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[1] The paper presents the current status of the Maritime Aerosol Network (MAN), which

has been developed as a component of the Aerosol Robotic Network (AERONET).
MAN deploys Microtops handheld Sun photometers and utilizes the calibration procedure
and data processing (Version 2) traceable to AERONET. A web site dedicated to the
MAN activity is described. A brief historical perspective is given to aerosol optical depth
(AOD) measurements over the oceans. A short summary of the existing data, collected on
board ships of opportunity during the NASA Sensor Intercomparison and Merger for
Biological and Interdisciplinary Oceanic Studies (SIMBIOS) Project is presented.
Globally averaged oceanic aerosol optical depth (derived from island-based AERONET
measurements) at 500 nm is 0.11 and Angstrom parameter (computed within
spectral range 440–870 nm) is calculated to be 0.6. First results from the cruises
contributing to the Maritime Aerosol Network are shown. MAN ship-based aerosol optical
depth compares well to simultaneous island and near-coastal AERONET site AOD.
Citation: Smirnov, A., et al. (2009), Maritime Aerosol Network as a component of Aerosol Robotic Network, J. Geophys. Res., 114,
D06204, doi:10.1029/2008JD011257.

1. Introduction
[2] The World Ocean produces a large amount of natural
aerosols that have an impact on the Earth’s albedo and
climate. Sea salt is the major contributor to aerosol optical
depth over the oceans [Mahowald et al., 2006; Chin et al.,
2002; Satheesh et al., 1999; Winter and Chylek, 1997] and
therefore affects the radiative balance over the ocean
through the direct [Haywood et al., 1999] and indirect
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aerosol effect [O’Dowd et al., 1999]. Aerosols over the
oceans (produced marine and advected from land sources)
are important for various atmospheric processes [Lewis and
Schwartz, 2004] and remote sensing studies [Gordon,
1997].
[3] Recent publications emphasizing aerosol trends over
the oceans based on the long-term satellite records
[Mishchenko et al., 2007; Chylek et al., 2007; Remer et
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Hoppel et al., 1990; Reddy et al., 1990; Smirnov et al.,
1995] has shown the potential of this simple but effective
optical class discrimination technique. Statistically significant differences however, were found only between optical
properties of continental and maritime air mass types.
[5] A comprehensive survey of shipborne measurements
conducted over the last 30– 40 years was published by
Smirnov et al. [2002]. What did we learn from the historical
record? Published results of aerosol optical depth measurements over the oceans provided an important milestone for
future understanding. Despite data scarceness, calibration
uncertainty, and sometimes unknown accuracy, those data
sets facilitated (at least to some extent) a better perception of
aerosol optical properties over the remote oceanic areas,
inland seas, and areas affected by dust sources from Africa and
industrial pollution sources in Europe and North America.
Coastal data emphasized the tremendous difficulties faced
in establishing even regional aerosol climatologies. This
historical database was successfully employed by Ignatov et
al. [1995] in regional analysis and by Liu et al. [2004] in the
global validation of two channel AVHRR aerosol optical
depth retrievals.
[6] In the current paper we present brief analysis of the
historical SIMBIOS ship-borne and AERONET islandbased aerosol optical depth data, describe the concept of
MAN, and show first results from the cruises contributing to
the Maritime Aerosol Network.

2. SIMBIOS Data

Figure 1. Daily averages of aerosol optical depth collected
during the SIMBIOS program in the (a) open oceanic and
(b) coastal areas.
al., 2008] and the quantitative difference between aerosol
climatologies derived from various sensors [Kahn et al.,
2007; Liu and Mishchenko, 2008] have further increased the
demand for more data.
[4] Aerosol optical depth measurements over the oceans
began in the 1960s and over the years accumulated a
significant amount of information from individual scientific
cruises [Smirnov et al., 2002] as well as from complex
regional experiments [Quinn and Bates, 2005]. Aerosol
optical depth data analysis in conjunction with information
on synoptic air mass types and back trajectories [see, e.g.,

[7] The SIMBIOS (The Sensor Intercomparison for
Marine Biological and Interdisciplinary Ocean Studies) program [Mueller et al., 1998; McClain and Fargion, 1999]
began in 1997 and through 2003 collected data on aerosol
optical depth over the oceans from various ships of opportunity using Microtops II handheld Sun photometers. Measurement strategy and protocol, ship tracks, and statistics for
various aerosol types and regions were presented in the
paper by Knobelspiesse et al. [2004]. The SIMBIOS database was revisited in order to better understand where we
still have gaps in our knowledge on aerosol optical properties over the oceans. Daily averages were computed for all
available cruises and after some additional screening data
were divided into two subsets: oceanic and coastal (acquired
within 100– 150 km from the nearest shoreline). Additional
quality control (screening) was typically minimal; however
during one of the cruises aerosol optical depth demonstrated
a consistent unusual spectral dependence, which implied
calibration or instrumental problems. As a result these
suspect data were removed from further consideration.
Overall 458 measurement days spanning a 6-year period
(1997– 2003) were considered. Latitudinal distribution of
aerosol optical depth at 500 nm is presented in Figure 1a for
the oceanic subset and in Figure 1b for the coastal subset.
The oceanic data have been divided roughly by longitude
between three oceans: Pacific (70°W – 150°E), Atlantic
(20°E–70°W) and Indian (20°E150°E).
[8] Figure 1a shows that measurements in the Pacific
Ocean were mainly limited to the latitudinal belt
30°N30°S and t a(500 nm) were close to the typical
remote ocean value of 0.06 –0.07 [Smirnov et al., 2002].
Several Atlantic transects contributed to more dense data
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Figure 2. AERONET island-based multiyear statistics. Yearly means of (a) aerosol optical depth at
500 nm and (b) Angstrom parameter.
coverage close to the equator with very little data collected
north of 45°N and south of 30°S. One can observe the
typical pronounced maximum in t a within the area in the
Northern Hemisphere influenced by Saharan dust (primarily
0°25°N). Aerosol optical depth in that region is highly
variable and has a strong intra-annual (seasonal) dependence. In the remote Atlantic not influenced by Saharan
dust or pollution from continents, aerosol optical depth
values did not exceed 0.10, being on average 0.07.
Measurements in the Indian Ocean showed high turbidity
near the Indian peninsula. However, those measurements
were limited to the northeast monsoon season, when continental pollution is transported from the Indian subcontinent region to the Arabian Sea and Indian Ocean. The
eastern part of the Indian Ocean and areas south of 30°S
were not covered and still lack any data from oceanic ships.
[9] Data acquisition efforts in the coastal areas were
concentrated on the east coast and West Coast of the United
States. Very few data (almost none) are available for inland
seas (Mediterranean, Baltic, Black, Persian Gulf) and other
coastal areas, except for the region near the coast of Japan
intensively studied during the ACE-Asia experiment,
though within a limited timeframe (March – April 2001).
Figure 1b shows relatively stable optical conditions on the
West Coast with t a(500 nm) less than 0.20 and a variety of
aerosol loadings on the east coast where optical depth
ranged from 0.05 to 0.60. Pollution and dust aerosol
dominated aerosol optical properties during the ACE-Asia
experiment and aerosol optical depth in some instances was
over 1.00. The latitudinal dependence shown in Figure 1b
presents a clear picture that despite the tremendous effort in
data collection the gaps dominate and therefore suggests
how little we know.

3. AERONET Data
[10] The Aerosol Robotic Network (AERONET) is a
world-wide network of Sun/sky radiometers that operates

over 300 sites worldwide [Holben et al., 1998]. Starting in
1996 AERONET has a number of operational island sites.
Several publications based on the AERONET data [Holben
et al., 2001; Eck et al., 2001, 2005; Smirnov et al., 2000,
2002, 2003a, 2003b] have analyzed aerosol optical properties over the oceans, including pollution and dust aerosol
transport affecting and modifying those properties. Accumulated statistics on aerosol optical depth and Angstrom
parameter afforded estimation of the globally averaged
parameters over the oceans (from island-based measurements). Yearly mean aerosol optical depth and Angstrom
parameter for various island sites are shown in Figures 2a
and 2b. Horizontal bars represent plus or minus one
standard deviation. Locations of these AERONET sites
are shown in Figure 3, while Table 1 presents coordinates,
measurement period, and number of measurement days
used in the statistics. Data quality level 2.0 was used for
all sites except for Reunion.
[11] It is noteworthy that yearly mean t a(500 nm) was
less 0.10 for all sites in the Pacific. Slightly elevated t a over
Midway (0.10) most likely is associated with the springtime Asian dust transport [Eck et al., 2005]. In fact when the
spring (March through May) dust transport months are
excluded the remaining 9-month average at Midway
0.09. The AERONET record for the Atlantic shows a
strong latitudinal dependence and optical depth is highly
variable. Hornsund is located on Spitzbergen in the Arctic
(77°N) and yearly average t a there (0.08, this is only for
7 months owing to polar night) is very close to the remote
marine conditions, despite the presence of Arctic haze (from
advected pollutants) in the spring months [Shaw, 1995].
Saharan dust transport strongly affects the aerosol optical
properties over Cape Verde and Barbados. Industrial pollution can modify maritime aerosol over Bermuda and the
Azores. Seasonal dust and biomass burning aerosol transport frequently influences the Ascension Island optical
depth. The record for the Indian Ocean sites was not as
long as for the Pacific and Atlantic. Optical depth data over
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Figure 3. Distribution of island-based AERONET sites.
Kaashidhoo (Maldives) were collected primarily during the
dry season when the northeast monsoon brought heavily
polluted air from the Indian subcontinent. A modest record
from other sites in the subtropical and midlatitude Southern
Indian Ocean yielded average t a  0.05 – 0.08.
[12] We computed globally averaged t a(500 nm) and
Angstrom parameter a (based on a spectral range 440 –
870 nm; computed by log linear regression of 440-, 500-,
675- and 870-nm data, except for a few instruments that
lacked the 500-nm channel) by simply weighting the mean
optical parameter for a particular ocean with the area
fraction of that ocean basin (see Table 2). Data acquired
over Hornsund were considered representative for the Arctic
Ocean and ship-based data reported by Smirnov et al.

Table 1. AERONET Data Used in This Study
Latitude,
Longitude

Measurement
Period

Number
of Days

Midway Island

28°120N 177°220W

661

Lanai
Coconut Island
Guam
Nauru
Tahiti
Hornsund
Azores
Bermuda
Cape Verde
Barbados
Ascension Island
Kaashidhoo
Reunion
Rottnest Island
Amsterdam Island
Crozet Island

20°440N 156°550W
21°260N 157°470W
13°250N 144°480E
00°310S 166°540E
17°340S 149°360W
77°000N 15°330E
38°310N 28°370W
32°220N 64°410W
16°430N 22°560W
13°090N 59°370W
07°580S 14°240W
04°570N 73°270E
20°530S 55°290E
32°000S 115°300E
37°480S 77°340E
46°260S 51°510E

2001 – 2002;
2005 – 2006
1996 – 2004
2000 – 2004
2006
1999 – 2006
1999 – 2007
2005 – 2007
2000 – 2004
1996 – 2001
1994 – 2007
1996 – 2000
1998 – 2006
1998 – 2000
2006 – 2007
2001 – 2004
2003 – 2005; 2007
2005 – 2007

Sitea

1467
956
154
998
1184
151
481
832
2708
751
1569
546
237
497
212
94

[2006] were taken as an estimate for the Southern Ocean.
Although most stations are located in the tropics and
subtropics we think those estimates (Table 2) might be
useful.
[13] It should be noted that the small number of AERONET stations on islands combined with the very nonuniform
distribution of islands in the oceans likely results in significant sampling biases. Therefore one may argue that the
geographical sampling from AERONET is insufficient to
give accurate ocean based averages. However, it arguably
yields a detail of discrimination for many atmospheric
optical applications. Overall parameters shown in Figure 2
and listed in Table 2 are admissible and physically acceptable; they are based on the best currently available statistics
and represent our current knowledge from island-based
AERONET measurements.
[14] The AERONET-based oceanic globally averaged
t a(500 nm) is 0.11 (s  0.04); this value is very close
to the satellite record reported by Remer et al. [2008] (0.13
for Aqua and 0.14 for Terra), Zhang et al. [2008] (0.12 for
NAAPS with the assimilated MODIS data), Mishchenko et

Table 2. Average Optical Parameters Based on the AERONET
Data
Ocean

t a(500 nm)a

stab

ac

s ad

Pacific
Atlantic
Indian
Arctic
Southern
Global

0.085
0.190
0.090
0.080
0.060
0.108

0.010
0.103
0.057
0.030
0.020
0.042

0.573
0.604
0.560
1.150
0.380
0.597

0.091
0.229
0.203
0.180
0.280
0.161

a

Data quality level 2.0 was used for all sites except for Reunion.
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a

Mean value of aerosol optical depth at a wavelength 500 nm.
Standard deviation of the aerosol optical depth.
c
Mean value of the Angstrom parameter.
d
Standard deviation of the Angstrom parameter.
b

Area
Fraction
0.46
0.23
0.20
0.04
0.06
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al. [2007] (0.11 for AVHRR), Myhre et al. [2005] (0.10 –
0.16 for AVHRR, SeaWiFS, MODIS), and Zhao et al.
[2005] (0.11 – 0.16 for AVHRR and MODIS). Coarse particles of the marine sea salt and continental dust aerosol
reduced the Angstrom parameter (mean of 0.6) and made
it lower by a factor of 2 compared to typical a values
(1.3 –1.7) over continental regions that are not affected by
desert dust [see, e.g., Holben et al., 2001].

4. Maritime Aerosol Network Status
[15] Accurate knowledge of atmospheric aerosol optical
properties is a key to the success of atmospheric correction
over the oceans. The NASA Workshop ‘‘Supporting in-situ
and space-based measurements’’ (Montréal, Quebec, 6 –
7 October 2006) helped to formulate scientific questions
and research challenges needing to be addressed: current
atmospheric aerosol models should be updated and more
data over the oceans should be collected. Therefore, the
principal question of this workshop could be formulated as
follows: what is to be done to improve our knowledge of
aerosol optical properties over the oceans and fill the
existing data gaps. We suggested the establishment of the
Maritime Aerosol Network which would be a component of
the Aerosol Robotic Network (AERONET), and would be
affiliated with the AERONET calibration and data processing standards and procedures. The proposed activity
evolved around handheld Sun photometer measurements
from various ships of opportunity (scientific and nonscientific) and will complement island-based AERONET measurements, thus extending data collection to the vast regions
where no islands exist. The principal scientific objectives of
this kind of activity are climate change studies (direct and
indirect forcing); satellite retrieval validation; verification of
global aerosol transport model simulations; atmospheric
correction in ocean color studies; and also questions of
the existing gaps in global aerosol distribution and how
representative are the island measurements.
[16] In order to address those challenges we have reestablished NASA’s ship-based optical depth measurement
network (SIMBIOS was discontinued in 2003); developed
an archival system within the AERONET browser, but
specifically designed for ‘‘moving’’ objects: ships; developed a calibration protocol; incorporated Microtops data
files into AERONET general processing, utilizing AERONET’s Version 2 processing algorithm; and developed a
centralized archiving and distribution: public domain webbased access.
[17] The Microtops II Sun photometer is a handheld
device specifically designed to measure columnar optical
depth and water vapor content [Morys et al., 2001]. The
direct Sun measurements are acquired in five spectral
channels within the spectral range 340 – 1020 nm. The
bandwidths of the interference filters vary from 2 to 4 nm
(UV channels) to 10 nm for visible and near-infrared
channels. Detailed description of the Sun photometer and
types of errors involved are given by Morys et al. [2001],
Porter et al. [2001], Ichoku et al. [2002], and Knobelspiesse
et al. [2003, 2004]. The estimated uncertainty of the optical
depth in each channel does not exceed plus or minus 0.02,
which is slightly higher than the uncertainty of the AERONET field (not master) instruments as shown by Eck et al.
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[1999]. A GPS should be connected to the Sun photometer
to obtain the time of measurements and geographical
position of the ship.
[18] Each Microtops instrument is calibrated against an
AERONET master-CIMEL Sun/sky radiometer at GSFC,
which was calibrated from morning Langley plot measurements on Mauna Loa. As a rule we put a master CIMEL in a
manual mode that enables it to take direct Sun measurements every minute. The Microtops then takes 20 – 30
consecutive scans within an approximately 5- to 6-min
interval, side by side with the master CIMEL. It is highly
desirable to make intercalibration measurements in clear
(with AOD at 500 nm less than 0.25) and stable atmospheric
conditions to ensure accurate and stable results. Figure 4
presents a calibration window that indicates that standard
deviation of the aerosol optical depth during the calibration
process (based on the CIMEL measurements) is less than
0.005. Aerosol optical depths and their standard deviations
are shown for the master instrument (Figure 4, top) and
calibrated Microtops (Figure 4, bottom) for a time period of
several minutes. New and old ‘‘extraterrestrial signal constants’’ are displayed with variation coefficients (standard
deviation/mean; in percent) for each spectral channel. The
last column indicates the temporal change in calibration
coefficients (in percent). Aerosol optical depth is retrieved
by applying the AERONET processing algorithm (Version 2)
to the raw data [Smirnov et al., 2004] (http://aeronet.gsfc.
nasa.gov/new_web/Documents/version2_table.pdf).
[19] In the MAN relational database a Microtops Sun
photometer status window provides information on the
instrument current status, date it was returned from the
field, filter configuration and parameters A and B required
for the water vapor content retrievals, calibration dates
(postfield and prefield calibrations), maintenance remarks
(cleaning, filter change, etc.), data status, shipping information, and information regarding the person responsible for
the data collection. Figure 5 presents a spreadsheet of the
Microtops instrument pool current status as of August 2008.
[20] Regular measurements in various oceanic regions
started in late 2006 to early 2007 and are currently continuing and expanding. All collected data are available on the
Internet at http://aeronet.gsfc.nasa.gov/new_web/maritime_
aerosol_network.html.
[21 ] The measurement protocol is very simple and
requires an operator taking 5 – 6 consecutive scans (it takes
slightly over a minute to complete the sequence) when the
solar disk is free of clouds. It is important to note that
observers are relied upon to decide when the Sun is
unobscured by clouds (based on visual assessment only)
and to only take measurements for those conditions.
Depending on the sky conditions, measurements should
be repeated several times during the day.
[22] Measurement points are grouped temporally into
series. If the interval between two points in a measurement
sequence is more than two minutes, then these points are
placed into different series (Figure 6). A series can have one
or more measurement points (typically five or more). A
series is considered a single data point (an average of the
measurement points in the group); and a sequence of series
in a day may be used to compute the daily average.
[23] Data quality is assured in the following way. The
Level 1.0 (unscreened) measurement series are formed from
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Figure 4. The intercalibration window: (top) AERONET master CIMEL, and (bottom) calibrated
Microtops.
Level 1.0 points. The cloud and pointing error screening is
applied to Level 1.0 data to produce a Level 1.5 data set.
The following criteria are examined for cloud and pointing
errors: (1) Within a series, the minimum aerosol optical
depth for each point is identified at each wavelength (t min
ai ).
(2) If the difference (t ai  t min
ai ) for each spectral channel is
* 0.05, 0.02}, then that
less than the maximum of {t min
ai
point within a series is considered cloud-free and pointing
error free. If the above screening removes all but one point
from a series, then an additional criterion below is applied to
the spectral channels: (3) If the Angstrom parameter computed using all available channels between 440 and 870 nm
is greater than 0.1, then the point is considered cloud and
pointing error free.

[24] The Level 1.5 data series are raised to Level 2.0
(quality-assured) series after final calibration values are
applied, spectral channels are evaluated for filter degradation and other possible instrumental problems or data
anomalies; and manual data inspection is completed for
possible cloud contaminated outliers.
[25] For each cruise we generate a map, where in a
compact graphic form (filled squares), daily averages at a
wavelength of 500 nm and the ship’s track are shown. Data
files are available in the following form: instantaneous
measurements (Level 1.0), instantaneous measurements
(Level 1.5), series (groups) of measurements (Level 1.5),
and daily averages (Level 1.5). Ship tracks are available in
the form of geospatial Google Earth files and mapped daily

Figure 5. Microtops status window.
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Figure 6. Data processing scheme: measurements points grouped into series.

averages at various wavelengths are available in the same
compressed file. Cruise notes (if any) made by the operators
and any other complimentary information (meteorological,
satellite, sky photos from a fish-eye camera, etc.) are
available also. Upon completion of the Quality Assurance
process the data archive will be complemented by the Level
2.0 series and daily averages.
[26] The whole process of instrument calibration, shipment to the ship, data collection at sea, shipment back to
GSFC for the postfield calibration, calibration, maintenance, data processing, cloud screening and quality assurance, web site posting and updates, is a very lengthy, time
and labor-consuming procedure. The MAN data usage
policy emphasizes that the public domain data are contributed by the Maritime Aerosol Network (MAN), a component of the International AERONET Federation; each cruise
has Principal Investigators (PIs) responsible for instrument
deployment, maintenance and data collection, and the PIs
have priority use of the data collected during the ship cruise
and are entitled to be notified when using their cruise data.
Also we believe that owing to the research and development
phase characterizing Maritime Aerosol Network, offering
coauthorship to Principal Investigators would be an expected
sign of courtesy, however it is not a requirement.
[27] Figure 7 presents the latitudinal dependence of
aerosol optical depth in the Atlantic Ocean and in Antarctica
based on a number of cruises. Cruise tracks allowed for
sampling of several aerosol regimes over the Northern and
Southern Atlantic. In remote oceanic areas not influenced
by continental aerosol sources the aerosol optical depth is
typically below 0.10 at 500 nm. Saharan dust transport in
the tropical Atlantic near to the coast of West Africa
significantly increased the aerosol loading. Pollution sources in Europe can elevate optical depth in the coastal
sampling areas to the north of 30 degrees. Measurements
in the Arctic region yielded a low average optical depth
0.05. During the Antarctic summer (January 2006 and
January – February 2007) aerosol optical depth near the
coastline of Antarctica was even lower yet 0.02 – 0.03.
[28] The whole data archive is mapped in Figure 8. Daily
averages from various cruises characterize regional aerosol

optical depth and overall coverage of the network. Obviously vast oceanic areas still have no or very limited
coverage (e.g., in the Pacific and Indian oceans; near the
coast of the Southeast Asia; in the Caribbean). Further
efforts are needed to evaluate aerosol regimes over those
oceanic regions.
[29] Ship-based measurements were compared with the
AERONET data obtained from the island and coastal sites
along the cruise tracks. Island measurements always posed a
question whether data acquired could be considered representative for the ocean areas or if the influence of the
continental-generated aerosol and breaking waves along

Figure 7. Latitudinal dependence of aerosol optical depth
in the Atlantic Ocean. Seasons in the legend correspond to
meteorological seasons for Northern Hemisphere.
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Figure 8. Maritime Aerosol Network global coverage: cruise tracks and daily averages of aerosol
optical depth are shown.
the coastline significantly alter columnar atmospheric optical properties. The ship measurements were collocated with
the island and coastal oceanic AERONET sites spatially and
temporally. We considered ship-based series taken within
200 km of AERONET sites and observation times matched
by less than 1 h. In order to make an adequate comparison
we only took into account sites where minimal influence of
local sources is expected (thus excluding measurements in
the Mediterranean Sea). Comparison results for aerosol
optical depth at 440 nm is presented in Figure 9. Each site
is located within 1 km from the coastline except for Cape
Verde (4.5 km). The AERONET aerosol optical depths
were of Level 1.5 quality in order to enlarge our statistical
sample. However, we have checked the data for any
additional potential calibration problems, since post deployment calibration has not yet been made in this case. The
aerosol optical depth scatterplot does not show any particular bias for both data sets, although we can see a visible
cluster of points above the 1:1 line. This cluster was
acquired in a highly variable dust outbreak conditions west
of Africa in the North Atlantic.

calibration, a scientifically sound processing scheme and
easily accessible web-based public data archive, the network has strong growth potential. Expanded spatial coverage will contribute to enhanced understanding of aerosol
optical properties over the oceans and improve our knowledge of physical processes of maritime aerosol production,
transport and distribution. The database may help stimulate
research and international collaboration in various scientific
areas.

5. Conclusions
[30] The Maritime Aerosol Network has been established
as a component of the Aerosol Robotic Network. It relies on
many logistic and scientific aspects developed within the
AERONET Project and compliments island-based measurements. We believe that the Maritime Aerosol Network will
provide the scientific community with valuable information
on aerosol optical properties over the oceans. The database
can be used for climate change and atmospheric radiation
budget modeling, satellite validation studies, global and
regional aerosol transport modeling, atmospheric correction
and ocean color observations, etc. Employing simple, standard and commercially available instrumentation, traceable

Figure 9. Ship-based and AERONET aerosol optical
depth measurement comparison.
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