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Abstract

Relationship between “clean marine” aerosol optical properties and ocean surface wind
speed is explored using remotely sensed data from the Cloud-Aerosol Lidar with Or-
thogonal Polarization (CALIOP) on board the CALIPSO satellite and the Advanced
Microwave Scanning Radiometer (AMSR-E) on board the AQUA satellite. Detailed5

data analyses are carried out over 15 regions selected to be representative of different
areas of the global ocean for the time period from June 2006 to June 2010. Based
on remotely sensed optical properties the CALIPSO algorithm is capable of discrimi-
nating “clean marine” aerosols from other types often present over the ocean (such as
urban/industrial pollution, desert dust and biomass burning). The global mean optical10

depth of “clean marine” aerosol at 532 nm (AOD532) is found to be 0.052± 0.038. The
mean layer integrated volume depolarization ratio of marine aerosols is 0.016±0.012,
the value representative of sea salt crystals. Integrated attenuated backscatter and
color ratio of marine aerosols at 532 nm were obtained to be 0.003±0.002 sr−1 and
0.530±0.149, respectively. A logistic regression between AOD532 and 10-meter sur-15

face wind speed (U10) revealed three distinct regions. For surface winds lower than
4 m s−1, the mean CALIPSO-derived AOD532 is found to be 0.02±0.003 with little de-
pendency on the surface wind speed. For surface winds from 4 m s−1 to 12 m s−1,
representing the dominant fraction of all available data, marine aerosol optical depth
is linearly correlated with the U10, with a slope of 0.0062 s m−1. In this intermediate20

wind speed region, the AOD532 vs. U10 regression derived here is comparable to pre-
viously reported relationships. At very high wind speed values (U10 > 18 m s−1), the
AOD532-wind speed relationship showed a tendency toward leveling off, suggesting
the existence of some maximum value for maritime AOD. Results of our calculations
suggest that considerable improvements to both optical properties of marine aerosols25

and their production mechanisms can be achieved by discriminating “clean marine”
aerosols (or sea salt particles) from all other types of aerosols present over the ocean.
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1 Introduction

Marine aerosols play significant role in global energy budget; they influence the plan-
etary radiation balance directly by scattering and absorbing sunlight, and indirectly by
modifying cloud microphysical properties (Clarke and Kapustin, 2003; Murphy et al.,
1998; Pierce and Adams, 2006). As cloud properties are most sensitive to the addition5

of particles when the background concentration is low (Platnick and Twomey, 1994),
marine aerosols play crucial role in our understanding of the cloud-mediated effects of
aerosols on climate.

Aerosols over the ocean are comprised of different natural and anthropogenic com-
ponents such as sea salt, dust, urban/industrial pollution, biomass burning aerosols,10

biogenic particles, organic compounds, sulfates, and nitrates (Andreae, 2007). Al-
though sea salt particles, frequently associated with “pure marine aerosol,” are often a
major component of aerosol mass over the remote oceanic regions (Prospero, 2002;
Lewis and Schwartz, 2004), it was shown that sulfates from the oxidation of biogenic
dimethylsulfide (DMS), and ocean produced organics could also contribute consider-15

ably to total aerosol budget (Shaw, 1983; Charlson et al., 1987; O’Dowd et al., 2004;
Meskhidze and Nenes, 2006). Clean marine aerosols have been proposed to have
two distinctly different sources which can be broadly classified as primary (associated
with wind driven processes) and secondary (associated with gas-to-particle conver-
sion). Starting with several contributions of Blanchard and Woodcock in the 1950s20

(Blanchard and Woodcock, 1957 and references therein), the bursting of rising air bub-
bles that have been injected below the sea surface by breaking waves, and the tearing
of droplets from wave crests, have been understood to present the dominant produc-
tion mechanisms of primary marine aerosol (Lewis and Schwartz, 2004; Schulz et
al., 2004; Andreae and Rosenfeld, 2008). Measurements of freshly-emitted sea spray25

have revealed that bubble bursting processes, largely responsible for the production
of sea salt aerosol, also controlled sea to air transfer of marine primary organic mat-
ter composed of biogenic secretions and bacterial/viral debris (O’Dowd et al., 2004;
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Middlebrook et al., 1998; Leck and Bigg, 2005). Secondary aerosols of marine ori-
gin are derived from precursor biogenic volatile organic compounds (BVOCs) emitted
by phytoplankton and macroalgae or by photolysis of chromophoric dissolved organic
matter (CDOM) in the water column (Zhou and Mopper, 1997; O’Dowd and de Leeuw,
2007; Sellegri et al., 2008).5

A number of studies devoted to investigating the effect of ocean emissions show
that sea spray contribution to marine aerosol optical depth (AOD) can approach or
even exceed values of 0.3, suggesting that under moderately high wind speed regimes
marine emissions can rival that of anthropogenic plumes advecting out into marine
environment (Mulcahy et al., 2008; O’Dowd et al., 2010). Previous modeling studies10

have suggested a wide range of estimates of the shortwave (SW) and net (shortwave
and longwave) direct radiative effect, from −0.15 to −2.2 W m−2 for the clear-sky and
from −0.31 to −1.1 W m−2 for the whole-sky global annual mean (Dobbie et al., 2003;
Grini et al., 2002; Jacobson 2001; Takemura et al., 2002; Ayash et al., 2008; Ma et
al., 2008). The estimates regarding sea salt’s indirect radiative effect are even larger15

ranging from −0.38 W m−2 to −2.9 W m−2 (Ayash et al., 2008; Ma et al., 2008).
As correct representation of marine aerosol characteristics and their radiative effects

are essential for accurate modeling of the climate system, the dependency of maritime
aerosol optical properties on sea surface wind speed and sea state has been exam-
ined by numerous investigators. Based on the measurements from Minicoy Island in20

the Arabian Sea, Moorthy and Satheesh (2000) derived an exponential relationship
between columnar AOD and surface wind speed. Smirnov et al. (2003a) studied the
effects of surface wind speed on aerosol optical properties using ground based AErosol
RObotic NETwork (AERONET) (Holben et al., 1998) located on Midway Island in the
Pacific Ocean. Huang et al. (2010) derived relationship between AOD from Advanced25

Along-Track Scanning Radiometer (AATSR) onboard European Space Agency’s En-
visat and 10 m wind speed from the European Centre for Medium-Range Weather
Forecasts (ECMWF). Glantz et al. (2009) reported a power-law fit between Sea-viewing
Wide Field-of-view Sensor (SeaWiFS) retrieved AOD and ECMWF wind speed over

4602

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/4599/2011/acpd-11-4599-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/4599/2011/acpd-11-4599-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 4599–4630, 2011

Deriving the effect of
wind speed

V. P. Kiliyanpilakkil and
N. Meskhidze

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the Northern Pacific ocean. Based on the measurements of aerosol properties at the
Mace Head atmospheric research station under moderately windy conditions, Mulcahy
et al. (2008) established a power-law relationship between marine AOD and surface
wind speed. Using a systematic comparison between multiple satellite retrieved sur-
face wind speed values, MODIS-derived AOD, and aerosol fine mode fraction, Lehahn5

et al. (2010) managed to isolate the maritime component of AOD over the ocean and
quantify its dependence on surface wind speed.

Although the effect of wind speed on marine aerosol optical properties was thor-
oughly studied over the last several decades, comprehensive quantification of marine
aerosols using remotely-sensed and ground-based measurement data suffered from a10

number of difficulties. The sensors were not able to make explicit distinction of “clean
marine” aerosols from ones influenced by the terrestrial sources (i.e., mineral dust,
biomass burning, anthropogenic pollution). Passive instruments used in earlier studies
of marine aerosol optical properties also could not give vertical distribution of aerosols
over the ocean, could not retrieve aerosols over the regions with no sunlight (e.g., at15

night and north/south of the Arctic and the Antarctic Circles, respectively), above con-
tinuous cloud cover or beneath thin cirrus (Winker and Pelon, 2003).

In this study, we expand upon previous satellite remote sensing analyses by intro-
ducing a novel approach that allows an explicit distinction of “clean marine” aerosols
properties from those of other aerosol subtypes through the use of the Cloud-Aerosol20

Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite. Due to its
unique capabilities, such as accurate determination of the vertical location of aerosols,
retrieval of aerosol properties during the night as well as the day, CALIPSO can give
new insight into the marine aerosol wind relationship. Unlike passive imagers that typ-
ically have highest relative error at low optical depth values, uncertainty in CALIPSO25

optical depth retrieval is lowest at low AOD (Winker at al., 2009), making it suitable
instrument for exploring optical properties of aerosols under clean marine conditions.
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2 Data analysis and methods

The wind speed dependence of marine aerosol optical depth is estimated using four
years (June 2006 to June 2010) of remotely sensed AOD data from the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) onboard the CALIPSO satellite and the
surface wind speed data from the Advanced Microwave Scanning Radiometer for EOS5

(AMSR-E) onboard the AQUA satellite. Two different types of data analysis were car-
ried out. In the general analysis, the physical and optical properties of the CALIOP
marine aerosol layers were calculated over the entire global ocean, while in the de-
tailed analysis, the datasets selected over numerous oceanic regions were compared
to derive the relationship between maritime aerosol optical depth and surface wind10

speed.

2.1 Remotely sensed data/instruments

CALIPSO provides aerosol and cloud optical properties using a two wavelength
(532 nm and 1064 nm) polarization sensitive lidar, CALIOP, an Imaging Infrared Ra-
diometer (IIR), and a Wide Field Camera (WFC) (Winker et al., 2009; Hunt et al.,15

2009). The CALIPSO retrieval algorithm considers scattering properties from particles
and molecules, where molecular scattering properties are determined from the Global
Modeling and Assimilation Office (GMAO) meteorological data. The CALIPSO algo-
rithm applies corrections to the aerosol optical properties and accounts for molecular
scattering (Young and Vaughan, 2009; Vaughan et al., 2004., 2009; Omar et al., 2009;20

Liu et al., 2009). In this study we use Level 2, version 3.01 “clean marine” aerosol
layer properties from CALIPSO, derived at 5 km horizontal resolution. The CALIPSO
marine aerosol layer products were spatially and temporally collocated with Level 3,
version 5 gridded AMSR-E-derived daily surface wind speed at 0.25◦ ×0.25◦. As both
sensors are located on satellites that are part of the A-Train constellation (CALIOP on25

the CALIPSO and AMSR-E on the Aqua) (Hu et al., 2008; Kittaka et al., 2011; L’Ecuyer
and Jiang, 2010), virtually the same scene is viewed by the sensors as CALIPSO flies
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about 75 s behind the Aqua satellite. Both CALIPSO lidar and AMSR-E are capable
of collecting day and night observations (Hu et al., 2008). In this study AMSR-E wind
speed and CALIPSO layer optical properties from both ascending (equatorial crossing
time at 13:30 local time) and descending (equatorial crossing time at 01:30 local time)
passes were used.5

The CALIPSO algorithm is distinctive from other satellite algorithms in its capability
to discriminate marine aerosols from other subtypes (such as clean continental, desert
dust, polluted continental, polluted dust, and smoke) (Omar et al., 2009). The aerosol
optical depth as well as extinction and backscatter profile retrievals require particulate
extinction to backscatter ratio also known as lidar ratio (Sa). The Sa is an intensive10

aerosol property, i.e., a property that does not depend on a number density of the
aerosol but rather on such physical and chemical properties as size distribution, shape
and composition. The type and subtype information of the layer is used to estimate
initial Sa, whereas a final Sa is derived by applying transmittance correction to the ex-
tinction processing (Omar et al., 2004, 2009; Young and Vaughan, 2009). Only the high15

confidence retrievals (aerosol layers with the same initial Sa and final Sa) are used in
the current analysis (Kittaka et al., 2011). Level 2 version 3.01 CALIPSO aerosol sub-
types are defined with 532-nm and 1064 nm lidar ratios as clean continental (35±16 sr
and 30±17 sr), clean marine (20±6 sr and 45±23 sr), desert dust (40±20 sr and
55±17 sr), polluted continental (70±25 sr and 30±14 sr), polluted dust (55±22 sr20

and 48±24 sr), and biomass burning (70±28 sr and 40±24 sr) (Cattrall et al., 2005;
Omar et al., 2005, 2009; Mielonen et al., 2009). In Level 2 aerosol layer products
CALIPSO provides vertically resolved aerosol properties for up to 8 aerosol layers in
a column and each layer is further classified into one of six aerosol subtypes. For
most of the aerosol types size distributions and complex refractive indices of CALIPSO25

aerosol models are based on AERONET-derived model parameters. However, clean
marine aerosol properties used in the CALIPSO aerosol-type identification algorithm
are not derived from AERONET, as the marine aerosol cluster is comprised of a small
number of records (<4% of the total) (Vaughan et al., 2004). Therefore, the CALIPSO
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marine aerosol model is derived from the size distribution parameters measured during
the Shoreline Environmental Aerosol Study (SEAS) experiment (Masonis et al., 2003;
Omar et al., 2004, 2009). In such model clean marine aerosols are expected to behave
like a sea salt. However, measurements often report Sa values different from sea salt
(Welton et al., 2002; Omar et al., 2009), suggesting that in certain regions sea spray5

optical properties can be considerably different from sea salt. Because of this, our
data analysis is expected to be mainly representative of sea salt particles and not the
other forms of natural marine aerosols (i.e., DMS-oxidized sulfate particles and marine
primary and secondary organics).

The CALIOP separates clouds and aerosols and provides the cloud-aerosol dis-10

crimination (CAD) score for each layer (Liu et al., 2004, 2005, 2009; Vaughan et al.,
2005). The standard CAD scores in the CALIPSO layer products range from −100 to
0 for aerosols and from 0 to +100 for clouds. Larger absolute value of CAD indicates
higher confidence in the aerosol-cloud feature classification. The CALIPSO aerosol
optical depths are provided at wavelengths 532 nm and 1064 nm. To extract marine15

aerosol types and the corresponding aerosol optical thicknesses, we have used CAD
score of −70 to −100 and condition of initial Sa equal to final Sa which gives high
confidence cloud cleared optical thickness layer data (Kittaka et al., 2011; Liu et al.,
2009; Omar et al., 2009). To reduce uncertainties and increase quality assessment
and reliability of layer optical depth, only aerosol layers corresponding to values from20

0 to 0.01 sr−1 of integrated attenuated backscatter at 532 nm, values from 0 to 0.1 of
estimated uncertainty of layer optical depth at 532 nm, and values from 0 to 2.0 of in-
tegrated attenuated total color ratio are used in the current analysis. The information
provided by the layer integrated volume depolarization ratio, extinction quality control
values, and opacity flag of the layers are also used to retrieve high confidence aerosol25

layers (Kittaka et al., 2011; Liu et al., 2005; http://eosweb.larc.nasa.gov/PRODOCS/
calipso/Quality Summaries/CALIOP L2LayerProducts 3.01.html).

As part of NASA’s Aqua satellite’s global hydrology mission, over the oceans
AMSR-E derives wind speed, sea surface temperature, atmospheric water vapor, cloud

4606

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/4599/2011/acpd-11-4599-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/4599/2011/acpd-11-4599-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://eosweb.larc.nasa.gov/PRODOCS/calipso/Quality_Summaries/CALIOP_L2LayerProducts_3.01.html
http://eosweb.larc.nasa.gov/PRODOCS/calipso/Quality_Summaries/CALIOP_L2LayerProducts_3.01.html
http://eosweb.larc.nasa.gov/PRODOCS/calipso/Quality_Summaries/CALIOP_L2LayerProducts_3.01.html


ACPD
11, 4599–4630, 2011

Deriving the effect of
wind speed

V. P. Kiliyanpilakkil and
N. Meskhidze

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

water, and rain rate (Wentz and Meissner, 2000, 2007; Wentz et al., 2003). Passive
microwave frequencies used by AMSR-E sensor allow it to “see” through clouds, thus
providing continuous global surface wind observations (Wentz et al., 2003). The value
of AMSR-E-derived 10 m daily surface wind speed (U10) over the sea surface is deter-
mined by the surface roughness (caused by the wind stress) and is processed based5

on National Centers for Environmental Prediction (NCEP) reanalysis wind direction.
Missing data can be caused by regions of sun glint, near sea ice, and proximity to land
(∼50 km) (Wentz and Meissner, 2007). The AMSR-E wind speed was validated with
surface buoy and other satellite measured wind speeds (Konda et al., 2009; Kutsuwada
et al., 2009; Wentz et al., 2003).10

2.2 Data selection and analysis

The regression statistics for the dependency of maritime aerosol optical properties on
U10 were calculated for the selected 15 regions of interest covering all the major parts
of the global oceans (see Fig. 1a and Supplement Table S1). Although CALIPSO
can distinguish different aerosol species, to minimize the contribution from terrestrial15

sources the regions were selected to be away from the known transport pathways
of anthropogenic pollutants and mineral dust. The midpoint of each 5 km high confi-
dence single-layer aerosol data were spatially and temporally collocated with the grid-
ded (0.25◦ ×0.25◦) AMSR-E-derived U10. Previous studies have shown that due to
the downward propagations of bias errors into detected layers, the incorrect choice of20

Sa for the upper aerosol layers may cause errors in transmission corrections, caus-
ing large uncertainties for multi-layer aerosol retrievals (Winker et al., 2009; Weitkamp,
2005; Young and Vaughan, 2009). Data analyses carried out in this study revealed
(see below) that the vast majority of marine aerosol layers (both layer bases and layer
tops) were placed within 2 km of the mean sea level. Therefore, to reduce the erro-25

neous classification of elevated aerosol layers over the ocean (Omar et al., 2009), only
single-layer clean marine AODs below 2 km height above sea level were used for the
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analysis. Collocated aerosol measurements for the selected regions were merged to-
gether and the resultant dataset was sorted into bins based on the wind speed. The
bins were spaced in 1 m s−1 increments between 0<U10 ≤29 m s−1.

3 Results and discussion

3.1 Physical and optical properties of the CALIOP marine aerosol layers5

The available CALIPSO data products can be analyzed in terms of aerosol extensive
and intensive properties. Extensive parameters depend directly on particulate amount
within the scattering volume, while intensive properties are independent of aerosol
loading and depend only on optical properties as determined by aerosol composi-
tion, size and shape (Vaughan et al., 2004; Rogers et al., 2009). Figure 1 shows10

global seasonal maps of CALIPSO-derived maritime aerosol extensive property – op-
tical depth. This figure demonstrates large spatial and temporal variations in maritime
AOD at 532 nm (AOD532). CALIPSO-derived maritime AOD at 1064 nm (AOD1064) is
also shown in Supplement (Fig. S1), although not included in the current analysis due
to potential calibration problems (D. M. Winker, personal communication, 2010). In-15

spection of Fig. 1 shows that the largest values of AOD532 occur over the regions with
elevated surface wind speed (i.e., northern and southern oceans), with the highest
values found over the Southern Hemisphere mid-latitude oceans during austral winter
(JJA) season. Regions of moderate winds typically show relatively low values of AODs.
The exceptions are the regions downwind from dust and/or pollution sources such as20

mid-latitude North Atlantic Ocean and the Bay of Bengal (BoB), suggesting that some
dust/pollution aerosols might have been misclassified as sea salt (see Fig. 1). Fig-
ure 1c shows sporadic retrievals of aerosols over BoB during the summer season,
most likely due to thick, extensive cloud cover associated with the intense summer-
time monsoon season. The global mean AOD532 for single-layer marine aerosol is25

found to be 0.052± 0.038. The calculated AOD532 is consistent with the baseline
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aerosol over the Pacific (AOD500 = 0.052) and Atlantic (AOD500 = 0.071) Oceans, re-
ported by Kaufman et al. (2001). Calculated global mean AOD532 is also in a good
agreement with AOD500 = 0.06, the most frequently occurring value of aerosol optical
depth over the Central Pacific Ocean (Smirnov et al., 2003a, b) and within the range
0.02 <AOD550 < 0.067 of sixteen global models participated in the Aerosol Compar-5

isons between Observations and Models (AeroCom) Experiment-A (Rind et al., 2009).
The frequency distribution of CALIPSO lidar marine aerosol layer AOD532 for 15 se-
lected regions over the time period of June 2006 to June 2010 is shown in Fig. 2. It
was found that approximately 99.5% of clean marine aerosol layers had AOD532 <0.2,
with AOD532 =0.03 being the most frequently occurring value.10

The vertical distribution of maritime aerosols was obtained by detailed inspection
of the frequency of occurrences of marine aerosols with different layer top and layer
base altitudes. Figure 3 shows that marine aerosols are generally confined within 2 km
above mean sea level. For the entire study period, virtually all marine aerosol layer
bases were placed below 0.5 km and 96% of aerosol layer tops were found to be below15

2 km above sea level (Fig. 3), suggesting that the 2 km layer threshold selected in this
study captures the majority of maritime aerosols. This result is in a good agreement
with Kaufman et al. (2005) who, based on correlation between the wind speed and the
AOD, suggested that sea salt aerosols should reside largely in the lowest 500 m of the
atmosphere.20

Intensive scattering properties of aerosols, such as color ratio (the ratio of aerosol
backscatter at the two wavelengths) and aerosol depolarization ratio are also exam-
ined to gain some more insight into maritime aerosol optical properties. Particle sizes
for most maritime aerosols exhibit a spectrally dependent scattering efficiency. Due to
diffraction of light, large particles are expected show more forward scattering (extinc-25

tion) (Weitkamp, 2005; Hu et al., 2007). Figure 4a shows that for the majority of layer-
integrated aerosols examined over the selected fifteen regions, β532 is greater than
β1064, indicating the dominance of coarse mode sea salt aerosols. The larger values
of β532 compared to β1064 (smaller backscatter at 1064 nm than that at 532) resulting
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in values of layer-integrated attenuated total color ratio (χ =β1064/β532) from ∼0.4 to
0.7 (Fig. 4b), consistent with the expected values for the maritime aerosols (Vaughan
et al., 2004; Liu et al., 2005; Hess et al., 1998). The integrated attenuated backscatter
of single-layer marine aerosols averaged over the entire study period over the selected
15 regions were found to be β532 = 0.003±0.002 sr−1 and β1064 = 0.002±0.001 sr−1,5

yielding χ =0.530±0.149.
Another intensive property of aerosols, depolarization ratio (or particle non-

sphericity) can provide an indication of aerosol shape. Deliquesced sea salt par-
ticles are expected to exhibit low depolarization (when neglecting multiple scatter-
ing), whereas irregularly shaped particles (e.g., dust) could significantly depolarize the10

backscattered signal (Liu et al., 2005; Gobbi et al., 2000; Murayama et al., 2001). The
volume depolarization ratio, i.e., the ratio of the perpendicular and parallel components
of the total backscatter (δv =

β⊥
β‖

), is directly related to the hydration state of the sea salt.

Figure 4c shows that the majority of maritime aerosols had layer-integrated volume de-
polarization ratios at 532 nm from 0.005 to 0.05, consistent with linear depolarization ra-15

tios reported for sea salt crystals (0.08±0.01) and deliquesced droplets (0.01±0.001)
(Sakai et al., 2010). The four year mean layer-integrated volume depolarization ratio of
single-layer marine aerosols examined in this study δv =0.016±0.012.

Overall, detailed analyses of clean marine aerosols intensive scattering properties
suggest that large majority of the CALIPSO retrievals in selected fifteen regions had20

physical and optical properties characteristic of sea salt. In the next chapter CALIPSO
retrievals will be used to derive relationship between surface wind speed and maritime
aerosol optical depth. Potential differences between CALIPSO-retrieved “clean marine”
aerosols and natural maritime aerosols will also be discussed.
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3.2 Regression statistics for AOD532 – wind speed relationships

The relationship between collocated CALIPSO-AOD532 and AMSR-E wind speed at
selected marine regions is shown on Fig. 5. According to Fig. 5 the majority of all
the AOD532retrievals (84.4% of all available data) fall between 2 m s−1 <U10 ≤ 12ms−1

wind speed values. Our calculations indicate that the remaining number of retrievals5

fall between 12 < U10 ≤ 24 ms−1 wind speed values (14% of retrievals or 62 037
instances) and U10 ≤ 2 m s−1 (1.6% of retrievals or 6880 instances). Although very few
data points are available for the wind speeds above 24 m s−1 (0.02% of retrievals or
89 instances) these data point were also included in the current study for the com-
pleteness. Removal of these points also does not change the conclusions drawn from10

the data analysis. Using the MATLAB curve fitting tool we have developed a logistic
function for the CALIPSO-derived AOD532 and AMSR-E wind speed relationship. The
results of our analysis show that the logistic regression

AOD532 =
−1.5

11.9+1.102·e0.215·U10
+0.135315

provides the best fit (R2 =0.97) for maritime aerosol optical depth and 10-meter surface
wind speed relationship. Figure 5 shows that there are three distinct regions in AOD
versus U10 curve. For the U10 ≤ 4 m s−1 maritime aerosol optical depth is only weakly
related to wind speed. For the intermediate wind speed values 4 < U10 ≤ 12 m s−1,20

AOD532 increases qasi-linearly with the increase in surface wind. Finally, for higher
wind speed values (U10 >18 m s−1) the aerosol effects on optical turbidity of air appear
to level off.

On Fig. 6 the logistic relationship for CALIPSO-AOD532 and AMSR-E wind speed
is compared to those derived from previous studies. Parameters for the current and25

other regression statistics are summarized in Table 1. Figure 6 shows that the relation-
ship derived here is generally comparable to previously published data; however some
considerable differences are worth pointing out.
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For U10 ≤ 4 m s−1, the mean CALIPSO derived AOD532 of marine aerosols is found
to be roughly 0.02±0.003. Figure 6 shows that at low wind speed values CALIPSO-
derived AOD is comparable to AOD550,cm the coarse mode aerosol component of the
wind induced maritime aerosol optical depth derived by Lehahn et al. (2010). However,
Fig. 6 also shows that CALIPSO-AOD532 is roughly a factor of 3 lower than AOD550,m,5

the total (sum of coarse and fine mode) maritime aerosol optical depth calculated us-
ing Lehahn et al. (2010) relationship. Our estimated AOD532 is also considerably lower
than one calculated using the liner relationship of Smirnov et al. (2003a) (AOD500,SM)
and AOD derived by Huang et al. (2010) (AOD550,H), but comparable to values de-
rived from Glantz et al. (2009) regression relationship (AOD555,GL). It is interesting to10

note that the physical mechanism for the weak dependence of maritime aerosol optical
depth on surface wind speed at low wind values was suggested to be associated with a
threshold wind speed of ∼4 m s−1, above which ocean surface waves start breaking, ini-
tiating the white cap formation and bursting of the entrained bubbles (Glantz et al., 2009
and references therein). However, the large discrepancy between CALIPSO-retrieved15

AOD532 values and the ones reported in other studies also points to the likelihood that
background maritime AOD under low wind conditions may have considerable non-sea
salt (i.e., DMS-oxidized sulfate particles and marine organics) component. However,
potential misclassification of terrestrial fine mode aerosols (e.g., pollution, smoke and
dust) in previous works also cannot be discarded.20

For an intermediate wind speed values 4<U10 ≤ 12 m s−1 the dominant production
mechanism for sea salt aerosols is the bursting of rising air bubbles. Figure 6 shows
that there is a similar qasi-liner (or linear) dependence of AOD on surface wind speed in
all parameterizations. According to this figure the main difference between our logistic
relationship and the linear regression of Smirnov et al. (2003a) and Huang et al. (2010)25

is the low-wind component of AOD.
Figure 6 also shows that above wind speed values ∼12 m s−1 current CALIPSO-

derived AOD532 values are lower compared to other regressions. Figure 6 shows the
discrepancies are particularly pronounced between the AOD values derived in this
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study and the power law relations of Mulcahy et al. (2008) and Glantz et al. (2009). At
high wind speeds, the power law relations show AOD values well above 0.3. It was
shown that for the wind speed values below 15 m s−1, the relationship of Mulcahy et
al. (2008) compares well to open-ocean MODIS-derived AODs, while at wind speeds
above 15 m s−1, Mulcahy et al. (2008) parameterization predicts higher values com-5

pared to satellite retrievals (O’Dowd et al., 2010). Overall, it is difficult to compare AOD
values predicted by our logistic relationship with previously published regression statis-
tics, as the past data analyses are typically limited to surface wind speed values below
20 m s−1.

According to Fig. 6 CALIPSO-derived AOD532 tends to level off (and even decrease)10

at very high wind speeds, suggesting the existence of some perhaps a maximum value
for maritime AOD. Although data sets for aerosol loadings under very high wind speed
values obtained in different studies often show conflicting results (e.g., Pant et al.,
2008), number of investigators do report a decrease in sea salt aerosol production with
the increase in surface wind speed. Exton et al. (1985) reported that above 13 m s−1,15

the measured amount of airborne material in maritime airmasses remained constant
or decreased slightly with increasing wind speed. Barteneva et al. (1991) also noticed
no increase in the particle concentrations with wind speeds over 15 m s−1. During a
severe cyclonic storm over south Indian Ocean Pant et al. (2008) also reported reduc-
tion in total aerosol number concentration with increase in the wind speed from 16 to20

22 m s−1 after which aerosol number remained at nearly constant value up to the max-
imum wind speed of 33 m s−1. The reason for such resistance of volumetric loading
of aerosols to increase in wind speed values was explained by the presence of very
large sea salt particles. At wind speeds in excess of ∼12 m s−1 mechanism for sea
spray generation is via mechanical disruption of wave crests (Exton et al., 1985; Wang25

and Street, 1978; Monahan, 1986; Lewis and Schwartz, 2004). The spume drops
torn from the wave crests have relatively large sizes starting from 20 µm and reaching
more than 500 µm (Andreas, 2002). Such large spume drops disperse and re-deposit
more efficiently on the sea surface and may lead to collection of small aerosols during
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their descend (Exton et al., 1985; Pant et al., 2008). However, it is also plausible that
leveling off CALIPSO-AOD532 seen at very high wind speed values is a retrieval ar-
tifact. At stronger wind speeds there are increased chances that the CALIPSO lidar
signal is contaminated with multiple scattering effects from whitecaps, correction for
which is not included in current CALIPSO aerosol algorithm. Hu et al. (2008) noticed5

significant improvements in relationship between AMSR-E wind speed and CALIPSO
lidar backscatter when they applied whitecaps correction in their analysis for higher
wind speeds. Further study is required to evaluate the maritime aerosol AOD behavior
under very high wind conditions.

4 Summary and conclusion10

Analysis of remotely sensed data for maritime aerosol optical depth and surface wind
speed values has been conducted over the global ocean covering wide range of wind
speed and AOD conditions. To exclude the contribution from non-marine aerosol such
as urban/industrial pollution, desert dust and biomass burning the maritime aerosol
AOD532 was calculated using CALIPSO derived “clean marine” aerosol subtype. Daily15

surface wind speed data were obtained from the AMSR-E. Detailed data analyses were
carried out over 15 regions selected to be representative of different areas of the global
oceans for the time period from June 2006 to June 2010. Conceptual relationship be-
tween CALIPSO-retrieved AOD532 and AMSR-E wind speed was derived using a total
of over 443 000 collocated data points. The global mean single-layer AOD532 was20

found to be 0.052±0.038, consistent with the previous estimates of baseline aerosol
optical depth over the Pacific and Atlantic Oceans. The mean layer integrated vol-
ume depolarization ratio of marine aerosols was found to be 0.016±0.012, represen-
tative of sea salt crystals. Integrated attenuated backscatter and the color ratio of
the marine aerosols at 532 nm were found to be 0.003±0.002 sr−1 and 0.530±0.149,25

respectively.
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Derived logistic regression between CALIPSO-retrieved AOD532 and AMSR-E wind
speed indicates weak relationship at low wind speed values (U10 ≤4 m s−1). This result
is consistent with previous studies, suggesting that AOD532 at surface wind speed
≤4 m s−1 can be viewed to be representative of background maritime aerosol with little
dependence on surface wind speed. Our data analysis shows that under such low5

wind conditions CALIPSO-derived AOD532 is roughly a factor of 2 lower compared to
previously reported values of total maritime aerosol AOD, but consistent with its wind
induced component (Lehahn et al., 2010). We proposed that such inconsistency is
likely to be caused by potential underestimation of marine biogenic sources of aerosol
by CALIPSO and/or misclassification of terrestrial fine mode aerosols (e.g., pollution,10

smoke and dust) in previous works. Studies show that ocean derived sulfate and or-
ganics can contribute considerably to total aerosol budget, particularly under low wind
conditions when bursting of the entrained air bubbles is rather ineffective mechanism
for production of sea salt. We suggest that the constant lidar ratio of 20 sr (at 532 nm)
used for high confidence marine aerosols in current analysis may not be character-15

istic for all types of natural maritime aerosols and could lead to potential underes-
timation of biogenic fraction of ocean derived aerosols. The lidar ratios as high as
33 ±6 sr (at 523 nm) have been reported in the absence of any continental influence
(Welton et al., 2002).

At an intermediate wind speed values (4 < U10 ≤ 12 m s−1), the logistic regression20

relationship derived in this study between clean marine aerosol and surface wind
speed has a constant slope of 0.0062 s m−1. Our calculations suggest that in this
intermediate range, representing the dominant fraction of all available data, CALIPSO-
derived AOD532 dependence on U10 is consistent with previously reported regression
relationships.25

At high wind speed values (U10 > 12 m s−1) our logistic regression predicts AOD532
values lower than ones derived using power-law and linear relationships. Analysis
of CALIPSO-retrieved AOD532 and AMSR-E wind speed values suggests that for sea
spray generation via mechanical disruption of wave crests aerosol effects on optical
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turbidity of atmosphere appear to level off at the highest wind speed values, indicating
the existence of some finite maritime AOD values. However, such conclusions may
also be influenced by potential contamination of CALIPSO lidar signal by whitecaps
and further study is required to better evaluate the maritime aerosol AOD behavior
under very high wind conditions.5

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/4599/2011/
acpd-11-4599-2011-supplement.pdf.
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Table 1. Regression statistics of aerosol optical depth vs. wind speed.

Regression relation R2 Reference

AOD532 =
−1.5

11.9+1.102·e0.215·U10
+0.1353 0.97 Current work

AOD500,SM =0.0068 ·U10+0.056 0.14 Smirnov et al. (2003a)

AOD550,cm =0.009 · (U10−4)+0.03 0.50 Lehahn et al. (2010)

AOD550,m =0.013 · (U10−4)+0.08 0.45 Lehahn et al. (2010)

AOD555,GL =0.00016 ·U2.3
10 +0.036 0.98 Glantz et al. (2009)

AOD500,ML =0.00055 ·U2.195+0.06 0.97 Mulcahy et al. (2008)

AOD550,H =0.004 ·U10+0.085 0.95 Huang et al. (2010)
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Fig. 1. Global distribution of 1° × 1° degree averaged CALIPSO level 2 version 3.01 mean 

AOD532 for “clean marine” single-layer aerosols.  Layer optical depths are averaged for 

boreal winter (DJF), spring (MAM), summer (JJA), and fall (SON) from June 2006 to June 

2010.  Areas surrounded by solid red line in Fig. 1a illustrate the regions selected for the 

detailed analysis.  Latitudes and longitudes of the selected 15 regions are summarized in 

supplementary Table S1. 

a) b) 

c) d) 

Fig. 1. Global distribution of 1◦ ×1◦ degree averaged CALIPSO level 2 version 3.01 mean
AOD532 for “clean marine” single-layer aerosols. Layer optical depths are averaged for boreal
winter (DJF), spring (MAM), summer (JJA), and fall (SON) from June 2006 to June 2010. Areas
surrounded by solid red line in Fig. 1a illustrate the regions selected for the detailed analysis.
Latitudes and longitudes of the selected 15 regions are summarized in Supplement Table S1.
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Fig. 2. The CALIPSO lidar maritime AOD532 histogram for 15 selected regions over the time 

period of June 2006 to June 2010. 

Fig. 2. The CALIPSO lidar maritime AOD532 histogram for 15 selected regions over the time
period of June 2006 to June 2010.
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Fig. 3. The CALIPSO lidar histogram of maritime AOD532 aerosol layer base height (blue), 

and aerosol layer top height (red) for the 15 selected regions over the time period of June 

2006 to June 2010. 

  

Fig. 3. The CALIPSO lidar histogram of maritime AOD532 aerosol layer base height (blue), and
aerosol layer top height (red) for the 15 selected regions over the time period of June 2006 to
June 2010.
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Fig. 4. The CALIPSO lidar relationships for (a) β1064 - β532 (b) χ - β532 and (c) δv - β532 for 15 

selected regions over the time period of June 2006 to June 2010.  The color of each pixel 

represents the frequency of occurrence and the dashed line on Fig. 4a indicates 1:1 ratio. 

  

a) b) 

c) 

Fig. 4. The CALIPSO lidar relationships for (a) β1064–β532 (b) χ −β532 and (c) δv–β532 for
15 selected regions over the time period of June 2006 to June 2010. The color of each pixel
represents the frequency of occurrence and the dashed line on Fig. 4a indicates 1:1 ratio.
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Fig. 5. The relationship between CALIPSO AOD532 and AMSR-E wind speed for 15 selected 

regions over the time period of June 2006 to June 2010.  The analysis is based on a total 

443,231 co-located data points of AOD and wind speed.  The number of available data points 

for each wind speed bin is plotted at the background in grey color.  Circles and error bars 

show mean values and standard deviation of AOD for each 1 m s
-1

 wind speed bin, 

respectively.  Logistic regression relationship between AOD532 and wind speed is shown with 

the solid black line. 

  

Fig. 5. The relationship between CALIPSO AOD532 and AMSR-E wind speed for 15 selected
regions over the time period of June 2006 to June 2010. The analysis is based on a total
443 231 collocated data points of AOD and wind speed. The number of available data points
for each wind speed bin is plotted at the background in grey color. Circles and error bars show
mean values and standard deviation of AOD for each 1 m s−1 wind speed bin, respectively.
Logistic regression relationship between AOD532 and wind speed is shown with the solid black
line.
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Fig. 6. Maritime aerosol optical depth as a function of wind speed.  The regression statistics 

and the acronyms are summarized in Table 1.  See text for more details. 

 

Fig. 6. Maritime aerosol optical depth as a function of wind speed. The regression statistics
and the acronyms are summarized in Table 1. See text for more details.
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