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ABSTRACT

Measurements of the polarisation state of the atmosphere were performed at Tenerife in
June—July 1997, in the framework of ACE-2 (second Aerosol Characterization Experiment), by
2 ground-based instruments: RefPol (a LOA prototype) which took measurements at 445, 665,
870, 1610 nm in the solar principal plane; and an automatic CIMEL (CE 318) sun/sky-photo-
meter which measured polarised radiation at 870 nm in the same observational geometry.
Measurements acquired during the campaign, as well as AERONET (AErosol RObotic
NETwork) measurements acquired at the sites of Cape Verde and M’Bour, are processed with
an algorithm determining the polarised single-scattering sky-radiance due to aerosols, directly
proportional to the aerosol polarised phase function (representing the probability to scatter
polarised radiation in the direction of the scattering angle). A good correlation between the
Angstrom exponent o, representing the spectral dependence of the extinction measurements,
and the polarised phase function is observed on each set of data. The uncertainty of retrievals
at 445 nm makes the determination of the spectral dependence of polarisation inconclusive but
does not prevent confirming the dependence of the aerosol polarised phase function on «, at
all wavelengths. An Angstr(’im exponent of 1 corresponds to a polarised phase function of
around 0.1 (+0.04), at 870 nm and at a scattering angle of 60°. For « between 0 and 0.4, the
average value of the polarised phase function is 0.05. The correlation shows that polarisation
is more sensitive to small particles than to large particles. The discrepancy between retrievals
and Mie calculations from an AERONET size distribution, inverted from Izafia measurements
acquired during a dust event, suggests the presence of small particles, not detected by total sky-
radiance measurements.

1. Introduction

The strong interaction between solar radiation
and the atmospheric aerosols addresses the reason
why, and the way how we study their radiative
effect. Indeed the size range of the aerosol particles
make them significantly influence the global radi-
ative budget of the atmosphere—Earth system and
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allows us to observe the aerosols by means of
photometry.

Aerosols are mainly located in the lower tropo-
sphere, but their spatial distributions are very
dependent on sources and sinks, and on their
lifetime (a few days to a week in the troposphere),
which is very short compared to the greenhouse
gases. Therefore the climatological impact of aero-
sols is strongly regional. However, large scale
transport (Saharan aerosol dust, volcanic erup-
tion), and areas of intensive continuous production
of particles (anthropogenic pollution from the
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industrialised regions of the world) extend the
influence of the aerosols in global zones. Therefore,
heliosynchronous satellites are very suitable tools
for investigating aerosol characteristics. However,
ground based, shipborne and airborne measure-
ments of the atmospheric radiation as provided
by instruments attached in networks, or during
intensive field campaigns, are necessary in order
to complete and validate the satellite surveys.

In this context, ACE-2 (the second Aerosol
Characterisation Experiment) took place in
Tenerife (28°18'N 16°29'W) in June—July 1997.
The experiment was designed to investigate the
physical and chemical characteristics of aerosols
(Verver et al., 2000; Raes et al., 2000). In particular,
dust aerosols were investigated, as their impor-
tance in the global radiative budget is expected
(Tegen and Lacis, 1996). Tenerife was chosen as
the major platform for ACE-2 operations, as it is
located in the north-east tropical Atlantic Ocean,
in the outflow region (10°-30°N) of Saharan desert
dust to Central America (Prospero and Carlson,
1972).

Radiative measurements of planetary atmo-
spheres (Hansen and Hovenier, 1974) and simula-
tions (Cairns et al., 1997; Mishchenko and Travis,
1997) show that polarisation, induced by scat-
tering processes, can provide precise information
on aerosol microphysics. Polarisation measure-
ments are well adapted to aerosol retrieval over
land as surface influence in polarisation is small,
specially compared to its effect on sky-radiance
(Bréon et al., 1995; Deuzé et al., 1993; Herman
et al., 1997).

Measurements of the atmospheric extinction of
the solar light were performed at visible and near
infrared wavelengths in two sites in Tenerife by
two instruments from L.O.A. (Laboratoire
d’Optique Atmosphérique): at sea level in Santa
Cruz De Tenerife; and at 600 m a.s.l. (above sea
level) in San Cristobal De La Laguna. Moreover
multispectral measurements of the polarisation
state of the atmosphere were acquired by an
L.O.A. prototype and by a CIMEL (model
CE-318) sun/sky photometer, owned by L.O.A.,
and equipped with polarisers at 870 nm.
Polarisation data were acquired in the two pre-
quoted sites, as well as in Izafia, the main platform
of ACE-2 measurements in Tenerife (Smirnov
et al., 1998; Russell and Heintzenberg, 2000;
Welton et al., 2000).
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RefPol (for Reflectance and Polarisation), the
L.O.A. prototype, has been developed for the
validation of the POLDER (POLarization and
Directionality of Earth Reflectance (Deschamps
et al., 1994)) instrument, which was first set up
onboard aircraft, and then launched in September
1996 onboard the Japanese spatial platform
ADEOS (Advanced Earth Observing Satellite).
During the POLDER survey, RefPol measure-
ments were performed in Lille (50°36'N 3°8'E,
60 m a.s.l), an urban area, from January 1997,
and in Tenerife during ACE-2. Also, since 1994,
polarised photometers (CIMEL type) have run
world wide as part of the ground-based
AERONET (AErosol RObotic NETwork) net-
work (Holben et al,, 1998), and in particular in
M’Bour (Senegal) and Cape Verde, which are two
sites located in the same area as Tenerife, and also
impacted by the Saharan dust aerosols.

An algorithm, developed at near infrared wave-
lengths by Vermeulen (1996), is used to retrieve
the polarised phase function from the combination
of the measured polarised sky radiance and the
aerosol optical thickness, and extended to visible
wavelengths. The polarised phase function is the
angular probability of a particle to scatter pola-
rised light in the direction of the scattering angle,
therefore only represents the polarising properties
of the aerosols (without influences of the experi-
mental characteristics, particle quantity, molecular
contribution, ...). It corresponds to the P,, element
of the aerosol phase matrix P, which is a Mueller
matrix composed of 16 elements (4 x 4) (Lenoble,
1993). It is dimensionless, as the natural phase
function (Van de Hulst, 1957), which corresponds
to the P,, element of the phase matrix and which
is normalised as

P,1(©, ®)dw

j‘space
47 =L

®, ® are the zenith and azimuth angles respect-
ively; dw is an infinitely small solid angle, in
steradians, and 4n represents the complete solid
angle (steradians). In the adopted formalism,
polarisation is positive when the polarisation dir-
ection is perpendicular to the incident plane (which
contains the solar and scattering directions), nega-
tive when it is parallel.

The dependence of results on the Angstrém
exponent, independently measured and indicative
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of the size distribution, is revealed by measure-
ments in Tenerife, and in M’Bour and Cape Verde.
The spectral dependence of the polarised phase
function inferred from measurements in Tenerife
is discussed. Finally, our polarisation data are
compared with the polarisation inferred from Mie
calculations with an AERONET-inverted size
distribution.

2. Experimental

2.1. Site description

To investigate the influence of desert aerosol on
the polarisation state of the atmosphere, three
measurement sites in the north-eastern tropical
Atlantic Ocean are selected: Tenerife (28°18'N
16°29'W), M’Bour (14°23'N 16°57'W) and Sal
Island (16°45'N 22°57'W). These sites are located
far from sources of urban and industrial pollution,
and in the westerly outflow of Saharan desert
aerosols. Their geographical characteristics relev-
ant to this study are briefly discussed.

For more than a decade, Tenerife has supported
measurements for dust surveys (Arimoto et al.,
1995). Tenerife is a volcanic island of the Canary
archipelago, 400 km offshore the Moroccan coasts.
The interaction of Azores high and the Canaries
cold stream produces a subsidence inversion layer
usually situated between 1200 and 2000 m a.s.l.,
which hinders the arrival of Marine Boundary
Layer (MBL) pollution in the Free Troposphere
(FT) (Raes et al., 2000). During the ACE-2 cam-
paign, three sites were chosen on the island for
acquiring polarisation data. The first is located in
the FT, at the Izafa Observatory (2367 m as.l.,
hereafter Izafa), and two others in the MBL, at
two different altitudes, in Santa Cruz De
Tenerife(0 m a.s.l., hereafter Santa Cruz) and San
Cristobal De La Laguna (600 m a.s.l., hereafter
La Laguna). Izafa is a Global Atmospheric Watch
(GAW) station, as well as a major ACE-2 platform
(Smirnov et al, 1998; Raes et al, 2000; Welton
et al., 2000).

Santa Cruz is the capital of the island, situated
on the north-eastern coast. Measurements were
taken at the Nautical School of Santa Crugz,
directly on the coast. The site is under the influence
of north-westerly clean maritime air, which pre-
vents the influence of urban pollution on the site.

La Laguna is the second major town of the
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island on the slope hillside of the mountain chain
of Anaga, at 600 m a.s.l.. Two major local sources
of pollution impact the site located on the roof of
the Universidad de Fisica e Matematica: intense
road traffic and the International North airport.
Santa Cruz and La Laguna are located 10 km
apart. Meteorological centres are located in vicin-
ity of each site.

2 sites part of the AERONET network are
located in the area. One is at Sal Island, the most
north-eastern island of Cape Verde archipel-
ago, 500km offshore the Senegalese coast.
Measurements of atmospheric extinction have
been performed since 1991 (Chiapello et al., 1997;
Chiapello et al., 1999). The sampling site is located
at 60m a.s.l, 7km away from a town of 25000
inhabitants. The other site is located at the same
longitude, but closer to the source of the desert
aerosols, subject to maritime influence as well, at
M’Bour, 80 km south of Dakar (capital city of
Senegal). This site is at sea level, directly on the
shore, and surrounded by a Sahel-type vegetation.

2.2. Instrumental

3 instruments belonging to L.O.A. were run in
Tenerife from 15 June until 22 July 1997: a L.O.A.-
prototype polarimeter, denominated RefPol
(Reflectance and Polarisation), a manual CIMEL
sunphotometer and an automatic CIMEL
(CE-318) sun/sky photometer, labelled respect-
ively LOA-manual and LOA-71. An AERONET
CIMEL, labelled here NASA-02, acquired data in
Izafia. The AERONET sites of Cape Verde and
M’Bour are equipped with two automatic CIMEL
sun/sky photometers, running from February 1996
to February 1998, and from December 1996 to
August 1997, respectively.

RefPol takes multispectral measurements of the
total and polarised sky-radiances (quotient of
polarised over total radiance provides the degree
of polarisation) of the atmosphere at 445, 665, 870
and 1610 nm in the principal plane.

All CIMEL instruments measure aerosol optical
thickness at 445, 665, 870, 1020 nm. Except LOA-
manual, all CIMEL’s operate automatically, and
measure as well sky-radiance in the almucantar
and solar principal plane geometry at 445, 665,
870, 1020 nm, while the polarised radiance is
measured only at 870 nm in the solar principal
plane (Holben et al., 1998).
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RefPol and the automatic CIMELs (as
POLDER) measure polarisation according to the
same principle: the linearly polarised component
of the light is measured with polarising filters
mounted on a rotating wheel. For calculating the
polarisation rate, three measurements of the pola-
rised light are acquired in correspondence of three
positions of the rotating wheel. In case of CIMEL
(and POLDER), these three measurements are
spaced of 60°, in the case of RefPol, of 45°. These
measurements are then combined to give the total
and the polarised radiances. The total radiance
L, corresponds to the first component of the four
Stokes parameters (Lenoble, 1993), while the pola-
rised radiance is related to the three others.
Concerning the atmospheric conditions, the fourth
parameter is negligible compared to the others,
which means that atmospheric polarisation is
mostly linear. Therefore the polarised radiance
depends on the second and the third Stokes para-
meter as Ly, =V Q%+ U? (Lenoble, 1993).

Measurements are made for cloudless atmo-
spheric conditions, from the ground. The sweeping
motion is included in the solar principal plane,
which is the plane perpendicular to the Earth’s
surface and containing the sun. The instrumental
viewing angle 0y ranges between —90° and +90°,
with respect to the zenith position. The scattering
angle is defined as 04 = 0y + |0g|, where 0g is the
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solar zenith angle. Therefore, in the principal
plane, 04 ranges between 0 and |0g| + 90°.

2.3. Measurement validation in Tenerife

Days for which measurements are available in
Tenerife are reported in Table 1. Visual observa-
tions, confirmed by measurements (Smirnov et al.,
1998; Formenti et al., 2000; Welton et al., 2000),
situate three major dust episodes on 7-9 July, on
17 July and on 23 July during the ACE-2 cam-
paign. In the following, we will mention the other
days as “clear days”, as opposed to the dust events.
Table 2 summarises the experimental character-
istics of the measurements discussed throughout
the paper (instantaneous values of the aerosol
optical thickness, the Angstrém exponent, the
solar zenith angle, time and location).

Calibration of LOA-71 was performed before
and after the campaign at L.O.A. by the Photon
team, the European branch of AERONET. RefPol
performances are checked regularly at L.O.A. for
more than two years.

Two kinds of calibration coefficients are defined
for inferring the sky-measurements. Total radiance
measurements are affected by the energy calibration
coefficients while the degree of polarisation depend
on the polarisation calibration coefficients.
Therefore polarised radiance results of both kinds

Table 1. Available polarisation measurements in Tenerife (simultaneous to extinction measurements)

Santa Cruz La Laguna Izana

20 June LOA-71/RefPol, NASA-02
21 June LOA-71/RefPol, NASA-02
27 June LOA-71
30 June LOA-71 RefPol, LOA-manual

1 July LOA-71 RefPol, LOA-manual

6 July LOA-71 RefPol, LOA-manual

8 July RefPol, LOA-manual/LOA-71

9 July LOA-71 RefPol, NASA-02
13 July RefPol, LOA-71
17 July LOA-71 RefPol, NASA-02
18 July LOA-71
20 July LOA-71
21 July LOA-71
22 July LOA-71

The instrument of which label is written in italic was used for providing the extinction measurements. The dates in
bold frame correspond to dust events occurred in Tenerife during ACE-2. When just the optical thickness data were
used, the label of the performing instrument is written in italics.
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Table 2. Summary of the experimental characteristics of data discussed in the paper and encountered in
Tenerife during ACE-2; instantaneous values (date and GMT time) of the aerosol optical thickness, the

Angstrém exponent, the solar angle

Aerosol optical Angstrom Solar zenith
Time Site thickness 0, at 870 nm exponent o angle Og
15 June, 09:27 Izafia not available not available 48.5°
20 June, 18:43 Izana 0.01 1.50 74.4°
30 June, 17:08 La Laguna 0.03 0.93 54.0°
30 June, 17:23 La Laguna 0.03 1.11 571
30 June, 18:29 La Laguna 0.04 1.50 71.3°
01 July, 07:56 La Laguna 0.015 1.49 69.0°
08 July, 07:18 La Laguna 0.27 0.25 77.5°
08 July, 08:27 La Laguna 0.25 0.23 63.0°
09 July, 12:12 La Laguna 0.19 0.01 14.3°
17 July, 15:24 Santa Cruz 0.35 0.19 30.4°
17 July, 18:26 Izana 0.20 0.13 70.7°
20 July, 11:21 Santa Cruz 0.05 —0.03 26.1°
of calibration coefficients. Consequently, the accu- o0 I o
racy of RefPol polarised radiance is 7% at 445 and ' 445 nm ]
665 nm, 9% at 870 and 1610 nm. Between each 005 WHs0ap000000500 ]
successive evaluation at every wavelength, the calib- 1
ration coefficients in total radiance stay, however 1
stable, within 5%. 8: 665 nm
The energy ?alibration.coeﬂ’lcients are computed  E§ 0.010% M 2 ongooogessgIeEe |
so as to obtain sky-radiance measurements nor- § f Q’agx -
malised to the extra-terrestrial solar radiance. Thus & 6 1
. . . S 0005 870 nm® 3% i
the measurements are dimensionless and are inde- & F MM o0 |
pendent on the seasonal variation of the distance § |

Earth—Sun. The provided quantity is equivalent to

nL*(0g, 2)

LOa )= 7,

where L*(0,, /) has radiance units (W m~2 sr™?
um~ 1) and Eg(A) is the monochromatic extra-
terrestrial solar irradiance (W m~2 pm™~!) which
depends on the acquisition date. As 7 is in stera-
dians, L(04, A) is dimensionless. Throughout the
paper all discussed (total and polarised) radiance
quantities will be normalised radiance, but for
clarity purpose, the term “normalised” will be
skipped.

Inter-comparison of RefPol and LOA-71 were
performed during 15 June 1997 (a clear day) and
during 8 July 1997 (dust event). Total sky radiance
is compared at 445, 665 and 870 nm. The measured
radiances are plotted in Figs. 1,2 as a function of
the scattering angle. The corresponding values of
angularly averaged ratio R of total sky-radiance
acquired by RefPol over total sky-radiance

6, = 48.5 ' J
o o oLOAT 8,..(870 nm) = 0.01
X x X RefPol

0001 —* * * LOA-71, from polarised filters, 870 nm
L n | 1 L | 1

L
20 40 60 80 100 120 140
Scattering Angle 6,

Fig. 1. Total sky-radiance as a function of the scattering
angle, measured by RefPol and LOA-71 at the same
wavelengths (445, 665, 870 nm) during clear conditions,
at Izafa, on 15 June. The dots represent the total sky-
radiance inferred from the measurements from the
870 nm-polarising filters of LOA-71.

acquired by LOA-71 are gathered in Table 3. The
agreement is good, less than 5% of difference at
445 nm, between 4% and 8% at 665 nm, and
around 6% at 870 nm.

The degree of polarisation corresponding to
clear and dusty atmospheric conditions, as
acquired by RefPol and LOA-71 at 870 nm, are
plotted in Fig. 3. While LOA-71 measurements
are more scattered, the instruments are coherent

Tellus 52B (2000), 2
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Fig. 2. Same as Fig. 1 except that the measurements were
taken during a dust event, in La Laguna, 8 July morning.
Both x- and y-axis have the same scales as in Fig. 1.

Table 3. Angularly-averaged ratio, R™, of total
radiance measured by RefPol over total radiance
measured by LOA-71, at 445, 665, 870 nm, during
an aerosol event and during a clear day; corresponds
to measurements plotted in Figs. 1, 2

Rt 445 nm 665 nm 870 nm
Izafia, 15 June 1.04 1.08 1.07
La Laguna, 08 July 0.99 0.96 0.94

together. The angularly averaged difference is
lower than 10%. We can notice the evident strong
dependence of the degree of polarisation on the
atmospheric conditions (degree of polarisation
lower during the dust event).

Because instrumental inter-comparison in
polarisation is possible only at 870 nm, we used
simulations for validating the polarisation meas-
ured by RefPol at 445 nm. This wavelength is
chosen as the molecular contribution is dominat-
ing, and the signal depends very little on the
aerosol model chosen when the aerosol load is
small. These conditions are reached on 20 June at
Izana (aerosol optical depth J,..(445 nm) = 0.02).
To show the weak impact of aerosol polarisation
in these conditions, we use the additivity property
of aerosol and molecular contributions in pola-
rised radiance (Vermeulen, 1996). A specific phase
matrix describes the angular optical properties of
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Fig. 3. Degree of polarisation as a function of the scat-
tering angle, measured at 870 nm by RefPol and LOA-71
during a clear day at Izaia and a dust event at La
Laguna. Corresponds to the measurements plotted in
Figs. 1, 2.

each atmospheric constituent: aerosols and molec-
ules. The contribution of molecules in atmospheric
polarised radiance is calculated by cancelling the
Py, term of the aerosol phase matrix P,. Thus,
molecules and aerosols scatter the radiation, but
only molecules polarise. The aerosol contribution
is computed following the same procedure: the P;,
element of the molecular phase matrix P, is put
equal to 0. It has been noticed that the sum of
each contribution equals the atmospheric pola-
rised radiance (calculated without cancelling the
aerosol or the molecular Py, term), and at every
wavelength from 445 to 1610 nm (whereas molec-
ules and aerosols are coupled in total radiance).
Respective contributions related to the case study
of 20 June is reported in Fig. 4, which shows that
aerosols contribute only up to 4% to the atmo-
spheric signal. The comparison between the pola-
rised sky-radiance calculated for the atmosphere
and the polarised sky-radiance measured at
445 nm shows that simulation underestimates the
measurement up to a scattering angle of 120°. The
absolute discrepancy is less than 5%.

If not specified by “aerosol” or “molecule”,
polarised sky-radiance will concern the scattering
processes induced by all the elements composing
the atmosphere (aerosols and the molecules).

In the following, only measurements at 445 and
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Fig. 4. Polarised sky-radiance as a function of the view-
ing angle, measured at 445 nm during a clear day at
Izana (20 June) and simulated polarised radiance in the
experimental conditions for inter-comparison. Separate
contributions of aerosol and molecules in polarised radi-
ance are reported.

870 nm will be discussed, as these are the wave-
lengths, over the four available, at which measure-
ments could be best validated. Moreover
extinction measurements are not available at
1610 nm, what makes the interpretation of RefPol
measurements at this wavelength difficult. The
spectral range of these measurements is sufficient
for reporting on the spectral properties of the
aerosol polarisation.

3. Extinction measurements

In Fig. 5, the aerosol optical thickness 0,,,
measured at 870 nm at Tenerife, is plotted versus
the Angstrém exponent o, which represents the
spectral dependence of J,. (between 445 and
870 nm in this paper) and which is indicative of
the size distribution of the particles. Only extinc-
tion measurements acquired simultaneously to the
polarisation measurements are shown in Fig. 5.

Data from Izafia were acquired by the
AERONET instrument, NASA-02, on 9 and 17
July when RefPol was run at the same place. Data
from La Laguna and Santa Cruz were collected
by LOA-71 and LOA-manual. The shape of the
point cluster is representative of sites impacted by
desert aerosols. The large range of Angstrém

T. ELIAS ET AL.
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Fig. 5. Representation of the extinction characteristics
in Tenerife as the aerosol optical thickness J,., at 870 nm
versus the Angstrom exponent « (between 445 and
870 nm).

exponent values (from 0.4 to 1.5) corresponds to
small values of the aerosol optical thickness
(0.01-0.1). These data were acquired during clear
days in Santa Cruz and La Laguna. Small values
of o (from —0.03 to 0.4) with bigger J,,, (0.1-0.34)
correspond to the dust episodes. This is confirmed
by the results of other photometric measurements
acquired in Tenerife during ACE-2 (Smirnov et al.,
1998; Schmid et al., 2000; Formenti et al., 2000).
The other data (small value of « and d,,,) were
acquired in Santa Cruz. The smallest values of «
(Table 2) are obtained from measurements in
Santa Cruz on 20 July (—0.03 <« <0.06 for
0.044 < 9, < 0.054) and in La Laguna on 9 July
during the 1st dust event (o = 0.01 for J,., = 0.19).
The biggest values of o are seen in La Laguna on
30 June afternoon and 1 July morning (x = 1.50
for d,., =0.04 and J,., = 0.015, respectively). The
aerosol optical thickness measured in Tenerife
simultaneously to the polarisation measurements
reaches its maximal value in Santa Cruz during
the 2nd aerosol event, on 17 July (J,., = 0.34 for
o=0.19).

Similar characteristics are observed even when
seasonal variations are incorporated, as for extinc-
tion data acquired at Cape Verde and M’Bour
(Fig. 6), where the measurement period extends to
almost 3 years. The scatterplot of J,., versus o
shows the cluster shape observed for Tenerife,
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Fig. 6. Idem except that is representative of Cape Verde
and M’Bour. While the scale of the x-axis is identical as
the one of Fig. 5, the y-axis is 4 times increased.

although d,., goes up to 2.0 during dust events
(up to a factor of 6 higher than in Tenerife). The
Angstrém exponent reaches 1.4 as maximal value,
comparable to the maximum observed in Tenerife.

4. Methodology of the retrieval of the aerosol
polarised phase function

Because sky-radiance measurements significantly
depend on the experimental conditions such as solar
zenith angle, topography of the site, quantity of
aerosols, molecular contribution, etc., raw measure-
ments are difficult to interpret for aerosol study.
Therefore, as explained by Vermeulen (1996, 1999),
given the aerosol optical thickness measured by the
sunphotometers, we first remove multiple scattering
effects from the measured polarised radiation. Then
we subtract the molecular contribution to infer the
aerosol polarised phase function which depends
only on the aerosol characteristics (size distribution,
refractive index, shape of the particle). This angular
function represents the probability of the particles
to scatter a polarised wave in the direction of the
scattering angle. Because land-surface influence is
negligible in the polarised downwards radiance
(Bréon et al., 1995; Lafrance, 1997), we do not
consider it in the data-processing. The method is
extended to multispectral data. It is explained
hereafter.
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In the solar principal plane, for a homogeneous
plane-parallel atmosphere, the relationship
between the single-scattering polarised radiance
LUJ(04) and the aerosol polarised phase function
0.(0y), at a fixed wavelength 4, is:

L(l) 9 _ n:Li)lo)l*(Gd) _ cZ)O(saer Qa(gd) + 5Ray QR(Hd)
pol( d) - E - 5 + 5
S aer Ray

1
X — [C ~(Oaer + ORay)/iy __ e~ (Oger T 5Ray)/#s]

4

x —85 (1)
Hs — Hv
The quantity @,Q,(6,), the product of the aerosol
single scattering albedo, @,, and the polarised
phase function, is the unknown variable. J,., is
the aerosol optical thickness, measured by a sun-
photometer. dg,, and Qg(04) are respectively the
molecular optical thickness and the molecular
polarised phase function, quantified by Rayleigh
theory. ug = cos 0y, uy =cos 0y, where 0y and 0y
are respectively the solar zenith angle and the
viewing zenith angle.

In order to correct the measured polarised
radiance of multiple scattering effects, numerical
simulations of the ratio of single-to-multiple polar-
isation, R¥™(0,, &8, 6,.,) are performed by using
an arbitrary aerosol phase matrix P, (defining the
natural and the polarised phase functions
PP*"(04) and QF*(0,)), an arbitrary aerosol single
scattering albedo @§*" and the measured aerosol
optical thickness.

Lgo)l,calc (Od)
ngl,calc (Hd) ’

LU carc(04) is calculated by using the relation (1),
L3, ca1e(04) results of simulations by the radiative
transfer code of Successive Orders OS (Deuzé
et al., 1989).

Calculations of RSM(0,, @8*, d,.,) have been
made at three wavelengths (445, 665, 870 nm), for
a solar zenith angle of 60°. The arbitrary aerosol
phase matrix is derived from an aerosol model
following a Junge law, n(r) = Cr™" (r is the particle
radius, C is a constant) with v = 4.6. However, the
choice of the aerosol model is not important as
the ratio RS™(0,, @8, §,,;) proves to be nearly
insensitive to the aerosol phase matrix (Vermeulen,
1996). Here, the aerosols are assumed to be non

absorbing (@5* = 1) and the aerosol optical thick-

R3M (Od’ a—Jgar, 5aer) =

(2)
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ness is set to two values: J,., (4 =870 nm)=0.1
and J,, (A=870nm)=0.4. The curves are
reported in Fig. 7. The angular variation of the
ratio is very small in an angular interval of which
the inferior boundary increases for shorter wave-
lengths. At large scattering angles the ratio
increases because of the increase of the air mass
for viewing zenith angles beyond 70°. At lower
scattering angles the increase is due to a discon-
tinuity of R¥™(0,, @8, 0aer). Indeed L caio(0a)
(eq. (2))is equal to O for a scattering angle included
between 10° (at 870 nm) and 20° (at 445 nm). At
a scattering angle of 80° the ratio is included
between 0.58 (1 =445 nm and J,., (A =870 nm) =
0.4) and 0.9 (A=870 nm and 9d,., (A =870 nm) =
0.1). These relatively large values demonstrate
that polarisation results mainly of single scat-
tering. RS™(04, @8*, 6,.,) diminishes when J,,
increases and when A decreases.

Applying this ratio to the measurements pro-
vides the measured, polarised, single scattered
radiance, L3)) peqs, from which molecular contribu-
tion Qg(04) (Qr(04) = %(1 — cos?(0,)) is subtracted
in order to get @od,., O (04) (eq. (1)) which finally
gives the retrieved polarised phase function multi-
plied by the aerosol single scattering albedo.

Devaux et al (1998) originally applied this
method to the measured total radiance, for the
retrieval of the aerosol single scattering albedo,

T
1.0
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3
‘_“.i 0.6 1
g‘ 1
N ]
Y
=
%m 04— i
S 445 nm 1
<
S gl — 665 nm .
870 nm J
l
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I ! ‘ ‘ ’ :

0 20 40 60 8 100 120 140
Scattering Angle 6,

Fig.7. Ratio  of  single-to-multiple  polarisation
RM(0,, @B, 8,.,) as a function of the scattering angle
04, for 2 values of the aerosol optical thickness d,., (0.1
and 0.4) and at 3 wavelengths.
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@y, and of the natural phase function. However
this procedure requires much more attention,
especially concerning the influence of the surface
reflectance and necessitates other photometric
data. Because we do not get routinely the value
of @,, for processing the whole set of data we
need to fix arbitrarily a value for @8*. It is set
equal to 1 (its maximal value). Thus Q"(0,)

is reduced to its minimal value. Indeed, decreas-
—par

ing @f" makes LY ...(04) decrease quicker
than  L{) c.c(0s). And  consequently both
RSM(@,, @8, §,.;)  and retr()y)  increase.

Calculations with @§*" = 0.8 on the available data
show Q' (04) may increase by 30-40% at 870 nm,
by up to 200% at 445 nm during the dust events
(when the polarised phase function is small).

Numerical solutions, from OS, are conducted
for the vertical density profiles of aerosols and
molecules, described by two height scales. The
aerosol effect is parameterised through a phase
matrix, the aerosol single scattering albedo and
the aerosol optical thickness, the molecules by the
Rayleigh phase matrix and the molecular optical
thickness. The surface albedo has negligible influ-
ence on downward polarisation calculations. More
details about this code can be found in Deuzé
et al. (1989), and for its application to this study,
in Vermeulen (1996) and in Devaux et al. (1998).
Because the code assumes a plane parallel atmo-
sphere, the angular limitation of the algorithm for
the viewing angle is 80° where the effect of non
sphericity is relevant (Vermote and Tanré, 1992).

The uncertainty of results depends on J,,, on
the aerosol model defined as algorithm-parameter,
on the measurement wavelength and on the scat-
tering angle. In the conditions of a dust event
(0aer(870 nm) = J,,(445 nm) = 0.2) the uncertainty
on the retrieved polarised phase function at 60° is
around 0.01 at 870 nm and 0.05 at 445 nm. During
clear days (9,.(870nm)=0.02; 0, (445nm)=
0.05), it increases up to 0.07 at 870 nm, up to 0.2
at 445 nm.

5. Application to RefPol and CIMEL
measurements
5.1. Tenerife

Polarised phase functions derived from com-
bined RefPol and sunphotometer measurements
acquired at 870 nm are plotted in Fig. 8 for 4

Tellus 52B (2000), 2
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Fig. 8. Inferred polarised phase functions at 870 nm for
4 different Angstr(")m exponents o. The two smaller values
of o correspond to dust events in La Laguna and Izafia
(8 July morning and 17 July afternoon respectively). The
two others correspond to measurements acquired in La
Laguna during clear days (30 June afternoon and 1 July).

values of the Angstré')rn exponent «. The measure-
ments can not be used for scattering angles lower
than 20° because of solar perturbations, neither
for viewing zenith angles larger than 70° in La
Laguna, 80° at Izafa, because of the encumbrance
of the horizons.

The maximum of the phase functions is reached
at around 60° and its magnitude varies between
0.04 and 0.20. During the dust episodes, the phase
function reaches negative values at large scattering
angles (greater than 140°). As observed in Fig. 8,
the polarised phase function depends strongly on
the Angstrém exponent, as also pointed out theor-
etically by Bréon et al. (1997). To verify this
behaviour on the whole set of data, we plot in
Fig. 9 the polarised phase function at 60° versus
the Angstrém exponent. This angle is chosen
because it corresponds to a maximum of the signal
and because the influence of the particle refractive
index, not measurable directly by our measure-
ments, is small. Data corresponding to clear condi-
tions at Izafia are not included in Fig. 9, as the
aerosol optical thickness is close to the instru-
mental detection limit. The strong correlation
between the spectral atmospheric extinction and
the aerosol polarisation properties is evident,
although the two measurements are independent

Tellus 52B (2000), 2

629

T T I I T I |

Mie calculations

x La Laguna, 600 m a.s.l.

2 Izana, 2370 m a.s.l. .|
o Santa Cruz, 20 m a.s.l.

X  x
025 4 A

o o

020 —

0.15 —

0.10

0.05 —

Aerosol polarised phase function Q®(8,=60)

S S | 1 | [
02 00 02 04 06 08 10 12 14

Angstrom Exponent o: (445 -> 870 nm)

Fig. 9. The polarised phase function retrieved at 870 nm
and at a scattering angle of 60°, is shown versus the
Angstré’)m exponent, derived from spectral extinction
measurements simultaneous to the measured polarised
sky-radiances. Numerical calculations by Mie theory are
added for comparison.

from each other. For small «, corresponding to
large particles (during the dust episodes), the
polarisation level is close to zero. It increases for
increasing o, up to Q"(60°)=0.2 for «=1.5, in
La Laguna and during clear conditions. Therefore,
small particles polarise more than big particles.
The strong influence of polarisation by small
particles is noticeable even when restricting the
analysis to clear conditions only (o greater than
0.5 in Fig. 9). This is shown for La Laguna, where
an increase of o is correlated to an increase of
Q= (60°) in correspondence of low d,.. values.
Indeed at La Laguna, a sudden increase in the
polarised phase function QL"(60°) (a factor of 2
in 90 min) is observed on 30 June afternoon when
o varied simultaneously between 0.93 and 1.50.
0:(60°) then remains stable until the morning
after (as o). On the same period, despite a gap of
28 h during which no measurements are available,
an increase of the same order is noticed at Santa
Cruz. By making no distinction between the loca-
tions, the atmosphere seems stable until 30 June,
at 17:00 GMT, then a rapid change occurs in
90 min, after which the situation stays stable along
the day after, until the afternoon. The first meas-
urements possible in La Laguna and Santa Cruz
after this episode were made on 5 July and 6 July
respectively, which showed a polarisation level
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still lower than on 30 June morning. All these
changes of Q%"(60°) are correlated with changes
of o.

On Fig. 9 are reported numerical calculations
(by Mie theory) of QX" (60°) versus o, by assuming
a Junge law for the size distribution. The slope v
is varied between 2.8 and 4.5 to obtain values of
o ranging between —0.2 and 1.5 (v=oa+3).
Calculations have been conducted for several
values of the refractive index m. The small influ-
ence of m on calculated quantities makes possible
to draw a single curve (as plotted in Figs. 9, 10).
Measurements and calculations are correlated for
large values of o. Measurements show that, during
dust events, large particles polarise more than the
theoretical predictions.

5.2. Cape Verde and M ’'Bour

The same analysis has been applied to the
measurements acquired by AERONET in Cape
Verde and M’Bour. As measurements are per-
formed automatically, particular care is taken in
discriminating unperturbed cloudless conditions.
Data are thus filtered first with respect to retrieved
aerosol optical thickness values and then with
respect to total radiance measured in the solar
principal plane. The first test filters out measure-
ments for which the variance of aerosol optical
thickness acquired during one hour is greater than

L A

030+ ‘ 4

025 ° ° © Cape Verde 3 J
x x  x Dakar . x
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-0.05

02 00 02 04 06 08 10 12 14
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Fig. 10. Same as Fig. 9 except for M'Bour and Cape
Verde. The axis scales in both figures are identical. The
same Mie calculations as in Fig. 9 are included.
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12%. The test on total radiance eliminates the
angular parts where the curve presents peaks due
to scattering by clouds. The filter on J,., eliminates
70% of the available measurements in Cape Verde,
60% in M’Bour. The filter on the total radiance
eliminates about 6% of the §,.-filtered data. 4%
of the data are further eliminated when considered
not physical (excessively high or negative values).
Eventually, about 20% of the Cape Verde meas-
urements and 30% of M’Bour measurements are
processed, yielding more than 500 principal plane
data sets.

A good correlation between Q5*(60) and « is
obtained (Fig. 10). As observed in Tenerife,
0:(60°) for dust episodes ranges from 0 to 0.1,
while for smaller particles (0.8<oa<1.4)
Q= (60°) varies between 0.1 and 0.25. However
the scatter of the points indicates that polarisation
does not depend uniquely on the aerosol
Angstrém exponent.

6. Spectral characteristics of the polarised
phase function

The same procedure is used for the polarised
sky-radiance measured at 445 nm at Tenerife by
RefPol. Polarisation measurements at 445 nm are
necessary to validate the POLDER observations,
and were operated at this wavelength for the first
time at this occasion in Tenerife and in Lille (north
of France). Measurements in Lille are not discus-
sed in this paper, but the authors are currently
working on these data.

The polarised phase functions retrieved from
simultaneous measurements at 445 and 870 nm
are plotted in Figs. 11, 12. Fig. 11 corresponds to
acquisitions in La Laguna and Izafa during dust
events. Fig. 12 corresponds to measurements made
in La Laguna during clear conditions.

As observed at 870 nm, the polarised phase
function at 445 nm is much smaller during dust
events (Q5"(04) always lower than 0.05) than
under clear conditions (Q"(04) up to 0.40).
During dust event, QX" (04) even presents a sign
inversion. This feature is much clearer than at
870 nm, and it occurs at 95° in La Laguna and at
105° in Izafia. The maximum of the phase function
at 870 nm occurs between 50° and 80°, while it
tends towards smaller angles at 445 nm, specially
during dust events.

Tellus 52B (2000), 2
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Fig. 11. Polarised phase functions versus the scattering
angle at 445 nm and at 870 nm, inferred from 2 measure-
ments acquired in Izafia and La Laguna during dust
events (17 June afternoon and & July morning,
respectively).
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Fig. 12. Same as Fig. 11 except that the curves are the
results of 3 measurements acquired during clear days in
La Laguna only (30 June, 1 July).

The spectral dependence changes from clear to
dusty conditions. In the first case, the polarised
phase function is higher at 445 nm than at 870 nm,
while during dust event, Q" (64) is higher at
870 nm. In Fig. 13, the dependence of Q" (60°) at
445nm and 870nm is plotted against the
Angstrém exponent a. Error bars are added for
sparse values of o, randomly selected. While the
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same correlation with respect to o appears within
the error bars, the spectral dependence is question-
able because of the uncertainties both for clear
and dusty conditions.

On 30 June and 1 July, the polarised phase
function at 445 nm in La Laguna increases by a
factor of around 2, as does the polarised phase
function at 870 nm (discussed previously), and
even in this case, the correlation with o remains
good.

7. Comparisons with size distribution
retrievals

In order to test the implications of our
polarisation data, we used an AERONET-
inverted size distribution (Smirnov et al, 1998)
to perform radiative transfer simulations and
compare the calculations with the polarisation
measurements. On 17 July afternoon, during the
2nd dust event, RefPol and a CIMEL instrument
simultaneously acquired photometric data at
Izafia, along with instruments onboard the
Pelican aircraft (Schmid et al, 2000) which
performed a vertical profile directly above Izafia
in the late afternoon.

The refractive index associated with the
inverted size distribution is m = 1.45-0.005.i. Mie
calculations of the resulting phase matrix show
that the predicted polarised phase function is
very close to zero, and even negative, as is
shown in Figs. 14, 15. Calculations for other
values of real and imaginary parts of the
refractive index do not show significant changes
of the aerosol polarising properties. The pola-
rised phase function derived from RefPol meas-
urements are compared with these calculations
in Figs.14, 15. At 445 and 870 nm, our results
show that the aerosols exhibit positive polaris-
ation (i.e., Rayleigh type). Nevertheless the pola-
rised phase function is very low and the
maximum reaches 0.04. Multispectral measure-
ments show different polarising properties to
what is predicted by Mie theory and total
radiance processing (Smirnov et al., 1998).

From airborne in-situ measurements onboard
the Pelican, Ostrom and Noone (2000) provided
values of the dry aerosol single scattering albedo
at several altitudes. Above Izafia, at 3250 m a.s.l.,
they obtained 0.89 + 0.1, and 0.83 4+ 0.36 at 3885 m
asl. From other photometric measurements
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Fig. 16. Polarised sky-radiance versus the scattering angle 04 as measured by RefPol at 445 and 870 nm at Izafia
on 17 July, 18:26, and as calculated by the radiative transfer code OS for the experimental conditions (3., 0s, ...)
and for the size distribution inverted from AERONET measurements. @§*" is set equal to 2 values: 0.85 and 0.95.

performed at “Pico Del Teide” (28°16'N, 16°36'W,
3570 m a.s.l.), situated higher than Izafa, not far
from the summit of the mountain, Formenti et al
(2000) derived for the same day an ambient @,
value of 0.89 +0.32 (morning average). As the
aerosol optical thickness is measured by the
AERONET instrument, all parameters are avail-
able for simulating the downward polarised sky-
radiance from the radiative transfer code OS. For
representing the range of measured @,, we use two
values: 0.85 and 0.95. The atmospheric polarised
sky-radiance, as measured by RefPol at 445 and
870 nm and as simulated for the two values of @,
are plotted in Fig. 16. While the order of magnitude
of the simulation and the measurement are similar
at 445 nm (due to large molecular contribution), the
discrepancy is very large at 870 nm. Measurements
show atmospheric polarisation is larger than pre-
dicted by the simulations at this latter wavelength.
Decreasing the aerosol single scattering albedo is
not sufficient to fill the gap. Another cause of the
disagreement might be due to the quantity of par-
ticles. However the aerosol optical thickness, dir-
ectly proportional to the number of aerosols, is
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measured with a good precision. As we demon-
strated earlier, the effect of small particles on polaris-
ation is bigger than the effect of big particles,
therefore the change in the size distribution by
increasing the number of small particles with respect
to the bigger particles would increase the polaris-
ation. A likely cause of disagreement is the presence,
at the height of Izana, of a thin layer of small
particles which is advected from the MBL along the
mountain ridge of Izafia by upslope thermal winds
(Raes et al., 1997; Welton et al., 2000). The quanti-
fication of the effect of upslope particles on the total
and the polarised radiances can be achieved by
adding the size distributions measured in-situ at
Izafia to the inverted size distributions. Work on
this issue is currently in progress.

8. Conclusion

Multispectral measurements of atmospheric
polarisation were acquired in Tenerife, at three
altitudes, during clear days and during the 2 first
dust events which occurred during ACE-2.
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Measured aerosol optical thickness is used in
numerical calculations for correcting the polarised
sky-radiance of the effect of multiple scattering.
Then the molecular contribution is subtracted in
order to provide the polarised phase function,
which depends only on the aerosol characteristics.
Results inferred at 870 nm from data acquired in
Tenerife and in two AERONET sites located in
the same geographical area, show that the aerosol
polarised phase function is very well correlated
with the Angstrém exponent o, derived from inde-
pendent measurements of spectral solar extinction.
The uncertainty on retrievals at 445 nm, larger
than at 870 nm because of the large contribution
of molecular scattering to the total signal at
445 nm, prevents a definite conclusion on the
spectral dependence of the polarised phase func-
tion. Nevertheless, even at 445 nm, the good cor-
relation with o is observed. The correlation shows
that small particles polarise more than large par-
ticles. The accuracy of the calibration coefficients
should be improved to be reduced down to 1%
in order to draw definite conclusions on the
spectral dependence of the polarised phase
function.

The preliminary step of a case study shows that
polarisation contains information on size distribu-
tion that total radiance does not provide. More
precisely, the present analysis indicates that apply-
ing Mie theory calculations (spherical particles),

T. ELIAS ET AL.

to desert aerosols, tends to underestimate the effect
of small, very polarising aerosols.

For our study, it was convenient to concentrate
on the polarised phase function for a scattering
angle of 60° only because it depends little on the
refractive index. However, as shown by Vermeulen
(1996), analysing data at other angles allows better
estimate of the aerosol size distribution and gives
an evaluation of the real part of the refractive
index. Work is currently ongoing about inversion
of whole set of data (including total sky-radiance
measured in the almucantar and solar principal
plane geometry, spectral extinction measurements
and polarisation measured in the solar principal
plane at three wavelengths). In this way the size
distribution, for aerosol diameters extending from
0.1 to 20 um, can be inferred as well as the spectral
variation of the real part of aerosol refractive
index, integrated in the whole atmospheric
column.
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