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The Mulcahy (Mulcahy et al., 2008) power-law parameterization, derived at the coastal Atlantic station Mace Head, between clean
marine aerosol optical depth (AOD) and wind speed is compared to open ocean MODIS-derived AOD versus wind speed. The
reported AOD versus wind speed (U) was a function of ∼U2. The open ocean MODIS-derived AOD at 550 nm and 860 nm
wavelengths, while in good agreement with the general magnitude of the Mulcahy parameterization, follows a power-law with
the exponent ranging from 0.72 to 2.47 for a wind speed range of 2–18 m s−1. For the four cases examined, some MODIS cases
underestimated AOD while other cases overestimated AOD relative to the Mulcahy scheme. Overall, the results from MODIS
support the general power-law relationship of Mulcahy, although some linear cases were also encountered in the MODIS dataset.
Deviations also arise between MODIS and Mulcahy at higher wind speeds (>15 m s−1), where MODIS-derived AOD returns lower
values as compared to Mulcahy. The results also support the suggestion than wind generated sea spray, under moderately high
winds, can rival anthropogenic pollution plumes advecting out into marine environments with wind driven AOD contributing to
AOD values approaching 0.3.

1. Introduction

Sea spray aerosol is one of the largest natural contributors to
the global aerosol loading and thus plays an important role in
the global radiative budget [1, 2]. Submicron size aerosols are
especially relevant in terms of cloud condensation nuclei [3],
while both sub- and supermicron sizes contribute to aerosol
scattering [4] and to aerosol optical depth [5]. Both of these
effects suggest that sea spray aerosol plays an important role
in the global radiative budget, contributing to the aerosol
climate effect [6, 7].

Mulcahy et al. [5] established that under moderate
to high wind speed conditions, AOD associated with sea
spray followed a power-law wind-speed dependency with an
exponent of ∼2. At moderately high wind speeds, sea spray-
derived AOD reached the order of 0.35, often exceeding AOD
associated with pollution plumes over oceanic regions. The
relationship of Mulcahy et al. [5] has recently been compared
to model-predicted AOD from sea spray sources by Madry
et al. [8]. In the latter study, they found that model-derived

AOD also followed a wind speed square function, and that
the formulation proposed by Mulcahy et al. [5] was highly
correlated to the modeled-derived AOD values.

Mulchay et al. [5] report AOD values for clean marine air
which are significantly higher than those previously reported
(e.g., Smirnov et al. [9]), most likely due to a wider wind
speed range in Mulcahy et al. [5] along with extensive
filtering and analysis procedures used; however, the Mulcahy
et al. [5] data were taken in the coastal environment, and
apart from the aforementioned modeling study, they have
not been compared to open-ocean measurements of AOD.
In this study, we compare the Mulcahy et al. [5] AOD-wind
speed relationship to MODIS-derived AOD versus wind
speed. The comparison is done for two remote open ocean
regions.

2. MODIS AOD and Wind Speed Data

Clean air masses are essential to ensure that the only
contribution to the AOD is from natural aerosols, in this
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Figure 1: (a) depicts a global sea spray mass emissions map scheme illustrating areas for which AOD was examined in the North Pacific and
Southern oceans, (b) illustrates global annual average AOD for June 2006, and (c) shows the average monthly wind speed.

case sea spray aerosols. This is achieved by choosing remote
marine locations away from large land masses, by examining
the air mass trajectories over each location and choosing only
those days for which the air mass has not passed over land
in the five days previous. These periods were chosen based
on clean marine air systems observed using HYSPLIT back
trajectories over two specific grids for 2006. The HYSPLIT
or HYbrid Single Particle Lagrangian Integrated Trajectory
model run by NOAA can compute simple forward or
backward air parcel trajectories from any starting or finishing
grid point. It can run complex dispersion and deposition
simulations and compute the advection of an ensemble of
pollutants or the advection of a single pollutant. For this
work, its ability to compute multiple and single backward air
mass trajectories from a particular location was utilised to
determine the direction of approaching air mass trajectories.
For further information see [10].

For this analysis, 1◦ × 1◦ resolution C005 MODIS daily
AOD data taken from the Ocean level 3 MODIS Atmosphere
Daily Global Product for 2006 at 550 nm and 860 nm were
utilised. Two grid areas were chosen in remote marine
locations (Figure 1): one in the north Pacific (0◦ N–20◦ N
and 180◦ W–110◦ W) and one in the Southern ocean (40◦ S–
60◦ S and 120◦ E–80◦ E), denoted hereafter as Grid 1 and
Grid 2. Shown in the figure is a sea spray mass emission
rate along with MODIS-derived AOD. The additional criteria
used for selection of the grids were as follows: only clean
air masses were examined as determined by back-trajectory
analysis; there must be no cloud contamination; there must
be variable wind speeds during the period. Grid 1 and grid
2 were analysed for January and December 2006 and July
and December 2006, respectively. The areas chosen coincided
with areas of high sea spray aerosol concentrations. Such
large areas were chosen in order to sample a complete range
of wind speeds under the strict criteria that were utilized.
AOD and wind speed data were retrieved daily for the month
long periods outlined for both grids. Wind speed data was
retrieved from the SeaWinds instrument on the QuickSCAT
satellite. SeaWinds is a microwave radar that measures near-
surface wind speed and direction with a swath resolution of
0.25◦ × 0.25◦. It was launched into a polar, sun-synchronous

orbit with 98.6◦ inclination and with a local equator crossing
time at the ascending node of 6:00 am ± 30 mins and the
descending node of 18:00 ± 30 mins. Data is available in
daily, weekly, and monthly formats. For this analysis, wind
speed was interpolated to a 1◦ × 1◦ grid to compare to a
1◦ × 1◦ AOD grid, and each wind speed data point was
matched to its corresponding AOD data point at each time
and location. Since the ascending equatorial crossing time of
MODIS AQUA is approximately 1:30 am, 4.5 hours prior to
QuikSCAT, care was taken in choosing times and locations
where wind speed variability was minimal. Between 2000 and
5000 AOD data points were binned according to wind speed
intervals for each month for each grid.

Clouds are characterised by high optical depths, and
AOD measurements cannot be made in areas of cloud cover.
Therefore, it is imperative for accurate AOD measurements
that firstly, areas of cloud be clearly identified and secondly,
a maximum number of successive cloud-free days be
employed in the analysis. MODIS level 2 C005 data has a
stringent cloud screening process based on algorithms by
Martins et al. [11] in which pixels classified as being fully or
partially contaminated by cloud are “flagged” out of the data
set. For a full description of the cloud masking procedure see
Remer et al. [12]. Finally, for complete insurance that there
is no residual contamination by clouds, an extra filter is
utilised whereby pixels are “flagged” as cloudy if AOD in the
infrared channel (1640 nm) exceeds 3 [13]. Additionally, it is
desirable that wind speeds range from high to low, typically
4–20 m s−1 to provide a wind speed range comparable with
Mulcahy et al. [5].

There are a number of uncertainties associated with
satellite measurements, for example, the presence of clouds
which are not removed by the filtering process, and whitecaps
at high wind speeds lead to emissivity effects which can affect
the quality of the retrieved MODIS AOD. More details can
be read in Tanre et al. [14]. Other uncertainties arise as the
two instruments are not collocated temporally or spatially.
MODIS aqua has an equatorial crossing time 4.5 hours
prior to that of QuikSCAT. Also interpolating the QuikSCAT
grid from 0.25◦ to 1◦ can cause an uncertainty of up to
5%. However, we aimed to reduce such uncertainties with
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Figure 2: This Figure compares MODIS C005 AOD data at 550 nm and 860 nm (together with the standard deviation of AOD data within
each bin) for Grid 1 during December and January 2006 with the Mulcahy et al. [5] AOD-wind speed relationship. Also shown is the number
of data points per wind speed average bin.

the strict criteria with which our data was chosen. For all
satellite instruments, calibration errors can lead to biases in
the retrieved data. For MODIS aqua, Guenthar et al. [15]
demonstrated a calibration error of between 1.8%-1.9%;
however, this impact was deemed to be negligible on optical
depth retrievals. The uncertainty in wind speed derived from
QuikSCAT was shown to be approximately 1 m s−1, [16]. Sun
glint and reflectance from whitecaps do result in a positive

bias of 1%–10% for the MODIS AOD data which is within
an acceptable degree of accuracy, [17].

3. Evaluation of Satellite-Derived
AOD versus Wind Speed

Figures 2 and 3 present a comparison between AOD at
550 nm and 860 nm with wind speed for the two selected
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Figure 3: This Figure compares MODIS C005 AOD data at 550 nm and 860 nm (together with the standard deviation of AOD data within
each bin) for Grid 2 during December and July 2006 with the Mulcahy et al. [5] AOD-wind speed relationship.

grids and for the two selected periods associated with each
grid. Although not shown in the figures, the data were fitted
using power-law regression equations, the parameters, and
correlation coefficients which are given in Table 1.

4. Results

The results for Grid 1 during December and January 2006
are shown in Figure 2 and cover a wind speed range of

2 m s−1 to 15 m s−1. For December, the 550 nm MODIS AOD
is higher than the Mulcahy scheme for the lower wind speeds,
increasing up to 10 m s−1 where it levels out between 10 and
13 m s−1, after which AOD increased again. For the 860 nm
wavelength, there is excellent agreement with Mulcahy up to
10 m s−1, after which AOD levels out till it starts to increase
with wind speed above 13 m s−1. For the January case, a
similar trend is seen where in the 550 nm case, AOD is higher
than that reported by Mulcahy, and for 860 nm, AOD is
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Table 1: Power-law fits for MODIS AOD versus wind speed for Grid 1 and Grid 2.

Grid 550 nm 860 nm

December Grid 1 AOD = 0.114 + 2.2× 10−4 U2.47, AOD = 0.077 + 2.9× 10−4 U2.36,

r2 = 0.89 r2 = 0.91

January Grid 1 AOD = −0.004 + 0.033 U0.72, AOD = −0.018 + 0.029 U0.77,

r2 = 0.91 r2 = 0.88

December Grid 2 AOD = 0.042 + 9.7× 10−4 U1.09, AOD = 0.019 + 0.077 U1.40,

r2 = 0.97 r2 = 0.97

July Grid 2 AOD = 0.0395 + 0.011 U1.04, AOD = 0.0387 + 0.117 U1.015,

r2 = 0.95 r2 = 0.83

marginally lower than that in the Mulcahy parameterization.
Between 9 and 13 m s−1, there is a slight reduction in the
slope of the AOD-wind speed relationship, although not as
drastic as the December case where it more or less levels off.
The fitted power-law relationship for the December 550 nm
case possessed an exponent of 2.47, and for the 860 nm
wavelength, the exponent was 2.36. These exponents are
slightly higher than the Mulcahy exponents (2.2 for 500 nm
and 1.95 for the 832 nm wavelengths). For the January case,
the exponents are significantly lower with a value of 0.72 for
the 550 nm wavelength and 0.77 for the 860 nm wavelength.
For these four relationships, the correlation coefficient (r2)
was between 0.88 and 0.91.

For Grid 2, shown in Figure 3, AOD values are observed
over a wind speed range of 2 to 18 m s−1. For the December
550 nm case, excellent agreement between MODIS and
Mulcahy is observed up to∼16 m s−1, after which the MODIS
AOD levels off as Mulcahy continues to increase. For 860 nm,
excellent agreement is seen up to 9-10 m s−1, after which
MODIS AOD levels off.

For July, the Grid 2 550 nm data shows very good
agreement with Mulcahy, although MODIS produces slightly
higher AOD values at lower wind speeds and slightly lower
values at the higher wind speeds. For 860 nm, the July data
agree very well up to 15 m s−1, after which it levels off as the
Mulcahy parameterization continues to rise with rising wind
speed.

The fitted relationships for the December case between
MODIS AOD and the Mulcahy scheme reflect a power law
with an exponent of 1.09 for the 550 nm wavelength and 1.40
for the 860 nm wavelength. For the July case, the respective
exponents are 1.04 and 1.02. The correlation coefficient for
these 4 cases ranges from 0.83 to 0.97.

5. Discussion

The MODIS-derived AOD-wind speed relationships follow
a power law with an exponent ranging from below unity
(0.72) to values greater than 2 (up to 2.47), with three out
of the 8 cases have, more or less, a linear relationship with an
exponent of ∼1. As mentioned, Mulcahy found an exponent
of ∼2.2 for 500 nm and ∼2 for 832 nm. The variability of
the MODIS values could be due to a number of reasons.
In Grid 1, the December 550 nm case, relative to Mulcahy,
reflects higher AOD at low wind speeds. There are three

possibilities for these higher values: there is a significant
fraction of secondary marine aerosol associated with these
cases, thus contributing to enhanced AOD; there are high
conditions of relative humidity, thus increasing the aerosol
scattering potential; or the cases examined were influenced
by long-range transport of anthropogenic aerosols, thus
also contributing to the elevated AOD levels. The excellent
agreement at low-to-moderate wind speeds for the 860 nm
wavelength combined with the 550 nm date would suggest a
significant fraction of submicron particles, either natural or
anthropogenic, rather than an increase in relative humidity.
As mentioned above, in this case, there was a levelling off
in AOD at 10–13 m s−1, before continuing to increase above
13 m s−1. It is not clear what causes this trend; however,
in most cases, at the highest wind speeds above 15 m s−1,
the MODIS-derived AOD is less than that in the Mulcahy
parameterization. For wind speeds less than 15 m s−1, there
is more often than not very good agreement between the
two datasets, although there is still some variability in
overestimation and underestimation by MODIS relative to
Mulcahy. Our results should also be compared to some recent
satellite-derived AOD-wind speed relationships. Huang et al.
[18] found a linear relationship between AOD and wind
speed ranging from ∼0.08-0.09 at zero m s−1 to ∼0.15–
0.175 at 20 m s−1. It should be noted that, for the same
wavelength, Mulcahy estimates a lower wind speed AOD
value of 0.04 or less, and at the highest wind speed
measured by Mulcahy (18 m s−1), AOD is greater (∼0.35).
By comparison, Lehahn et al. [19] found similarly low wind
speed values as Mulcahy (0.04 or less) and values of about
0.18 at a wind speed of 14 m s−1 compared to values of ∼
0.24 [5], but with a significantly lower correlation coefficient
(R ∼ 0.45–0.5). The Huang et al. [18] satellite AOD study,
relative to the Mulcahy ground-based AOD study, tends to
overestimate AOD by about 100% under conditions of zero
wind speed and underestimate AOD at the higher wind
speeds of 18–20 m s−1 by a similar amount. Lehahn et al. [19]
provide better agreement with Mulcahy at the lower wind
speeds (less than ∼12 m s−1); however, at their maximum
reported wind speeds of less than 15 m s−1, their AOD values
are about 25% less than that reported by Mulcahy et al.
[5].

It should be noted that AOD derived from the precision
filter radiometer is a more direct measurement, and many
more assumptions are required in the MODIS retrieval
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algorithm than in the precision filter radiometer. Conse-
quently, one would expect the radiometer data to reflect the
more accurate AOD-wind speed relationship. In addition,
and as stated in the introduction, a detailed modeling
study of sea spray production and associated AOD also
concluded a power law with an exponent of 2 [8]. Finally,
meteorological effects such as increased deposition rates
may be associated with stable boundary layers would reduce
the spray residence time, thus reducing its AOD impact;
variations in precipitation rates or long-range transport of
anthropogenic aerosols can all contribute to the variability in
the MODIS cases. Nevertheless, the main conclusions arrived
at by Mulcahy et al. [5] still hold, namely, that sea spray
contributions to marine AOD can approach or even exceed
values of 0.3 and that natural sea spray under moderately
high wind speed regimes can rival that of many anthro-
pogenic plumes advecting out into marine environments.

6. Conclusions

MODIS-derived AOD for clean, remote maritime conditions
are analysed as a function of wind speeds ranging from
2 to 18 m s−1. The relationships observed followed a
power law with exponents ranging from 0.72 to 2.47 for
550 nm wavelengths and from 0.75 to 2.40 for the 860 nm
wavelength. The MODIS-derived AOD was compared to
the Mulcahy parameterization derived from a precision
filter radiometer at a coastal NE Atlantic station (Mace
Head). Generally, good agreement was found between the
two datasets, although, on a case by case basis, sometimes
MODIS overestimated and sometimes underestimated
relative to Mulcahy. Mostly, MODIS-delivered lower AOD
values at higher wind speeds (>15 m s−1) when compared to
Mulcahy, and at times, overestimated at lower wind speeds,
resulting in an exponent close to 1, producing a linear
relationship between AOD and wind speed at times. There
are a number of reasons for the variability in the MODIS
derived AOD-wind speed exponent. These include the pos-
sibility of variability in meteorology (i.e., precipitation and
stability) which may reduce sea spray residence time, long
range transport of anthropogenic aerosol, secondary marine
aerosol production, and variability in relative humidity
fields, altering aerosol scattering efficiency. While there is
variability in MODIS-derived AOD versus wind speed, with
the parameterized exponent deviating from the Mulcahy
squared power law dependency, there is no reason to suggest
that a power law with an exponent of 2.2 for 500 nm, and
2 for 860 nm is not a robust parameterization. The results
also support the suggestion that wind-generated sea spray,
under moderately high winds, can rival anthropogenic
pollution plumes advecting out into marine environments
with wind driven AOD contributing to AOD values
approaching 0.3.
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