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[1] We estimate aerosol absorption over the clear-sky
oceans using aerosol geophysical products from POLDER-1
space measurements and absorption properties from
ground-based AERONET measurements. Our best
estimate is 2.5 Wm 2 averaged over the 8-month lifetime
of POLDER-1. Low and high absorption estimates are 2.2
and 3.1 Wm 2 based on the variability in aerosol single-
scattering albedo observed by AERONET. Main sources of
uncertainties are the discrimation of the aerosol type from
satellite measurements, and potential clear-sky bias induced
by the cloud-screening procedure. INDEX TERMS: 0305
Atmospheric Composition and Structure: Aerosols and particles
(0345, 4801); 1640 Global Change: Remote sensing; 3359
Meteorology and Atmospheric Dynamics: Radiative processes.
Citation: Bellouin, N., O. Boucher, D. Tanré, and O. Dubovik,
Aerosol absorption over the clear-sky oceans deduced from
POLDER-1 and AERONET observations, Geophys. Res. Lett.,
30(14), 1748, doi:10.1029/2003GL017121, 2003.

1. Introduction

[2] Absorption by atmospheric aerosols recently arised
as an important process in the climate forcing issue. One
usually distinguishes between the radiative perturbation
due to all (natural and anthropogenic) aerosols, and the
radiative forcing due to anthropogenic aerosols only.
Ramanathan et al. [2001] showed that during the Indian
Ocean Experiment (INDOEX) differences between the
aerosol radiative perturbation at the top-of-atmosphere
(TOA) and surface could reach 15—18 Wm ™2, due to the
large absorption by Asian anthropogenic aerosol. Ackerman
et al. [2000] suggested that this large absorption may affect
the vertical profiles of temperature and relative humidity,
and hence cloud formation. Similar values of aerosol
absorption have been measured for biomass burning aero-
sols during forest fires in Indonesia [Podgorny et al., 2003]
and over the Mediterranean Sea [Lelieveld et al., 2002].
Atmospheric absorption relates to the surface radiative
budget. Wild [1999] emphasizes that the absence of absorb-
ing aerosols in GCMs may be responsible for miscalculated
regional surface and atmospheric radiative budgets.

[3] Atmospheric acrosols enhance the atmospheric ab-
sorption through their own absorption and by scattering
incoming solar radiation, thus increasing the mean photon
path and the chances of absorption by gases. Aerosol
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absorption is computed as the difference between the
TOA and surface radiative perturbations. If the TOA direct
perturbation over the clear-sky oceans has been shown to be
on a global average of the order of magnitude of —5 Wm >
[Boucher and Tanré, 2000; Christopher and Zhang, 2002],
the surface perturbation has only been estimated locally.
Using POLDER (Polarization and Directionality of the
Earth’s Reflectances) satellite measurements and accounting
for the measured aerosol absorption, Kaufinan et al. [2002a]
estimated a ratio of 3.5 between TOA and surface perturba-
tions over the INDOEX region, which corroborates esti-
mates made by Ramanathan et al. [2001] and Tahnk and
Coakley [2002].

[4] This study aims at giving a first estimate of aerosol
absorption over the clear-sky oceans, on a global scale.
Aerosol optical thickness and Angstrom coefficient inverted
from POLDER and aerosol radiative properties inverted
from AERONET (Aerosol Robotic Network) sunphotome-
ter measurements are used to estimate the aerosol absorp-
tion. Our work is limited to oceanic regions.

2. Radiative Transfer Calculations
2.1. POLDER Products

[s] The POLDER instrument, which flew aboard the
Japanese platform ADEOS from November 1996 to June
1997, allows the retrieval of the aerosol optical thickness at
865 nm, T, and the aerosol Angstrom coefficient, «,
computed between the 670 and 865 channels [Deuzé et
al., 2000]. Because aerosol absorption cannot be measured
from POLDER, the retrieval is based on 12 pre-selected
monomodal non-absorbing aerosol models, with Angstrom
coefficients ranging from 0 to 1.4 (Table 1).

[6] In this study, absorption is accounted for by changing
the modal radius and imaginary part of the refractive index
of each of the 12 models in order to adjust the single-
scattering albedo (SSA), w, to the values discussed below.
The real part of the refractive index and the Angstrém
coefficient for scattering are not modified, as presented in
Table 1 for a sample SSA of 0.89 at 670 nm. By using a
constant imaginary refractive index throughout the solar
spectrum, we can reproduce to a large extent the observed
spectral variation in SSA. At first order, the aerosol contri-
bution to the observed radiance is proportional to the
product wgpT. POLDER inversion scheme involves non-
absorbing aerosol models, thus leading to the measurement
of the scattering optical thickness. It is converted here to an
extinction optical thickness by scaling it with a factor equal
to I/WO

2.2. Choice of the Aerosol Single-Scattering Albedo

[7] The selection of the single-scattering albedo at 670 nm,

w§’0, implies the identification of the aerosol type. The
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Table 1. Some Aerosol Models Used in This Study

Aerosol Aerosol Modified Modified
Modal Effective  Refractive Modal Refractive
Radius (um) Radius (nm)  Index o Radius (pm) Index

1 0.2710 1.72 1.33-0.0i 0.0  0.2210 1.33-0.0065i
2 0.1445 0.92 1.33-0.0i 0.3 0.1314 1.33-0.0096i
3 0.0713 0.45 1.33-0.0i 0.8  0.0674 1.33-0.0129i
4 0.0335 0.21 1.33-0.0i 1.4  0.0322 1.33-0.0131i
5 0.2239 1.42 1.40-0.0i 0.0  0.1865 1.40-0.0073i
6 0.1216 0.77 1.40-0.0i 0.3 0.1113 1.40-0.0108i
7 0.0577 0.37 1.40-0.0i 0.8  0.0577 1.40-0.01461
8 0.0293 0.19 1.40-0.0i 1.4  0.0282 1.40-0.0152i
9 0.1815 1.15 1.50-0.0i 0.0 0.1510 1.50-0.00851
10 0.1000 0.63 1.50-0.0i 0.3 0.0912 1.50-0.0125i
11 0.0510 0.32 1.50-0.0i 0.8  0.0482 1.50-0.0168i
12 0.0252 0.16 1.50-0.0i 1.4  0.0243 1.50-0.0179i

Aerosol models used in the POLDER retrieval schemes are given in
columns 2—3. As an example, columns 5—6 present the modified modal
radius and refractive index to get a single-scattering albedo of 0.89 at 670 nm
without changing the value of the Angstrém coefficient (column 4) and real
part of the refractive index. Mie calculations are done assuming a lognormal
size distribution, with a standard deviation o, = 0.86. The aerosol refractive
index is assumed constant over the solar spectrum.

aerosol identification algorithm is presented in Figure 1. Sea
salt and dust (coarse mode aerosols) are characterized by an
Angstrom coefficient smaller than a threshold, oy, and
differentiated according to the optical thickness being smaller
or larger than a threshold, T,. Here, oy, and 7y, at 865 nm are
set to 0.5 and 0.3, respectively. According to the aerosol
climatology built by Dubovik et al. [2002] from AERONET
measurements, dust is not very absorptive (w$’® = 0.98 +
0.01 at the Cape-Verde site, where =+ represents the standard
deviation of the measurements) although in some cases dust-
dominated aerosol exhibits larger absorption (e.g., ™y’ =
0.95 £ 0.03 at the Persian Gulf site). Sea salt is given @§’® =
0.98 + 0.03 from Hawaii measurements.

[8] In the presence of small aerosols (« larger than oy,
which happens during pollution or biomass-burning events),
aerosol type identification is based on geographical location
(Figure 2). The aerosol SSA applied in each box is derived
from cloud-screened, daily measurements at 54 AERONET
coastal sites worldwide, from 1997 to 2002. Considered
retrievals have an Angstrom coefficient larger than ay, in
order to address fine mode aerosols, and an aerosol optical
thickness larger than 0.2 to ensure the quality of the SSA
retrieval. To be consistent with the POLDER retrieval, the
Angstrom coefficient is computed using the optical thick-
nesses measured in the 870 and 670 channels. For a given
box, all sites exhibit similar absorption properties and
seasonal variability. The SSA applied to a given box is
then the average of the SSAs measured at each site,
weighted by the measured aerosol optical thickness. Pollu-
tion aerosols are found to be absorptive, with w$’® = 0.95

Sea salt

Fine—mode aerosol
(type from location)

Figure 1. Algorithm used to identify the acrosol type.
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Figure 2. Definition of the boxes used in this study to
choose between the fine-mode aerosol types: North-
American pollution (AMP), European pollution (EUP),
Mexican pollution (MEX), Asian pollution (ASP), INDOEX
model (IND), South-American (BB1) and African (BB2)
biomass-burning aerosol.

for North-America, 0.94 for East Asia and Europe. Mea-
surements in the Central America area indicate quite high
absorption with a SSA of 0.92. Biomass burning aerosol
around Africa and Australia has been given a SSA of 0.87.
Around South-America, measurements show a lower ab-
sorption, with a SSA of 0.90. For the Indian Ocean region,
measurements presented by Dubovik et al. [2002] at the
Maldives site suggest a highly absorbing aerosol, with a
SSA of 0.89 + 0.03. In order to avoid discontinuity between
the boxes, a linear transition function is applied near the
sides of each box.

[o] To account for the uncertainties and seasonal variabil-
ities in measured SSA, we define three different scenarios,
representing our best, low, and high estimations of the aerosol
absorption. Aerosol SSAs used for each of the scenarios are
summarized in Table 2. For desert dust aerosol, high absorp-
tion is obtained by choosing the Persian Gulf aerosol instead
of the Cape-Verde one. Sea salt keeps the same SSA in all
three scenarios, as it is expected that the large variability
reported by Dubovik et al. [2002] is mainly due to the fact that
retrieval is done at small optical thickness. Moreover, to our
knowledge, the low absorption of sea-salt-dominated aerosol
has not been questioned in the literature. For North-Ameri-
can, European, Asian, and Mexican pollution, lower and
higher values of the SSA are obtained by accounting for a
variability of +0.02. INDOEX model variability has been
computed to +0.03 by Dubovik et al. [2002]. We get the
extreme cases for biomass burning models by applying only

Table 2. Values of the Single-Scattering Albedos at 670 nm Used
in This Study for Each Aerosol Type or Geographical Location

Aerosol type Best Low High
Coarse mode
Dust 0.98 0.98 0.95
Sea Salt 0.98 0.98 0.98
Accumulation mode
North Am. Pollution 0.95 0.97 0.93
European Pollution 0.94 0.96 0.92
Mexican Pollution 0.92 0.94 0.90
Asian Pollution 0.94 0.96 0.92
INDOEX Aerosol 0.89 0.92 0.86
South Am. Biomass Burning 0.90 0.90 0.87
African Biomass Burning 0.87 0.90 0.87

The three columns correspond to the best, low, and high absorption
estimates, respectively (see text for explanation of the different values).
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one of the two available models to the whole southern
hemisphere. Lowest absorption is obtained with the South-
American model, largest with the African one.

2.3. Aerosol Radiative Perturbation

[10] For each set of 12 models, characterized by its SSA,
optical properties (phase function, optical thickness and
SSA) are computed using Mie theory at 24 wavelengths
in the visible. TOA and surface radiative perturbations are
calculated for 10 values of the solar zenith angle and for an
aerosol optical thickness T of 0.1 at 865 nm. The values of
the aerosol perturbations at other optical thicknesses are
derived based on the fact that the perturbation is propor-
tional to (1-¢™") to a good approximation [Boucher et al.,
1998]. Radiative transfer calculations are performed at 24
visible bands using the Streamer radiative code [Key and
Schweiger, 1998] with a mid-latitude summer profile for all
seasons. Use of different profiles would change the results
by no more than 2%. The aerosol layer is assumed to be
located below 3 km. The surface reflectance is that of the
open ocean and is assumed to be Lambertian, but depends
on the value of the solar zenith angle. For calculation of
foam and sun glint reflectances, the 10-m wind speed is
taken constant at 7 ms '

[11] When computing the aerosol radiative perturbations
for each oceanic, clear-sky pixel, the values of the reference
perturbations are interpolated in solar zenith angle and
Angstrom coefficient, but not in refractive index. The
24h-averaged aerosol perturbation (at TOA and surface) is
computed as:

1—
AF(TO7 &, m, M(Z))

1 —e 0

AF, day —

dt/ da (1)
day day

where 1(?) is the cosine of the solar zenith angle at time of
the day t, 7, o, and m are the measured optical thickness
corrected for absorption, Angstrém coefficient, and refrac-
tive index retrieved at that pixel. We assume here that the
daily observation of POLDER (at about 10am local time) is
representative of daytime condition. This is to a large extent
justified by the analysis of the intraday variability in
sunphotometer aerosol optical thickness [Kaufinan et al.,
2000]. Finally the daily aerosol radiative perturbation is
gridded at a resolution of 0.5° x 0.5° before applying
monthly and seasonal averaging.

3. Results and Limitations

[12] Figure 3 shows the seasonal distributions of aerosol-
induced absorption. The 8-month averaged clear-sky aero-
sol absorption is 2 5,2.2, and 3.1 Wm™? for the 3 scenarios.
These 2.5 Wm 2 correspond to the difference in radiative
perturbation of —5.2 Wm™? at the TOA and —7.7 Wm ™2 at
the surface. This translates into a ratio of 1.5 between TOA
and surface perturbations. The aerosol absorption pattern is
dominated by biomass-burning aerosol, mainly located in
tropical regions, and fossil fuel combustion. Using the
cloud-cover, CC, retrieved from POLDER measurements
[Buriez et al., 1997], we can estimate the clear-sky contri-
bution to the total aerosol absorption as

A = Aiear (1 — CO) 2

PH A o e 1597 £] X
180 120% 0w o L3 1HE 150 180 120% oW o BOE 1208 120

Figure 3. Distributions of the seasonally-averaged aerosol
absorption (Wm™?) deduced from POLDER and AERONET
measurements.

where A, is the clear-sky absorption and the overline
denotes monthly averaging. Aerosols also absorb in cloudy
sky, so this clear-sky contribution is a lower bound to the
total aerosol absorption. The 8-month averaged clear-sky
contribution is 0.8 Wm >

[13] There are of course assumptions causing uncertain-
ties in our first-order estimation of aerosol absorption.
Those uncertainties cannot be thoroughly estimated, but
some limitations can be identified. The estimation of the
SSAs applied to the boxes relies on thousands of AERONET
measurements. For the sake of simplicity, the information
on the local variability was ignored. Yet, as we considered
only those retrievals done at large aerosol optical thickness,
we were able to sample the actual pollution or biomass-
burning event. When POLDER measurements detect an
event, we are then confident that a fair value of the aerosol
SSA is used.

[14] We also estimated the sensitivity of our results to the
choice of our Angstrom coefficient threshold. The choice of
g, 1s important as absorbing aerosols are to be found
among fine-mode aerosols. For the month of March 1997,
setting oy, to 0.4 and 0.7 instead of 0.5, aerosol absorption
changes from 2.8 Wm ™2 to 3.1 and 2.4 Wm , respectively.
As POLDER slightly underestimates the Angstrom coeffi-
cient, 0.7 is an upper threshold for discriminating small and
large aerosols.

[15] The cloud screening used to identify the clear-sky
pixels among POLDER observations is quite robust, but
may still misidentify thick dust events as clouds [Boucher
and Tanré, 2000]. It may be necessary to go to a higher
resolution than that of POLDER to allow sampling of clear-
sky regions close to cloud edges. In order to compute the
total aerosol absorption, one would need the vertical profile
of aerosol and cloud extinction. But there is presently no
remote-sensing technique capable of observing aerosols in a
cloudy sky. Spaceborne lidars should allow the retrieval of
aerosol layers above cloud layers.

4. Conclusion

[16] We estimated the 8-month, globally-averaged clear-
sky aerosol absorption at 2.5 Wm ™2 over oceans. Low and
high absorption scenarios lead to 2.2 and 3.1 Wm ™2, respec-
tively. Fine- and coarse-mode aerosols were distinguished by
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applying thresholds on the aerosol Angstr('im coefficient.
Selection among the several fine-mode aerosol types was
done using geographical location. The clear-sky contribution
of the aerosol absorption is estimated at 0.8 Wm ™ using the
retrieved cloud cover. Algorithm for remote-sensing aerosol
absorption from space [Kaufiman et al., 2002b], and forth-
coming satellite instruments will soon allow a better estimate
of aerosol absorption and its uncertainty.
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