deviation of

971/2
1+ (U—I)
[ha
o 2
o2=1In {1 + (—w)
[ha

Figure [[3h, b, ¢, and d display, respectively, the AOD pdfs of AERONET,
POLDER, MACC (for SSA and sulfate aerosols), MACC total (for the five

x (p, and o, respectively):

and

aerosol species), with their corresponding lognormal fits. Each of these pdfs is

precisely an annual averaged-pdf over the whole period 2005-2012 (inclusive).
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We do not show the pdf for each month in order to not present excessive Figures
and because the pdfs do not show any significant seasonal variation: their form
is nearly constant throughout the year (on average over 2005-2012), they are
unimodal and quite well fitted by lognormal distributions. Figure [[3h, b, ¢, and
d shows that the four annual averaged-pdfs are similar whatever the AOD data
considered (i. e. AERONET, POLDER, MACC): they are unimodal with the
most frequent AOD values lower than 0.1 (Fig. , b, ¢); these pdfs peak for
AOD < 0.1 and extend very slowly up to AOD = 0.5. On Fig. , focus
is put on SSA and sulfate aerosols. If we consider the contribution of all the
five aerosol species, the pdf (Fig. [[3[) is roughly shifted towards higher AOD
values and peak between 0.1 and 0.2. This is likely due to the Australian and
African influences already mentioned. These influences seem to be observed on

the AERONET pdfs in September and October through some secondary peaks
at 0.3 and 0.4 (Fig. [13p).
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F1G. 13 — Annual averaged probability density distributions (pdf) and their corresponding fits
of the AOD as given by AERONET (a), POLDER (b) and MACC (c and d). On (c) focus is
put on SSA and sulfate aerosols. The pdf of the AERONET AOD in September and October
are displayed in (e).

These pdfs can be objectively described with the first four central moments:

the mean (or average) value, the standard deviation, the skewness, and the
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kurtosis, respectively (e. g. [Forbes et al., 2011). The meaning of the two first
moments is well known. The skewness and the kurtosis are related respectively
to the tails and to the asymmetry of the distribution. A distribution whose tails
approach zero faster than a Gaussian (i. e. with few extreme outliers) has a
kurtosis less than 3 and it is said to be platykurtic. On the contrary, a distribu-
tion of kurtosis higher than 3 has tails that approach zero more slowly than a
Gaussian and it is said leptokurtic. Skewness can be positive or negative. Qua-
litatively, for a unimodal distribution, if skewness is positive (negative), the tail
on the left (right) side is longer than the right (left) side. The values of these
four moments, for each month, are displayed in Figure [[4] Overall, and except
for AERONET, the mean value AOD and the standard deviation o have a local
minimum around June surrounded by two maxima, one at the beginning of the
year (around February/March) and another at the end of the year (Septem-
ber/October). The AOD local minima range from 0.08 to 0.12, and the AOD
maxima that surround each local minimum range approximately from 0.11 to
0.19. For AERONET, the mean AOD is almost constant, with values ranging
from 0.06 to 0.08, although a slight decreasing can be guessed. We observe the
same orders of magnitude and tendencies for ¢ but with smaller values. This
means that the pdfs are quite stable throughout a year since AOD and ¢ do not
evolve significantly. Furthermore, all of the pdfs have a quasi-constant skewness
(u3) greater than 1, which implies right-tailed asymmetric pdfs with decreasing
probability of occurrence of high AOD. Regarding kurtosis (p4), the pdfs are
clearly leptokurtic except from August to October if we consider the total aerosol
burden as given by MACC. Throughout the year, kurtosis decreases from a maxi-
mum value, which can rise up to 30, reaches a minimum in August/September
and finally increases up to a second lower maximum in December. We do not
have a clear explanation for these differences in the AOD seasonal variability in
AERONET and POLDER, except that AODs from AERONET are local values
while AODs from POLDER are retrievals that depend on the sea surface state
and on radiative transfer schemes throughout the atmosphere. Ground-based

AOD measurements over this region are therefore necessary.
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F1c. 14 — Values, for each month, of the four moments of the pdfs of Fig. , b, ¢, d.

5. Aerosol direct radiative effect assessment

Aerosols have a climatic impact by scattering and absorbing radiations. This
is the so-called direct radiative effect of aerosols (DREA, in W m~2). Herein,
we have attempted to assess the fields of DREA at the TOA|E| by means of
the different MACC AOD fields. It is not the topic of this paper to present
and use radiative transfer models. Rather, this estimation has been done using

a graphical relationship between the AOD per aerosol type at 550 nm and the
corresponding simulated DRE As proposed by (Lee et all 2014] Fig. 1a in this

12. Top Of the Atmosphere

34



540

545

550

555

560

reference), which is based on a radiative transfer model and MODIS observa-
tions. Our estimate field of the annually averaged DRFE A at TOA is presented in
Figure For the whole area, the mean value is —10.94-0.3 W m~2 (uncertainty
has also been computed with the help of (Lee et al., 2014} Fig. 1)). In absolute
value, the DRE A is lower in the centre of the area considered, i. e. where aerosol
concentration is the lowest and SSA are the dominant aerosols. At the centre
and the south-east of our area of study, DREA ~ —9 Wm™2. In the presence
of terrestrial aerosols, i. e. on the borders of the area, DREA ~ —12Wm™2.
These values are higher than those of the measurement-based assessments of
Yu et al.| (2006]) which concluded that the best estimates of mean DREA over
the global cloud-free ocean is —5.5 + —0.2Wm~2 at TOA. Over the Southern
Indian Ocean (the considered area [numbered 11] is different from ours since
it is translated westwards in such a way that it contains Africa and excludes
the oceanic part close to Australia), the annually averaged DRE As at TOA,
estimated from various observation instruments (as MODIS or MISRGIE[) and
aerosol models (as GOCARTIED, are between —5.1 to —2.6 Wm~2 (Yu et al.l
2006). We can identify three sources of errors when computing DREA: (1) the
overestimation of the MACC AOD values compared with AERONET observa-
tions. The difference with |Yu et al.| (2006)) is reduced if we multiply the values of
DRE A by the ratio between MACC and AERONET AO Ds, assuming that this
ratio does not change with time over the area of study. Indeed, in this way the
mean DREA values we obtained is —5.0 Wm™2; (2) the algorithm of DREA
retrieval which neglects the asymmetry of the particles; (3) the coupling between
the DRE A of different species. The latter means that, contrary to what usually
assumed, the total DRFE A is not the sum of DRFE A per types of aerosols.

13. Multi-angle Imaging SpectroRadiometer
14. Goddard Chemistry Aerosol Radiation and Transport
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F1G. 15 — Estimated annually averaged (from 2005 to 2012 inclusive) of the DREA at TOA
from MACC AOD outputs.

6. Conclusion

In this paper, we have analyzed, over a 8-years period (2005-2012), the ae-
rosol variability and distribution over the Southern Indian Ocean, precisely in
the area between 10° S and 40° S of latitude and 50° E and 110° E of longitude.
This area has been identified as a pristine region and it is thus of interest for
examining natural emissions of marine aerosols that can be reasonably consi-
dered to be close to the preindustrial conditions. Various data have been used,
namely: satellite data from POLDER, MACC reanalysis (obtained from a for-
ward aerosol model, assimilation of MODIS observations, and ECMWF weather
prediction), and AERONET measurements at Saint-Denis (French Reunion Is-
land). The period of time we have chosen (2005 — 2012 inclusive) corresponds to
the period in which all of these data were available together. All of these data-
sets are complementary and independent from each other. Satellite observations
present the advantage to obtain a large coverage of the region. However, AOD
retrievals are not possible in the presence of clouds in the satellite field of view
and depend on an atmospheric radiative transfer model. In the case of POLDER
observations over the ocean, AOD measurements may be biased by the foam of

ripples that reflect strongly shortwave radiations and tend to increase the signal
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measured by the spaceborne radiometer. In contrast, MACC reanalysis lacks
these disadvantages since, by means of MODIS data assimilation and ECMWF
weather predictions, it is possible to obtain a continuous (in space and time)
description of the aerosols in the area studied. Local measurements from AE-
RONET, which are recognized to be of good quality, have also been used and
compared with satellite data. Local observations by AEROMAN in the area of
study were too few to be used fruitfully. This suggests the need for more mea-
surements in this region in order to have a description at the local scale of the
aerosol emission. In our study, the aerosol burden has been represented mainly
by the AOD. By doing this, it is implicitly assumed that the optical properties
of the aerosol particles do not change with time, so that the AOD is a proxy
of the aerosol concentration. Such an assumption is not unrealistic since the ae-
rosol burden is mainly composed of marine aerosols. Other quantities that can
be realistically considered as good proxies of aerosol concentration have also
been used, namely the mixing ratio and the specific (not column-integrated)
extinction coefficient. We have assumed that all of these distinct quantities can
be compared.

However, despite the different nature of the data used, we have obtained
a consistent description of the aerosol distribution and variability in the area
under consideration. The AOD is relatively low (AOD < 0.1) and the aerosols
are mainly sea salt and sulfate aerosols, in particular in the center of the area
which is a vast region quasi pure in terms of aerosol content. In the northeast
and the southwest parts of the area, there are some aerosol intrusions from
Australia and South Africa.

The aerosols are mainly located in the marine boundary layer, below 2km
and present a spatial distribution which is relatively stable with time. This dis-
tribution is however impacted by the wind circulation at large scales: (1) the
ITCZ modifies the aerosol burden in the northest part of the area of study when
moving along a south-north direction and acts as a barrier that prevents Indian
and Asian anthropogenic contamination; (2) the Mascarene anticyclone follows

a west-east direction and its location is associated with the most pristine (the
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cleanest) zone. This zone is very stable with time in terms of AOD. Some events
like the MJO could also affect the aerosol burden in the Southern Indian Ocean.
Indeed, we have noted that the most active phases of the MJO are qualitatively
associated with the strongest anomalies of sea salt emissions. We hypothesize
that the MJO modifies not only the wind circulation, as already suggested by
previous authors, but also that it could modify all quantities (surface tempe-
rature, viscosity, drag coefficient) that are involved in the sea surface Reynold
number used in the emission flux parametrization.

From a quantitative point of view, both the AOD time series over the period
considered and the statistical results (AOD correlation and AOD pdf) share si-
milar features. It appears clearly that the AODs given by POLDER and MACC
are slightly overestimated with respect to that measured locally by AERONET.
The bias is of the order of 0.05. In addition, the MACC AODs are a little bit
higher than the POLDER AODs. The pdfs of the AOD seem to be lognormal
functions and leptokurtic. They do not show any significant seasonal variations.
Their analytical properties, i. e. the four moments of the lognormal fits, have
been given in order to better characterize these pdfs. They could be useful for
0D and 1D models in cloud physics devoted to understand how water vapor and
aerosols interact to determine a cloud field. This feature is under study and will
be presented in a future work. The annual averaged DREA at TOA, for the
cleanest zone of the area studied, is estimated to be —5.01 W m~2, in agreement
with other values in the literature.

In future work, it is necessary to perform in situ measurements in the marine
boundary layer at the center of the area, where sea salt is largely dominant, in
order to strengthen the results presented herein. Using drones, ships, and planes
that could carry on several instruments (microwave radiometer for humidity and
temperature profiling, infrared radiometer and photometer for AOD measure-
ments, aerosol chemistry analysis) would be of considerable interest. Drones,
especially, should be encouraged. It is worth recalling that this area of study
has not been comprehensively observed yet it is an area of interest for cloud and

aerosol physics as well as climate change.
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7. Conclusion

In this paper, we have analyzed over a 8-year period (2005-2012 inclusive)
the AOD distribution and variability over the Southern Indian Ocean, preci-
sely in the area {10°S — 40°S; 50° E — 110° E}. This area has been identified
as a pristine region and it is thus of interest for examining natural marine
emissions that can be reasonably considered to be close to the preindustrial
conditions. Various complementary data have been used: satellite data from
POLDER and CALIOP, MACC reanalysis, and AERONET measurements at
Saint-Denis (French Réunion Island). The 8-year period chosen corresponds to
the period for which all of these data were available together. The AOD can
be viewed as a proxy of aerosol concentration provided that the aerosol optical
properties do not change significantly with time. Such an assumption is not un-
realistic since the aerosol burden is mainly composed of SSA. Other quantities
(mixing ratio, not column-integrated extinction coefficient) have also been used.
We have assumed that all of these three distinct quantities can be compared.

Althought the POLDER and MACC AODs are slightly overestimated (by
about 0.05) with respect to the AERONET local measurements, we have obtai-
ned a consistent description of the aerosol distribution and variability for the
Southern Indian Ocean. The main results can be summarized as follows:

— Aerosols are mainly located below 2km asl and consist of SSA, especially

in the center of the area where AOD < 0.1. There, SSA represents 60 to
80% of the total AOD on average; sulfate and organic matter have very

low contributions (AOD < 0.04 and 0.02 resp.).

— Some seasonal Australian and South African aerosol intrusions (AOD >
0.1) occur in the northeast and the southwest part of the area.

— The most pristine zone (i.e. where SSA are dominant) is quite stable with
time in terms of AOD and corresponds to the location of the Mascarene

anticyclone.
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— The AOD pdfs in the center of the area are leptokurtic, well fitted by
lognormal functions, and without any significant seasonal variations.

— The AOD pattern shows a striking latitudinal gradient that follows the
ITCZ motion and thus suggests that the ITCZ acts as a natural barrier
that prevents (if not reduces) Indian and Asian contamination for the
whole year.

— The most active phases of the MJO are qualitatively associated with the
strongest anomalies of SSA emissions, especially in the northern part of
the area investigated. We hypothesize that the MJO can modify all the
quantities (SST, viscosity, drag coefficient, wind velocity) involved in the
sea surface Reynold number.

— The estimated annual averaged DREA at TOA, for the pristine zone of
the area studied, is around —9 W m™2.

Due to the long period of time considered (almost a decade), this paper stren-
ghens some observations performed during previous field campaigns and com-
pletes them by showing monthly the variability of the marine aerosols in the
Southern Indian Ocean.

In order to strengthen some of these results, it is necessary to perform in
situ. measurements in the marine boundary layer at the center of the area.
Using drones, ships, and planes that could carry on several instruments (micro-
wave radiometer for humidity and temperature profiling, infrared radiometer
and photometer for AOD measurements, aerosol chemistry analysis) would be
of considerable interest. Drones, especially, should be encouraged. A field cam-
paign involving some of the auhors will be organized around Réunion Island in
2018 and 2019. It is worth recalling that this area of study has not been com-
prehensively observed yet it is an area of interest for cloud and aerosol physics

as well as climate change investigations.

Appendix: summarizing list of the most important acronyms used

AOD: Aerosol Optical Depth
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AERONET:: AErosol Robotic NETwork

AEROMAN: AEROsol MAritime Network

CALIOP: Cloud-Aerosol Lidar with Orthogonal Polarization

CALIPSO: Cloud-Aerosol Lidar and Infra-red Pathfinder Satellite Observa-
tion

GOCART: Goddard Chemistry Aerosol Radiation and Transport

MISR: Multi-angle Imaging SpectroRadiometer

ECMWFEF: European Center for Medium-range Weather Forecasts

POLDER/PARASOL: Polarisation and directionality of the Earth’s Reflec-
tances/ Polarization and Anisotropy of Reflectances for Atmospheric science
coupled with Observation from a Lidar

MACC-II: Monitoring Atmospheric Composition and Climate — Interim Im-
plementation

ITCZ: InterTropical Convergence Zone

MJO: Madden-Jullian Oscillation

DREA: Direct Radiative Effect of Aerosol

TOA: Top of the Atmosphere

BOA: Bottom Of the Atmosphere

ATM: Atmosphere Middle

MODIS/AVHRR: Moderate Resolution Imaging Spectroradiometer / Ad-
vanced Very High Resolution Radiometer

SSA: Sea Salt Aerosols

TRMM: Tropical Rainfall Measuring Mission
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