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Abstract

Atmospheric transport of aerosols from desert regions of Africa supply nutrients, such as
iron, to oligotrophic oceanic waters. Phytoplanktonic organisms in surface waters use bio-
available Fe, increasing their rate of photosynthesis. This work investigates the possible
atmospheric Fe fertilization of oligotrophic North Atlantic and Caribbean waters. Level 3
weekly averaged images from SeaWiFS, MODIS Terra and MODIS Aqua satellite sensors
were used to retrieve aerosol optical thickness (AOT) and chlorophyll concentration (Chl_a)
data from Sept. 1997 through Dec. 2007. Results are presented for three areas in the Tropical
North Atlantic Ocean and the Caribbean Sea, located at 17.5°N, 67.0°W, Caribbean Time
Series Station (CaTS), 19°N, 57°W Western Atlantic Ocean and 20°N, 67°W Atlantic, North
of Puerto Rico. A time series analysis exhibited a seasonal cycle with a summer maximum
for mean AOT concentration. The strongest correlation between both parameters was
observed for the Western Atlantic Ocean with a time-lag of approximately 1 month between
AQOT and Chl_a.

Visible reflectance spectroscopy (VRS) and trace element analysis were used to assess
the presence of Fe in Saharan dust. Iron content was measured in samples from desert
regions in Africa, starting from their source (African soil samples), their transformation
across the Atlantic Ocean (Saharan dust collected at sea) and finally in the fraction reaching
remote land areas (filtered air samples collected in Puerto Rico). Iron oxide mineral content
was determined using reflectance spectroscopy and first derivative analysis. Distinctive
peaks of two iron-bearing minerals, hematite and goethite, in the first derivatives were

observed (555 to 580 for hematite and 435 nm for goethite). In addition, Fe and Al trace



element concentration was analyzed by inductively coupled plasma mass spectrometry (ICP-
MS). The analysis showed evidence of the presence of Fe in all our samples. Results showed
higher percent Fe in the finer particle size samples transported away from the desert.

Finally, satellite and in-situ AOT and Chl_a measurements were compared for the
Tropical North Atlantic Ocean during March 2004 to observe the potential of satellite
measurements in estimating atmospheric and oceanographic bio-optical properties. Aerosol
and Chl _a measurements were obtained onboard the NOAA Ship Ronald H. Brown during
the Aerosol and Oceanographic Science Expedition (AEROSE, February 29 - March 26
2004). This data were compared with two GIOVANNI (GES DISC Interactive Online
Visualization and ANalysis Infrastructure) products, AOT (MODIS Aqua) and Assimilated
Total Chlorophyll. Results showed a strong linear relation (R: = 0.86) between satellite and
field AOT measurements. A strong relationship (R: = 0.76) was also observed between
shipboard and satellite Chl_a, although the satellite product tended to underestimated
chlorophyll concentrations relative to the field data. Also, monthly Giovanni’s AOT and
Chl_a products were compared to determine if a relationship between African dust input and
Chl_a concentration can be established using Giovanni’s satellite data. A time-lag of one
month between AOT and Chl_a was also observed. Since the studied period (March 2004)
coincided with one of the biggest dust storms for this season we examined AOT values and
the North Atlantic Oscillation (NAO) index for the Western Atlantic Ocean Station (19°N,
57°W) to determine if the unusual dust event encounter during March 2004 was related to the

NAO. A weak linear relationship between both parameters was observed.
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Resumen

El transporte atmosférico de aerosoles desde regiones desérticas de Africa provee
nutrientes, como hierro, hacia zonas oligotréficas de los océanos. Los organismos del
fitoplancton en aguas superficiales utilizan el Fe bio-disponible aumentando asi la tasa
fotosintética. En éste trabajo se investiga la posible fertilizacion de Fe atmosférico en aguas
oligotroficas del Océano Atlantico Norte y del Mar Caribe. Imagenes de satélite (Nivel-3,
promedios semanales) de SeaWiFS, MODIS Terra y MODIS Aqua fueron utilizadas para
obtener datos de densidad optica atmosférica (AOT) y concentracion de clorofila (Chl_a)
desde septiembre 1997 a diciembre 2007. Se presentan resultados para tres areas del Océano
Atléntico Norte y del Mar Caribe, localizadas en 17.5°N, 67.0°W, Caribbean Time Series
Station (CaTS), 19°N, 57°W, Océano Atlantico Oeste y 20°N, 67°W, Atlantico (Norte de
PR). El analisis de serie de tiempo exhibe un patron estacional con valores maximos de AOT
durante el verano. La correlacién mas fuerte se observé para la estacion de Océano Atlantico
Oeste con un desfase en tiempo de aproximadamente un mes entre AOT y Chl_a.

La presencia de Fe en muestras de polvo del Sahara fue determinada utilizando técnicas
de espectroscopia de reflectancia visible y analisis de elementos traza. El contenido de Fe fue
medido en muestras de sedimento de regiones del Norte de Africa, muestras de polvo
colectadas en el mar y muestras de aire filtrado colectadas en PR. El contenido de éxido de
Fe mineral se determiné mediante analisis espectral y primera derivada. Todas las muestras
presentaron picos distintivos en las primeras derivadas de dos minerales que contienen Fe,
hematita y goetita (555-580 para hematita y 435 nm para goetita). Ademas, la concentracion

de los elementos traza, Fe y Al, fue medida por la técnica de espectrometria de masas



(Inductively Coupled Plasma Mass Spectrometry, ICP-MS). El analisis mostrd presencia de
Fe en todas las muestras con una mayor concentracion en las muestras de tamafios finos
(muestras de aire filtradas).

Finalmente, datos de satélite y de campo de AOT y de Chl_a fueron comparados para el
Océano Atlantico Norte Tropical durante Marzo 2004 para observar el potencial de las
medidas de satélite en estimar propiedades bio-Opticas atmosféricas y oceanicas. Datos de
AOT y Chl_a se obtuvieron a bordo del barco NOAA Ronald H. Brown durante la
expedicion oceanografica, Aerosol and Oceanographic Science Expedition (AEROSE,
Febrero 29 - Marzo 26 2004). Estas medidas fueron comparadas con dos productos de
Giovanni (GES DISC Interactive Online Visualization and ANalysis Infrastructure), AOT
(MODIS Agua 550) y Clorofila Total Asimilada. Los resultados muestran una fuerte relacion
linear (R: = 0.86) entre las medidas de satélite y de campo de AOT. Una fuerte relacion (R: =
0.76) se observd también entre la Chl_a de satélite y de campo, pero el producto de Giovanni
subestimé las concentraciones de Chl_a en relacion a las medidas en el barco. Ademas,
productos mensuales de Giovanni de AOT y Chl_a se compararon para determinar si se
puede establecer una relacién entre la entrada de polvo de Sahara y la concentracién de
Chl_a utilizando datos de Giovanni. Se observd un desfase entre AOT y Chl_a de
aproximadamente un mes. Marzo del 2004 coincidié con una de las tormentas de polvo mas
fuertes para la region. Con el fin de determinar si el evento estaba relacionado a la Oscilacién
del Atlantico Norte (NAO), se examinaron valores de AOT en relacién al indice de NAO de
para la estacion de Océano Atlantico Oeste (19° N, 57° W). Los resultados mostraron una

débil relacién linear entre ambos parametros.
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Preface

The high temperatures in the Sahara and Sahel regions of Africa, promotes the heating of
surface air resulting in a strong convective activity and the formation of warm dust laden
masses of air (Prospero and Carlson, 1972) during the summer time. Strengthening of the
easterly winds favor the transport of large quantities of mineral dust toward the Atlantic
Ocean and Caribbean Sea in a dry atmospheric air layer called the Saharan Air Layer (SAL).
These mineral aerosols travel westwards to the Atlantic and Caribbean region via the Sahara—
Sahel Dust Corridor, a zone lying between latitudes 12 °N and 28 °N (Moreno et al., 2006).
Mineral aerosols from these desert regions carry nutrients, such as iron (Fe), from continents
to the ocean (Claustre et al., 2002). In some parts of the ocean, lack of nutrients and trace
metals such as Fe, can be a limiting factor to phytoplankton growth. Mineral aerosols serve
as a source of Fe for phytoplankton in surface waters, increasing their rate of primary
production (Martin et al., 1994). The importance of the relationship between atmospheric
aerosols and oceanic phytoplankton is due to the effect it might have on the carbon cycle. As
phytoplankton in surface waters use available Fe, there is an increment in their
photosynthetic rate followed by enhanced removal of atmospheric CO,.

In order to evaluate the relationship between atmospheric aerosols and oceanic primary
production it is necessary to carry out large-scale temporal and spatial observations. Satellite-
based measurements have been proven to be an excellent tool to study large-scale
atmospheric aerosols and chlorophyll concentrations. Dust clouds can be tracked from their
source to thousands of km away using satellite observations, improving the knowledge of the
distribution of aerosols in the atmosphere (Myhre et al., 2005). Likewise, ocean color

measured from space provides global information on bio-optical properties and subsurface



oceanographic parameters such as chlorophyll concentration (Darecki and Stramski, 2004).
However, to accurately study atmospheric dust distribution and their impacts on the
environment, it is necessary to integrate continuous satellite observations with ground-based
instruments and field experiments (Kaufman et al., 2002).

This study is intended to investigate the possible Fe fertilization of surface waters of the
Tropical North Atlantic Ocean and Caribbean Sea by mineral dust from the Saharan and
Sahel regions using satellite data. Based on this main objective, the dissertation has been
divided into three chapters, each prepared following the guidelines commonly used in
scientific publications. Chapter one examines the relationship between the aerosol dust plume
traveling from Africa toward the Tropical North Atlantic Ocean and an increase in
phytoplankton’s biomass using satellite based measurements. The second chapter estimates
Fe element content in desert dust particles, from their source region in North Africa, through
their atmospheric transport through the North Atlantic Ocean and as they reach remote areas
from their origin. Finally a third chapter evaluates the potential of satellite measurements in
describing both, atmospheric and oceanographic processes and complements satellite data
with ground-based observations. The study was carried out at selected areas of the Tropical
North Atlantic Ocean and Caribbean Sea, which are subjected to strong seasonal inputs from
Saharan mineral aerosols (Figure 1). The region is of particular interest since it is classified

as oligotrophic and as having low dissolved Fe concentrations.
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Figure 1 Map showing the areas covered in this study, from North Africa to the Tropical North Atlantic Ocean and the Caribbean Sea
(Google Earth Image).



1. Time series analysis of aerosol optical thickness and chlorophyll
concentration in the Tropical North Atlantic Ocean and Caribbean Sea
from satellite data

1.1 Introduction

The atmosphere is an important pathway for the transport and dispersion of nutrients,
minerals, microorganisms and trace metals from continents to the oceans. Atmospheric dust
particles originating in the arid and semi arid regions of the world are known to be principal
sources of mineral dust. Particles traveling from the Sahara desert to oligotrophic regions of
the ocean provide an important supply of nutrients such as iron for oceanic phytoplankton,
affecting the biogeochemistry of the area (Prospero et al., 1981; Claustre et al., 2002).
According to the Iron Hypothesis formulated by Martin (1994) the availability of iron in the
ocean has an effect on the primary production of a given region. Many studies have also
demonstrated the importance of trace elements in regulating phytoplankton growth and
limiting oceanic primary production (Martin et al., 1991; Lenes et al., 2001; Kustka et al.,
2002; Bonnet and Guieu, 2004; Jickells et al., 2005; Moore at al., 2006). There is an
increasing interest in the interaction between iron input and phytoplankton ecosystem
dynamics due to the effect it might have on climate change. Iron is an important
micronutrient and deposition of iron from mineral aerosols can impact the carbon cycle
(Mahowald et al, 2005). As phytoplanktonic organisms in the ocean’s surface use iron from
aerosol particles their rate of photosynthesis and primary production may increase, resulting
on enhanced removal of carbon dioxide from the atmosphere.

Observations of African dust concentration, transport, and deposition have been carried

out using satellite data since the 1970s. Values of 240 + 80 Tg of dust particles have been



reported to be transported annually from Africa toward the ocean, from which 140 + 40 Tg
are deposited in the North Atlantic Ocean and approximately 50 Tg reach the Caribbean Sea
(Kaufman et al., 2005). The frequency and magnitude of dust input is influenced by season,
source area, climate, human land disturbance, local and regional scale weather and global
atmospheric circulation (Bonnet et al., 2005). In many regions of the world’s oceans, climatic
fluctuations in atmospheric dust deposition impact the marine carbon cycle. High dust
deposition mitigates iron limitation increasing nitrogen fixation, primary production and
oceanic CO; uptake from the atmosphere (Moore et al., 2006). In the Tropical North Atlantic
Ocean primary production in surface waters is limited by lack of bio-available nitrogen,
which is co-limited by insufficient iron concentrations (Mills et al., 2004). Even though there
is considerable amount of molecular nitrogen (N,), it cannot be used directly by
photosynthetic organisms, which require nitrogen in the form of nitrate (NO”) or ammonium
(NH*). Nitrogen fixation by diazotrophic organisms provides a source of usable nitrogen for
photosynthesis. In the Tropical North Atlantic Ocean, the diazotrophic cyanobacterium
Trichodesmium spp. is one of the principal components of the phytoplankton and N, fixation
by this organism is a major resource of new nitrogen in the region (Capone et al., 2005).
Measurements of abundance and numerous observations indicate that Trichodesmium spp. is
the most important primary producer in the Tropical North Atlantic Ocean (Carpenter and
Romand, 1991). Studies of N, fixation in surface waters of the North Atlantic Ocean have
shown that both Trichodesmium abundance and N, fixation rates correlated positively with
dissolved Fe, supporting the idea that Fe influences N, fixation (Moore et al., 2009). An

increase in primary productivity due to N, fixation by these organisms increases oceanic


http://www.google.com.pr/search?hl=es&lr=&sa=X&oi=spell&resnum=0&ct=result&cd=1&q=diazotrophic+organisms&spell=1
http://www.google.com.pr/search?hl=es&lr=&sa=X&oi=spell&resnum=0&ct=result&cd=1&q=diazotrophic+organisms&spell=1

sequestration of carbon and may have a significant effect on global climate (Kustka et al.,
2002).

However, even though atmospheric iron input increases the concentration of iron in
seawater, the ocean’s biogeochemistry is affected by soluble Fe and not by dust flux to the
ocean. Soluble bio-available Fe in marine water, which is defined as the portion of Fe present
in the form of ferrous ion (Fe*"), tends to be in low concentrations. Most of the iron that
reaches the ocean from external sources is in the form of ferric ion (Fe3+) and must be
reduced to Fe*". This transformation is carried out mainly by photo-reduction and depends on
the time the dust particles spend in contact with the atmosphere and in the surface waters.
Experiments describing the dissolution processes of iron in seawater exhibit an increase in
the dissolved iron concentration after 7 days of adding dust particles (Bonnet and Guieu,
2004). Other studies show that the dissolved flux represents 4-17% of the total atmospheric
flux of iron (Guieu et al., 2002). Iron’s solubility in seawater is affected by other factors such
as suspended particle concentration and aerosol source. Also, it has been observed that Fe is
highly insoluble under oxidizing conditions and under conditions of pH higher than 4
(Jickells et al., 2005). Changes in aerosol pH caused by wetting and drying cycles associated
with repeated passage of aerosol particles through clouds has been observed to enhance Fe
solubility (Baker et al., 2006).

In order to determine the effects of iron input in the biogeochemistry of the ocean it is
necessary to evaluate long-term records of atmospheric aerosols and chlorophyll pigment
concentrations (Chl a). Satellite-based measurements provide the only source of data for
large-scale regional and global observations. At the end of 1999, the launch of the first

Moderate Resolution Imaging Spectroradiometer (MODIS) instrument made possible
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quantitative and systematic measurements of dust transport for the Atlantic Ocean (Kaufman
et al., 2005). Dust clouds are observable from satellites and can be tracked from their source
to thousands of kilometers away as they cross the oceans. Comparisons between aerosol and
Chl_a concentrations using satellite data have presented periods of elevated aerosol signals
followed by increase in phytoplankton biomass, suggesting a connection between aerosol
load and phytoplankton growth (Stegmann, 2000).

Aerosol concentration can be obtained by the satellite-mapped product, aerosol optical
thickness (AOT), which quantifies atmospheric suspended particles and the degree to which
they prevent the transmission of light. Likewise, ocean color is a unique property that can be
measured from space and provides global information on subsurface oceanographic
parameters (Darecki and Stramski, 2004). Since Chl_a absorbs more blue and red light than
green, the spectrum of backscatter sunlight from the oceans shifts from deep blue to green as
the concentration of phytoplankton increases (O’Reilly et al., 1998). Therefore Chl a
concentration, which alters the color of the ocean, can also be determined from satellite data.

This work aims to investigate the possible iron fertilization of oligotrophic Tropical
North Atlantic and Caribbean waters using satellite data from SeaWiFS (Sea-viewing Wide
Field-of-view Sensor) and MODIS (on board of Terra and Aqua satellite). Level 3 weekly
averaged images from September 1997 through December 2007 were used to evaluate long-
term records of AOT and Chl a for three areas in the North Atlantic Ocean and the
Caribbean Sea. The study area is subjected to strong seasonal inputs from Saharan mineral
aerosols. This region is of particular interest since it is classified as oligotrophic and as

having very low dissolved Fe concentrations. Changes in Fe flux to the Tropical North



Atlantic Ocean and Caribbean Sea may play a role in climate change, influencing primary
production and therefore the carbon cycle.
1.2 Materials and Methods
Study Site

The Tropical North Atlantic Ocean and the Caribbean Sea have been traditionally
classified as oligotrophic low productive systems. The presence of a permanent thermocline
inhibits mixing between superficial, low nutrient waters with deeper waters rich in nutrient
concentrations. However, studies have revealed that the region undergoes pronounced
seasonal variation in phytoplankton population density (Gonzalez et al., 2000). Observations
and field studies have proven that this region is affected by external and seasonal events that
alter the amount of nutrients present in the region. For example, the Caribbean is a semi-
enclosed tropical sea influenced by an annual discharge of the Amazon and Orinoco Rivers
(Miiller-Karger et al., 1989). Satellite images from SeaWiFS have shown the intrusion of
waters from the Orinoco River during fall and from the Amazon River during spring—
summer into the eastern Caribbean Sea (Gilbes and Armstrong, 2004). The area is also
affected during winter—spring by a strong coastal upwelling in Venezuela produced by the
trade winds, supplying large concentrations of nutrients to surface waters. Studies have
shown high pigment concentrations during the months of January through May, along the
continental margin, where upwelling occurs (Miiller-Karger et al., 1989).

During summer the Tropical North Atlantic Ocean and the Caribbean Sea may also be
affected by the passing of hurricanes, which develop off the west coast of Africa. The
turbulent events associated with the strong cyclonic surface winds of hurricanes are known to

provoke mixing of waters, transporting subsurface waters with increased nutrient



concentrations to the surface. In coastal areas, hurricanes also have an effect on increasing
precipitation and runoff, which in turn increases the nutrients. For example, increased
concentrations of Chl_a around Puerto Rico following Hurricane Georges was observed from
SeaWiFS images as a result of high river discharge of nutrient rich waters (Gilbes et al.,
2001). Finally, mineral dust transported through the atmosphere supplies an important
amount of nutrients to the open ocean (Prospero et al., 2002). It has been observed that
atmospheric transport from continents is probably the dominant source of nutrient Fe in the
photic zone (Duce and Tindale, 1991). Particles moving toward the North Atlantic Ocean and
Caribbean Sea from the Saharan desert are, therefore, an important source of fertilization for
this region. Saharan dust is transported along different paths, from which the westward flow
over the North Atlantic Ocean is the most voluminous one (Goudie and Middleton, 2001).
The areas selected for this study are of particular interest since they are subjected to the
strong seasonal input from Saharan mineral aerosols.
Instrument Description — Satellite Sensors

The Sea-viewing Wide Field-of-view Sensor (SeaWiFS) was launched on the OrbView-2
spacecraft in August 1997 with the purpose of providing quantitative data on global ocean
bio-optical properties. SeaWiFS measures atmospheric radiance in eight narrow spectral
bands (Table 1.1). The bands span from the visible to the near infra-red parts of the spectrum
centered on 412, 443, 490, 510, 555, 670, 765 and 865 nm, with a spectral resolution of 20
nm for wavelengths smaller than 700 nm and 40 nm for wavelengths larger than 700 nm
(Lavendera et al., 2005).

The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the NASA Terra

and Aqua satellites is a multipurpose instrument designed for the global remote sensing of


http://oceancolor.gsfc.nasa.gov/SeaWiFS/SEASTAR/seawifs_bench.gif
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land, ocean and atmosphere (Gao et al., 2007). MODIS was developed in part to study the
importance of global observations in marine ecosystem research. It was designed to serve the
scientific community with respect to ocean color and to obtain consistent observations useful
for understanding the role of the ocean in the earth system and in the global carbon cycle
(Esaias et al., 1998). The instrument allows monitoring of large-scale spatial and temporal
analysis, with a 2330 km viewing swath width that provides almost complete global coverage
in one day. It acquires data in 36 high spectral resolution bands (Table 1.2) between 0.415
and 14.235 pm with spatial resolutions of 250 m, 500 m and 1000 m (Savtchenko et al.,
2004).

NASA’s Earth Observing System (EOS) launched Terra on December 18, 1999. It orbits
around the Earth from north to south crossing the equator in the morning. Aqua, formerly
named EOS PM, was launched on May 4, 2002 and orbits south - north across the equator in

the afternoon.


http://eospso.gsfc.nasa.gov/

Table 1.1 SeaWiFS instrument bands and wavelengths.

Band Wavelength (nm) Band Wavelength (nm)
1 402-422 5 545-565
2 433-453 6 660-680
3 480-500 7 745-785
4 500-520 8 845-885

(http://oceancolor.gsfc.nasa.gov/SeaWiFS/SEASTAR/SPACECRAFT.html)

Table 1.2 MODIS Bands Specifications:

Primary Use Band |Bandwidth (nm) Primary Use Band Bandwidth (um)
Aerolgzlllsd ]/BCOIL?rlllgaries ! 620-670 S;;ﬁal;z/rgtll(;rtd 20 3.660 - 3.840
2 841 - 876 21 3.929 - 3.989
Land/Cloud/Aerosols 3 459 - 479 22 3.929 - 3.989
Properties 4 545 - 565 23 4.020 - 4.080
5 1230 - 1250 ?;E‘;‘;gf:;: 24 4433 -4.498
6 1628 - 1652 25 4.482 - 4.549
7 2105 - 2155 %ﬁsr(\j};’;gf 26 1.360 - 1.390
Ocean Color/ 8 405 - 420 27 6.535 - 6.895
éggﬁsgg‘;ﬂy 9 438 - 448 28 7.175 - 7.475
10 483 - 493 Cloud Properties 29 8.400 - 8.700
11 526 - 536 Ozone 30 9.580 - 9.880
12 546 - 556 S?;fﬁ;z/r Stlgrtd 31 10.780 - 11.280
13 662 - 672 32 11.770 - 12.270
14 673 - 683 Clg‘tli?uz‘;p 33 13.185 - 13.485
15 743 - 753 34 13.485 - 13.785
16 862 - 877 35 13.785 - 14.085
36 14.085 - 14.385
Atmospheric 17 890 - 920
Water Vapor 18 931 - 941
19 915 - 965

(http://modis.gsfc.nasa.gov/about/specifications.php)
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Since the 1970s, a variety of bio-optical algorithms have been developed to estimate
chlorophyll concentration using ocean radiance data (O’Reilly et al., 1998). The algorithm
used to estimate Chl _a from SeaWiFS data relates band ratios to chlorophyll with a single
polynomial function. It uses the maximum band ratio (MBR) determined as the greater of the
Rys 443/555, 490/555 or 510/555 values (O’Reilly, 2000). The fourth order polynomial
algorithm, known as OC4, is given by the following equation:

Chl a=10" (0.366 - 3.067Rs + 1.930Rs>+ 0.649Rs’ - 1.532Rg") (a)
Where Rg = log;o [max Rrs 443, 490, 510/ Rrs 555]

Likewise, MODIS Chl_a algorithm, OC3M, makes use of a MBR but only incorporates
443 and 490. MODIS is currently producing SeaWiFS analog chlorophyll product that
employs the algorithm parameterized with the same data set used for the SeaWiFS OC4
algorithm (Campbell, 2005).

Chl =10 " (0.2830 — 2.573 Ry + 1.457R 3y + 0.659R 3, -1.403 R*3y) (b)
Where Rjy = logio [max 443/550 > 490/550]

Differences in the Chl a retrievals between these two algorithms can approach 25% in
turbid water (O’Reilly, 2000). As turbidity increases, the selected maximum-band migrates
from shorter (blue) to longer (green) wavelengths. In the most turbid water, OC4 selects 510,
while OC3 remains at 490. This generates differences in the functional form of each
algorithm, which leads to differing estimated Chl_a in turbid water.

For aerosol concentration remote sensors provide the satellite-mapped product called
aerosol optical thickness (AOT), which quantifies atmospheric suspended particles and the
degree to which they prevent the transmission of light. The parameter is a by-product

resulting from atmospheric correction measurements, which are essential to model and



13

remove atmospheric and oceanic scattering effects from the total radiance measurements
(Gordon and Wang, 1994).

The atmospheric correction algorithm developed by Gordon and Wang (1994) defines
total reflectance (p«(\)) as the sum of the contributions supplied by water (pw(A)), Rayleigh
reflectance due to backscattering by atmospheric molecules (p{(A)), reflectance from
backscatter by atmospheric aerosols (pa(A)), reflectance from a combination of molecular
and aerosol scattering (pra(1)), reflectance by white-capping (pwc(2)) and sunglint (pg(A)):

PtA)=pr (M) + [Pa(A) + pra (W] + t(A) pwe(R) +t(R) pe(h) + t(R)pw (A) (c)

The concentration of the aerosols and their optical properties need to be determined in
order to solve the [p, (A) + pra (A)] term. This aerosol information is derived by extrapolation
from the near infrared (IR) to the visible part of the spectrum (Gao et al., 2007). Aerosol
radiance contribution is then known and can be removed. In order to characterize aerosol
optical properties, SeaWiFS uses two near infrared bands centered at 765 and 865 nm which
are then extrapolated to different parts of the spectrum (Wang, 2000). MODIS, with much
more spectral diversity, has the ability to retrieve aerosol optical thickness with greater
accuracy (Remer et al., 2005). For AOT characterization it uses bands 15 and 16 with

bandwidths ranging from 743 to 753 and 862 to 877 nm, respectively.
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Methodology

Remote sensed image data were used to analyze values of AOT and Chl a from
September 1997 through December 2007. SeaWiFS (1997-1999), MODIS Terra (2000-2003)
and MODIS Aqua (2004-2007) level 3 weekly averaged images were obtained from NASA-

Goddard Space Flight Center, ocean color web (http://oceancolor.gsfc.nasa.gov). An analysis

of variance (AOV) was performed to evaluate if any variability existed between the data
acquired from the three sensors using images of Chl_a from 2007 and of AOT from 2003.

A time series analysis was carried out for three areas in the Tropical North Atlantic
Ocean and Caribbean Sea. Station 1 was set at the Caribbean Time Series Station (CaTS)
located approximately 26 nautical miles off the southwestern coast of Puerto Rico (17°5N,
67°W) in the Caribbean Sea. Station 2 was situated in the Western Atlantic Ocean (19°N,
57°W) and Station 3 was located in the Atlantic Ocean North of P.R at 20°N, 67°W (Figure

1.1).

Figure 1.1 MODIS Aqua Chl_a level 3 weekly-averaged image showing the
study sites. Station 1 was located at 17.5°N, 67°W (CaTS), Station 2 at 19°N,
57°W (Western Atlantic) and Station 3 at 20°N, 67°W (Atlantic, North of PR).


http://oceancolor.gsfc.nasa.gov/
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The images were processed in LINUX platform using the image analysis package
SeaWiFS Data Analysis System (SeaDAS), design for processing, display, analysis, and
quality control of ocean color data. A subset of the image containing the three boxes was
used to facilitate the processing (latitude range: 25°N, 5°S, long. rage: -70°W, -50°E). For
each site, boxes of 15 x 15 pixels were selected for the analysis. The valid range of values
used were 0.01- 25 (mg m™) for chlorophyll pigment concentration and 0.001 to 0.5 for
aerosol optical thickness. Mean values of each 15 x 15 pixels data set for Chl a and AOT
were retrieved for further analysis.

A time series analysis was carried out by means of the Math Works, matrix laboratory
software (MATLAB) to understand the underlying context of the data and to make
predictions of future events. The analysis was executed for AOT and Chl_a to examine and
compare variations of both parameters with respect to each other and with respect to time.
The data was plotted as a function of time to see important features such as periodicities,
seasonality and to observe how the signals changed over the studied period. A spectral
analysis or periodogram was used to determine the frequencies of the periodic variation in
the data and to examine at which frequencies these variations were strong or weak.

Finally, a cross-correlation analysis was carried out to measure the degree of the linear
relationship between the two variables; to determine if an increase in AOT results in an
increase in Chl_a. Also, it provided information on the relative time lag between both signals

and if there was a time delay in the system.


http://en.wikipedia.org/wiki/The_MathWorks
http://en.wikipedia.org/wiki/Time
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1.3 Results and Discussion
MODIS and SeaWiFS comparison:

Chl_a measured by MODIS (Terra and Aqua) and SeaWiFS were compared at selected
stations (Figures 1.2). Close similarity is observed between the values obtained by the three
sensors for the studied area. An analysis of variance for Chl_a measured by the three sensors
at each station presented no significant differences between sensors for both CaTS and
Western Atlantic Ocean (Table 1.3). This was not the case for the North Atlantic Station,
where significant differences were noted.

The same analysis was carried out for values of AOT (Figure 1.3). The analyses of
variance for AOT measured at the studied stations are shown in Table 1.4. In this case, all
three stations present no significant difference between values measured by the three sensors.

These results suggest that even though there are some variations in the algorithms used
by each sensor to calculate Chl a and AOT, there is no significant difference in the values
obtained for AOT at our three stations and between the values of Chl a at two of our three
stations. Therefore, the 11 years time series analysis was performed using data from MODIS

Aqua, Terra and SeaWiFS sensors.
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Figure 1.2 Chlorophyll_a pigment concentration measured by MODIS Aqua, Terra and SeaWiFS sensors at (a) CaTS, (b) Western Atlantic
and (c) Atlantic, North of PR.

Table 1.3 Analysis of variance: Chlorophyll Concentration

a. CaTsS b. Western Atlantic
Source SS df MS F Source SS df MS F
Treatment 0.00126 2 0.000628564 2.68 Treatment 0.00196 2 0.000982 2.92
Block 0.12640 45 0.002808833 Block 1.53230 42 0.036483
Error 0.02109 90 0.000234369 Error 0.02822 84 0.000336
Total 0.14875 137 Total 1.56249 128

c. Atlantic, North of PR

Source SS df MS F
Treatment 0.00030 2 0.000151444 3.50 *
Block 0.03051 45 0.000677916
Error 0.00389 90 0.000043
Total 0.03470 137

a 0.05



0.40 -

1 o

0354 ——Terra

o o o

@
= 3 3
1 1 1

Aerosol Optical Thickness
S
7

0.10

0.05

— SeaWiFS

W

@) Caribbean Time Series

‘%

Aerosol Optical Thickness

T
0 20

0.28 4

0.26

0.24

0.22

Aerosol Optical Thickness
=3 =] =] =1 j=]
2 28 28 £ B
¥} B~ =N o (=}
1 ] 1 1 1

=)
=)
1

0.06

T T T T T 17T T T T T T T T T
40 60 80 100 120 140 200 220 240 260 280 300 320 340 36(

Julian Date

(c) Atlantic, North of PR

Aqua
Terra
SeaWiFs

o W

b

0 20

T T
40 60

80

Julian Date

100 220 240 260 280 300 320 340 360

0.28 Aqua
Terra
SeaWiFS

(b) Western Atlantic

LBAASLIALAANLINA LB S LA BN L SN N SN B SN B LA B |
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Julian Date

Figure 1.3 Aerosol optical thickness (AOT) measured by MODIS Aqua, MODIS Terra and SeaWiFS sensors at (a) CaTS, (b) Western
Atlantic Ocean and (c) Atlantic, North of PR.

Table 1.4 Analysis of variance: Aerosol Optical Thickness

18

a. CaTS b. Western Atlantic
Source SS df MS F Source SS df MS F
Treatment 0.002333 2 0.001167 1.14 Treatment 0.002521 2 0.00126 1.10
Block 0.373105 38 0.009819 Block 0.413469 45 0.009188
Error 0.077842 76 0.001024 Error 0.10339 90 0.001149
Total 0.45328 116 Total 0.51938 137
c. Atlantic, North of PR
Source SS df MS F
Treatment 0.001664 2 0.000832 2.53
Block 0.129649 31 0.004182
Error 0.02040 62 0.000329
Total 0.15171 95

0 0.05
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Time Series Analysis

Time series plots of AOT and Chl a for the three selected stations are displayed in
Figures 1.4 and 1.5 respectively (for individual plots of AOT and Chl a at each station refer
to Appendix A). The data, covering the studied period from September 1997 through
December 2007, show important features such as periodicity and seasonality. Both
parameters repeated themselves in systematic intervals over time, revealing a marked
seasonal component. Maximum values for AOT and Chl a pigment concentration occurred
during the summer months (July-August) while minimum values were observed during the
winter (December-February).

The pattern encountered for both parameters corresponds to the strong seasonal variation
in the occurrence of African dust storms which take place primarily from late spring through
early fall. Transport of Saharan dust particles is active all year but reaches its peak during the
summer time over the North Atlantic Ocean between the desert, the Caribbean, and the
United States. High summer temperatures promote the formation of dust storms and
strengthening of the easterly winds, which drives the transportation of large quantities of
mineral aerosols. Also, there is a latitudinal variation in the transport of Saharan dust
particles across the North Atlantic Ocean, which responds to seasonal differences in the
direction of the easterly winds. During the summer the Trade winds move toward the north
(latitudes of approximately 20°N), while during the winter it tends toward lower latitudes
(5°N). Climatology graphs for the three stations show evidence of a seasonal variability in
AOT that responds to a maximum in summer dust input (Figures 1.6). The same was
observed for Chl_a values at CaTS and Western Atlantic Ocean. In the case of the Atlantic,

North of PR, Chl_a values presented little seasonality and relatively lower values.
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Figure 1.5 Time series plots of Chl_a for CaTS, Western Atlantic Ocean and Atlantic, North of PR Stations (Sept. 1997 — Dec. 2007).
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Figure 1.6 AOT and Chl_a climatology from September 1997 through December 2007 for (a) CaTS, (b) Western Atlantic & (c) Atlantic,
North of Puerto Rico Stations

The Western Atlantic site, located far from coastal influences and situated directly in the
path of the African dust storms, shows a more defined seasonal pattern for both parameters
(Figures A.3 and A.4, Appendix A). The lowest values for Chl a concentration were
observed at the Atlantic, North of Puerto Rico Station, situated at a northwestern location and
connected to southern waters of the Sargasso Sea. On the other hand, from Figure 1.5 it is
evident that the values of Chl a encountered at CaTS were much higher than those found at
the other two stations. Higher values at CaTS might be the consequence of external factors

due to inputs from riverine nutrient sources. Of special interest is the effect of the Amazon
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and the Orinoco rivers on the adjacent ocean. Observations have shown regular seasonal
changes in the patterns of dispersal of water from these rivers toward the western tropical
Atlantic (Chuanmin et al., 2004). Studies using NASA's Coastal Zone Color Scanner (CZCS)
revealed that the Amazon River discharge is carried northwestward towards the Caribbean
Sea from February to May (Muller-Karger et al., 1998). Other studies using absorption and
fluorescence spectroscopy emphasize the significant effect of the Orinoco River discharge on
the optical properties the Caribbean Sea (Del Castillo et al.,, 1999). Also, investigations
conducted at CaTS show the seasonal effects of river discharge incoming from the Orinoco
and Amazon Rivers on Chl a concentrations (Gilbes and Armstrong, 2004). During the fall
season, an increase in the Orinoco River discharge produces an intrusion of its waters toward
the Caribbean Sea and during the spring-summer a similar effect is observed with waters
from the Amazon River. Also, during winter—spring the eastern Caribbean is influenced by a
strong coastal upwelling in Venezuela that supplies large concentrations of nutrients to
surface waters. The optical complexity arising from riverine inputs may also contribute to the
Chl_a variability observed using satellite data at CaTS.

The frequencies of the periodic variations in the data for both parameters were further
evaluated at each site. Periodograms for AOT and Chl_a showed a maximum energy peak at
a frequency of approximately 0.3x107 (cycles/second), which is equivalent to a period of
nearly one year. The same peak was observed for both parameters at CaTS (Figure 1.7.a) and
the Western Atlantic Station (Figure 1.7.b). The Atlantic, North of PR station showed the
same frequency for AOT but presented almost no signal for Chl a. Even with high variation
in AOT values, Chl_a concentration at this station remained constant over the studied period

(Figure 1.7.c).
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For the other two stations, the periodic component in the data resulted in an annual
variation for both parameters. There is high variability in AOT and Chl a concentration,
which is associated to fluctuations that occur in a period of one year, observed for the three
stations. The Tropical North Atlantic Ocean is therefore exposed to cyclic annual dust events,
with maximum mineral dust transport occurring each summer and minimal dust
concentration present during the winter. The same annual fluctuations were observed for
Chl_a pigment concentration, suggesting a relationship between both parameters. This
relationship can be observed through time plots, comparing both parameters throughout the
studied period (Figures 1.8). Episodes of elevated aerosol dust loading were followed by an
increase in Chl_a suggesting a link between mineral dust particles and chlorophyll pigment

concentration.
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Figure 1.7 Periodic variations in aerosol optical thickness and chlorophyll concentration at (a) CaTS, (b) Western Atlantic and (c) Atlantic,
North of Puerto Rico.
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Figure 1.8 Time plots of AOT and Chl_a (mg/m®) for (a) CaTS, (b) Western Atlantic and (c) Atlantic, North of PR (September 1997
through December 2007).
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The relationship between AOT and Chl a was further examined by cross correlation
analysis, which measured how much the two variables changed together and provides the
time lag between both signals. The correlation analysis for CaTS is presented in Figurel.9.a.
The correlation coefficients for this station were statistically less significant than for the
Western Atlantic Station, with two time lags observed (2 weeks: r = 0.32 and 4 weeks: 4 r =
0.33). The variability found in this station is likely due to the other covarying factors
discussed above, caused by the location of the CaTS station and its proximity to riverine
influence. Figure 1.9.b shows the cross correlation plot for the Western Atlantic station. The
highest correlation (r = 0.5) was observed at a time lag of 4. In this analysis 1 time lag is
equal to 1 week, therefore four weeks after observing a peak in AOT a peak in Chl a was
observed. Results suggest that at the Western Atlantic station, Chl a takes approximately one
month to react to an input of atmospheric African dust. The weakest correlation between
AOT and Chl a (r = 0.24) was found for Atlantic, North of PR station (Figure 1.9.c). The
peak in Chl a concentration was observed at approximately 3 months after the peak on
aerosol input, proving little relationship between both parameters. Even though, AOT values
had seasonality similar to the other two stations, Chl a showed little seasonality and
extremely low values.

Results obtained at the Western Atlantic, situated directly at the path of the African dust
storms, were the most reliable. The high correlation between the time series at a time lag of
4 weeks indicates a time delay in the system. The time lag between atmospheric dust input
and chlorophyll concentration might be due to the time required for dust deposition, iron
dissolution and iron assimilation by the phytoplankton species present in the region. For

example, the transformations from ferric ion (Fe’™) to a more bio-available form (Fe*") is
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carried out mainly by photo-reduction and depends on the time the dust particles spend in
contact with the atmosphere and in surface waters. Experiments describing the dissolution
processes of iron in seawater exhibit an increase in the dissolved iron concentration after 7
days of adding dust particles (Bonnet and Guieu, 2004). Also, Fe is highly insoluble under
conditions of pH higher than 4 (Jickells et al., 2005). Changes in aerosol pH are caused by
wetting and drying cycles that are associated to the time aerosols are exposed to a repeated
passage of the particles through clouds (Baker et al., 2006).

Weak correlations at the other stations might be the effect of a variety of external factors.
For example, the Atlantic, North of PR station is situated at 20°N, 67°W, connecting to
southern waters of the Sargasso Sea. Even with high atmospheric iron input toward this
region, chlorophyll concentrations may remain low due to lack of dissolved bio-available
iron. Studies have found that atmospheric dust deposition is not the only factor controlling
dissolved Fe distribution in surface waters of the Sargasso Sea. Factors such as convective
mixing, biological Fe uptake and particle scavenging may have an effect on dissolved Fe
concentrations in the mixed layer (Wu and Boyle, 2002). Also, surface stratification
conditions have been found to strongly affect concentrations of dissolved Fe in these
oligotrophic surface waters (Wu and Luther, 1994).

Other factors may contribute to the difference in ecosystem response to African dust
input encountered at each station. Marine phytoplankton depends to a great extent on the
physical processes that create the upper ocean environment needed for growth. Diverse
physical processes that act upon the surface layer of the ocean affect phytoplankton
production. For example, patterns of wind stress influence the delivery of nutrients, causing

major differences in biomass and community structures (Gargett and Marra, 2002). Also,
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upper ocean processes such as wind induce waves and circulations are important to the
dynamics of the mixed layer, having pronounced effects on the phytoplankton’s environment
(Yamazaki et al., 2002). It has been observed that both, the rate of emergence and the
duration of a specific physical event, may affect phytoplankton’s biomass and production in a
given community (Robinson et al., 2002). To fully explain the variability encountered at the
three stations would require further studies on this complex relationship between oceanic

physical processes and the biology of the phytoplankton population at each station.



29

(a) Caribbean Time Series

0.4

Correlation Coefficient

(b) Western Atlantic Station
0.6

0.5

0.4~

0.3

0.2

Correlation Coefficient

0.1~

0.1 | L | | | | | | L |
-10 -8 -6 -4 -2 0 2 4 6 8 10

(c) Atlantic, North of PR

Correlation Coefficient

Lags

Figure 1.9 Cross-correlation plots for AOT and Chl_a for the (a) CaTS, (b) Western Atlantic and (c) Atlantic, North of PR. A lag represents
the number of time steps by which both time series are shifted relative to each other (1 time lag equals 1 week).
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Finally, Fe supply by atmospheric mineral dust serves as an important source of
fertilization for oceanic photosynthesis. However, light attenuation by scattering and
absorption of atmospheric dust particles might affect phytoplankton’s photosynthesis.
Measurements of the photosynthetically active radiation (PAR) and ultraviolet spectral
irradiance at 305 nm were compared with aerosol optical thickness (AOT- 870) to observe
light attenuation by atmospheric aerosols. The study was carried out for the summer of 2008
(May-August) at Isla Magueyes field station (17.97°N, 67.04°W) in southwestern Puerto
Rico. The summer of 2008 was examined because AERONET level 2 data were available for
this station and summer is when maximum Saharan dust loading occurs over this region. A
Ground-based Ultraviolet Radiometer system (GUV-511) from Biospherical Instruments Inc.
was used to measure PAR and UV (305 nm) while AOT data (Level 2.0, Quality Assured)
were obtained from the Aerosol Robotic Network (AERONET). Periods when signatures
from clouds were present were discarded and only data collected in cloud-free days were
used in the analyses.

Comparisons between PAR and AOT (870) showed no relationships for the studied
period (Figures 1.10 and 1.11). For maximum values of AOT, the percent decrease in PAR
was about 0.7%. It appears that dust events reaching Puerto Rico were not of sufficient
magnitude to cause significant attenuation of PAR during the summer of 2008 (AOT > 0.5).
Studies on the effects of dust on light attenuation over West Africa revealed that dust
influences oceanic surface available light due to attenuation by AOT values larger than 0.6—
0.7 (Mallet et al., 2009). It should be noted that high dust loading could produce a significant
effect on PAR and therefore affect primary productivity in certain regions of the ocean.

However, this study implies that the amount of desert dust reaching Puerto Rico is not
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sufficient to significantly reduce incident PAR and be a forcing agent on regional primary
production.

However, when AOT was compared to UV (305), a marked decrease in UV was
observed (9%). A strong inverse relationship (R=-0.502) between AOT (870) and UV (305)
was established for the studied period (Figures 1.12 and 1.13). During summer, dust events
reaching the Eastern Caribbean are more frequent and mineral aerosols are abundant in the
atmosphere. Mineral particles absorb shortwave solar radiation and are strongly UV
absorbing (Dickerson et al., 1997). Kaskaoutisa et al. (2008) showed that low UV values over
Greece were directly influenced by an intense Sahara dust load due to strong attenuation of
the UV irradiance by the absorbing efficiency of dust particles. Also, Di Sarra, et al. (2002)
studied the combined effects of ozone and aerosol in the Mediterranean during May and June
1999, and found a marked dependence of the UV irradiance on the aerosol optical depth
influence by dust transported from the Sahara. Even at relatively low AOT values, our results
show that desert dust may significantly affect the attenuation of UV radiation through the
atmosphere. In regions affected by seasonal desert dust loading, the effect on UV irradiance
may be of considerable importance. Solar ultraviolet radiation (UV-B, 280-320 nm and UV-
A, 320-400 nm) has been considered a harmful component of sunlight, causing a variety of
biological effects within the oceanic euphotic zone. Studies have shown that phytoplankton
photosynthesis can be severely inhibited by incident levels of UV radiation at sea surface
(Cullen and Neale, 1993). It has been observed that UV is an important ecological factor in
aquatic ecosystems and that both UV-A and UV-B are deleterious to some species of
phytoplankton (Jokiel and York, 1984). Therefore, reduction in UV by atmospheric dust

might have beneficiary effects on biological oceanic production in the studied region.
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Figure 1.10 Aerosol optical thickness (870) and PAR during May-August 2008 at Isla Magueyes field station.
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Figure 1.11 Linear fit AOT (870) and PAR during May-August 2008 at Isla Magueyes field station.
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1.4 Conclusions

Global dust transport and its effects on phytoplankton communities is a major concern in
understanding global environmental change. Long term records of atmospheric aerosols and
chlorophyll pigment concentrations were evaluated during this study to help describe the
effects of iron input in the biogeochemistry of the ocean. A seasonal pattern was encounter
for both variables corresponding to the strong seasonal variation in the occurrence of African
dust storms. The frequency of the periodic variations in the data indicates that the Tropical
North Atlantic Ocean is exposed to cyclic annual dust events. Aerosol optical thickness
concentrations recorded during the study are representative of the year-to-year variability of
dust export over this region. Maximum mineral dust transport occurs each summer and
minimal dust concentrations are present during the winter.

A connection between aerosol load and phytoplankton growth was observed. Elevated
aerosol signals were followed by an increase in phytoplankton biomass. In the Western
Atlantic Station there is a time delay of 1 month between AOT peak and increase in Chl a,
which might be do to the time required for iron deposition, dissolution and assimilation.
Results show evidence for a coupling between satellite derived AOT and Chl a
concentration, supporting the hypothesis that episodic atmospheric delivery of iron stimulates
phytoplankton growth in this region. Photosynthetic organisms in the ocean’s surface use
iron to increase their primary production, which in turn may result on enhanced removal of
carbon dioxide from the atmosphere.

This research contributes to the understanding of desert dust storms and its effects on the
primary productivity of the ocean. African dust clouds serve as a periodic source of nutrients

for primary producers in nutrient depleted oceanic waters. The biogeochemistry of the
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Tropical North Atlantic Ocean is therefore influenced by the seasonality of atmospheric dust

input, which in turn may have important effects on primary production and climate change.
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2. Spectral and Trace Element Analysis of African Soils, Saharan Dust
Collected at Sea and Filtered Air Samples for Determination of Iron
Content in Mineral Dust

2.1 Introduction

The importance of iron limitation on phytoplankton growth has been evaluated for
several decades. The Iron Hypothesis developed by John Martin (1994) suggests that Fe
availability affects primary production in oligotrophic waters of the ocean. According to
Martin (1994) adding Fe to oceanic waters would increase plankton growth by a considerable
amount. The Iron Hypothesis was tested on the open ocean in an attempt to prove significant
blooming of phytoplankton after Fe fertilization of the ocean’s surface. This in turn would
cause the absorption of carbon dioxide dissolved in the water, drawing the gas out of the
atmosphere. In his experiments, Martin, observed that phytoplankton samples with
supplemented Fe grew after just a few days. In the presence of Fe, phytoplankton produced
biomass at enhanced rates compared to Fe depleted waters, resulting in higher chlorophyll
concentrations. Increasing iron content in Fe deficient oceanic regions stimulates
phytoplankton growth, increasing the productivity of the area and influencing atmospheric
COs.

The majority of work on the influence of atmospheric Fe in oceanic fertilization has been
carried out on desert soils or aerosols, since mineral dust generated in deserts constitutes the
largest source of Fe to the ocean (Baker and Jickells, 2006). Desert mineral dust is
transported through the atmosphere supplying Fe to oligotrophic regions of the ocean
(Prospero et al., 2002). High dust deposition mitigates Fe limitation increasing oceanic

nitrogen fixation and primary production (Moore et al., 2006). Iron availability is a
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significant control on oceanic nitrogen fixation, primarily because the enzyme responsible
contains large amounts of Fe. Shortage of fixed nitrogen limits phytoplankton’s growth and
therefore the uptake of carbon dioxide through photosynthesis (Moore et al., 2009).
Photosynthetic organisms require nitrogen in the form of nitrate (NO*) or ammonium (NH*")
and nitrogen fixation by diazotrophic microbes, such as the blue-green algae Trichodesmium
spp., provides a source of usable nitrogen for photosynthesis. In the North Atlantic Ocean,
Trichodesmium is the principal component of the phytoplankton and N, fixation by this
organism is a major source of new nitrogen in the region (Capone et al., 2005). An increase
in primary productivity due to N, fixation increases oceanic sequestration of carbon and may
have a significant effect on global climate (Kustka et al., 2002).

Various scientists in different regions of the world have evaluated the effects of aeolian
mineral Fe on marine phytoplankton’s growth (Martin et al., 1991; Prospero et al., 2001;
Kustka et al., 2002; Bonnet and Guieu, 2004; Jickells et al., 2005; Moore et al., 2006). For
example, enhanced biological productivity has been observed in the South Indian Ocean,
identified as a carbon sink region. The aerosol plume leaving South Africa toward this region
may be responsible for Fe fertilization and consequent phytoplankton production (Piketh et
al., 2000). Also, on the West Florida shelf, delivery of Fe by Saharan dust has been thought
to be responsible for Trichodesmium spp. blooms during the summer (Lenes et al., 2001).

Studies of mineral aerosols are important to understand the relationship between
atmospheric desert dust and the ocean’s biogeochemistry and ecology. In the North Atlantic
Ocean, phytoplankton Fe requirements might be supplied by deposition of atmospheric dust,
swept into the air over Africa and transported across the Atlantic Ocean. Aeolian desert

mineral particulates travel westwards to the Atlantic and Caribbean region via the Sahara—
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Sahel Dust Corridor, a zone lying between latitudes 12 °N and 28 °N and running 4000 km
west of North Africa (Moreno et al., 2006). Mineral aerosols from these desert regions
portray colors in the red, brown and yellow tones, derived mainly from Fe oxides of desert
terrain (White et al., 2006). Iron oxides are a major component of desert dust, which contain
hematite (Fe,O3) as the main form of mineral Fe (Fan Song-Miao et al., 2006). Hematite and
other Fe oxides, such as goethite (Fe’™ O (OH)), impart a characteristic color to aeolian
sediments, affecting their optical properties (Shen et al., 2006). Studies have shown that both
hematite and goethite are strong coloring agents and dominate the spectral signal even in
complex matrix containing a variety of minerals (Deaton and Balsam, 1991). When hematite
is the main iron oxide, a red color is observed, when goethite dominates, yellow is the major
color. This is due to the ion Fe** contained in both oxides and to the charge transfer between
Fe*" and its ligands O*” or OH (Elias et al., 2006). Color can therefore serve as an estimate
of minerals and iron oxide content on dust aerosols.

Visible reflectance spectroscopy (VRS) may be used to investigate the reflectance
characteristics of soil particles and aerosol dust. The spectral signatures of soils are
characterized by their reflectance, or absorbance, as a function of wavelength (Brown et al.,
2006). The spectral composition and intensity of the reflected energy is related to the
mineralogical properties of the soil (Huete and Escadafal, 1991) and allows the recognition
of different types based on how they reflect light across a broad wavelength range. By
comparing the absorption bands of an unknown material to the absorption bands of known
minerals (such as hematite and goethite) we can determine the mineral content of the
unknown. Reflectance spectroscopy can be used to determine the presence of Fe oxides in

aerosol dust since they have a distinctive red hue and the amount of red in the reflectance
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spectrum can be correlated to Fe in the sample (White et al., 2006). The first-derivative of the
reflectance curve is then used to identify characteristic peaks of minerals such as hematite
and goethite. Studies have shown a relationship between Fe content and the first derivative
peaks of the reflectance spectra of minerals providing a tool for making real-time estimates
of Fe (Arimoto et al., 2002). Peaks at approximately 565 nm (ranging from 555 to 580 nm) in
the first derivative values of the spectrum indicate the presence of the Fe oxide hematite,
while goethite has two distinctive peaks at 535 nm and at 435 nm. The height of the first-
derivative peak near 565 nm has been reported to be sensitive to hematite and is a function of
both hematite concentration and mineral composition of the matrix containing hematite
(Torrent and Barron, 2003).

Elemental analysis is important to further confirm and quantify the presence of Fe and
other trace metals in soil, dust and air samples. Since 1980, inductively coupled plasma mass
spectrometry (ICP-MS) has emerged as a useful technique for the analysis of soil due to its
multi-element capability, high detection power and low sample consumption (Falciani et al.,
2000). The method combines sample introduction and analysis of ICP technology with the
accurate and low detection limits of a mass spectrometer. Due to its high sensitivity, sample
amount needed for the analysis can be very small.

Atmospheric dust traveling from North Africa toward the Atlantic Ocean consists
typically of mineral mixtures derived from different geological sources. Desert sands
commonly retain a strong signature of their source area at significant distances from their
origin, so the parent material has an important influence on atmospheric dust (Castillo et al.,
2008). The main objective of this study is to investigate the presence of Fe in aeolian desert

mineral particulates at their source (African soils), during their atmospheric transport across
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the Atlantic Ocean (Saharan dust collected at sea) and finally, to the fraction reaching remote
land areas (filtered air samples collected in southwestern Puerto Rico). Spectral reflectance
characteristics of samples (African soils and Saharan dust collected at sea) were examined
using reflectance spectra and first derivative analysis for signals from iron-bearing minerals.
These samples, as well as the filtered air samples were then analyzed for trace metals by ICP-
MS using a microwave digestion procedure (EPA, 3051-A). The study focused on Fe and Al,
two elements typically found in dust originating in desert regions. Chemical composition of
African dust in previous studies has revealed that both, Fe and Al, are the main components
(Jiménez-Vélez et al., 2009). Trace element ratios (Fe/Al) of samples, was also calculated to

characterize Saharan dust and to observe a common regional source of dust formation.
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2.2 Materials and Methods

Desert surface soil samples were collected from Nigeria, Sudan, Mali and Morocco; four
North African Countries with different geological settings (Figure 2.1). Saharan dust air
samples were collected at sea during the Trans-Atlantic Saharan Dust Aerosol and Ocean
Science Expedition (AEROSE 2004), aboard the NOAA Ship Ronald H. Brown (Figure 2.2
and 2.3). Samples where collected on March 6, 2004 (Figure 2.3.a) when the ship
encountered an unusually massive plume of Saharan dust midway across the Atlantic Ocean
(Morris et al., 2006) and after the dust storm on March 14, 2004 (Figure 2.3.b). The cruise

tracks coincided with one of the biggest dust storms for this season (Figure 2.4).

° starting

(a) March 6, 2004 (b) March 14, 2004

4 \ * statiofit;

Figure 2.3 Saharan dust collected at sea, AEROSE 2004.

Figure 2.2 Trans-Atlantic Saharan Dust Aerosol and Ocean
Science Expedition (AEROSE 2004) cruise tracks.
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Figure 2.4 MODIS Terra satellite images for March 2004, showing large Saharan dust storms leaving Africa (a) and moving over the
Atlantic Ocean to cover Cape Verde islands (b).

A Fine Particulate Chemical Speciation Air Sampler (RAAS 2.5- 400) from Thermo
Andersen Instruments Inc. was used to collect PM2.5 air samples (Figure 2.5) at Isla
Magueyes field station (17.97° N, 67.04° W) in southwestern Puerto Rico. The Thermo
Andersen Reference Ambient Air Sampler (RAAS) 2.5-200 (Figure 2.6) was used to collect
filter samples for chemical and gravimetric analysis of PM2.5 ambient air particulate matter.
The RAAS sampler specification is contained in 40 CFR Part 50 Appendix L. It operates at a
fixed flow rate of 16. 67 liters per minute (one cubic meter per hour) and uses a specified
inlet, tubing, secondary size selective impactor (WINS impactor), and filter holder. The air
inlet removes particles larger than 10 um and the WINS impactor excludes particles larger
than 2.5 pum. The system pulls ambient air through a protective inlet preventing water and
wind distortions while sampling and can be operated under a wide range of environmental
conditions. The particulate was collected on a 47mm filter (PTFE) during 24-hour sampling

periods.
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Figure 2.5 Air samples collected at Magueyes Field Station. Figure 2.6 The Thermo Andersen RAAS 2.5-200 air sampler
www.uprm.edu/bio-optics/aerosols.html

Dust events reaching the Eastern Caribbean are more frequent during summer months, so
our samples where collected on Whatman PTFE PM; s filters (2um) during the summer of
2007. Filters inspection, pre-conditioning (20-23°C and mean humidity 30-40%), pre-
weighting and post-conditioning and weighting were conducted at the Environmental Quality
Board (San Juan, PR). Filters were placed on a clean Millipore Petrislide and stored until
transferred to the laboratory for a microwave acid digestion procedure followed by ICP-MS
to measure trace metal content.

Reflectance spectra were used to relate samples of African soil and Saharan dust
collected at sea qualitatively with two standards, hematite and goethite (Figure 2.7), based on
the known relationship between color and Fe oxides. The spectra of the samples were
measured outdoors with a spectroradiometer (GER 1500) from 400 to 800 nm to determine
the presence of Fe bearing minerals. The GER 1500 is a field portable spectroradiometer
(from Geophysical and Environmental Research Corporation) used for acquiring data
covering the UV, Visible, and NIR wavelengths (350-1050 nm). It is design for remote
sensing studies without the need of computers and cables during data acquisition, which can

be accomplished by hand-held or tripod operation. Simple menu-driven programs control the
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set-up, acquisition, and data manipulation functions. Data is stored in ASCII format for easy
transfer to other software programs.

First-derivatives of the percent reflectance curves were used to identify more clearly
characteristic peaks of hematite and goethite. These peaks were used to observe presence of
Fe oxides in African soils and Saharan dust collected at sea, since the color or the shape of
the curve is indicative of the iron content. Data processing was limited to the visible spectral

region, the most sensitive to Fe oxide minerals.

Figure 2.7 Standard samples: hematite (a) and goethite (b).



45

Mass and elemental concentration on samples where analyzed by ICP-MS (Agilent
7500ce) following the EPA method 200.8 for quantification of trace elements. The method is
design for the determination of dissolved elements in ground waters, surface waters and
drinking water. It may also be used for measurement of total element concentrations in soils
samples, where a digestion/extraction is required prior to analysis (when elements are not in
solution). The Agilent 7500ce ICP-MS is designed for analyzing environmental, clinical and
other high matrix samples. It provides reliable detection limits for trace elements in
wastewater, seawater, soils, foods and biological samples and incorporates an Octopole
Reaction System (ORS) for interference removal in high matrix samples. The ORS is used
for routine trace analysis of complex, variable and unknown samples. It removes
interferences independently of the analyte of the sample matrix. Unknown samples can
therefore be analyzed without requiring matrix-specific or element-specific optimization. The
analytical performance of the ICP-MS depends on the energies imparted to ions in the
plasma, which can have a significant effect on the efficiency of the sampling of those ions
and their subsequent analysis by the mass spectrometer. The ion energies are a direct
consequence of the electromagnetic characteristics of the plasma, which in turn, are
determined by the plasma induction coil and its associated radio frequency (RF) supply.

In our study, 0.25 g of African soils and Saharan dust collected at sea was weighed before
processing and then solubilized by gentle refluxing with nitric acid (10 ml). Soil and dust
sample were then digested in a MARS-X Microwave Digestion System (CEM), along with
the filtered air samples. The microwave accelerated reaction system is designed for
laboratory extraction of organic compounds from solid matrices. The process involves

heating solid sample-solvent mixtures with microwave energy in a closed system and
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subsequent partitioning of compounds from the sample to the solvent. Heating is achieved by
non-ionizing radiation energy that causes migration of ions and rotation of molecules with
dipole moments, without causing changes in molecular structure. During the extraction
process, exposure to the electric component of the microwave field causes the alignment of
polar solvent-sample molecules. Elevated temperatures are achieved by speed of microwave
heating and sealed vessel technologies. This combination of high temperature and rapid
heating in a closed-vessel system increases the extraction efficiency and reduces the
extraction time.

Samples were heated at 175 °C for 10 minutes during the microwave extraction. After
cooling, the samples were made up to volume (200 ml), mixed and centrifuged. The material
in solution was then introduced into radio-frequency plasma by pneumatic nebulization, a
method used to generate a fine aerosol of the sample so it can be efficiently ionized in the
plasma discharge. Once the sample passes through the nebulizer and it is partially desolvated,
removing any remaining solvent. The hot plasma then causes sample atomization, or
reduction of sample into atoms, followed by ionization, where ions are produced. Finally,
ions were extracted from the plasma through a differentially pumped vacuum interface and
separated on the basis of their mass to-charge ratio. Blank filters were processed
simultaneously with samples and trace elements values in blanks were subtracted from those
obtained for each sample filter. Iron and aluminum element concentration was calculated

from the ICP-MS measured concentration divided by the total sample weight.



47

2.3 Results and Discussion
Spectral Analysis

Reflectance curves of African soils and Saharan dust sample collected at sea are
illustrated in Figures 2.8.a and 2.9.a respectively. Both samples present characteristic spectral
properties of the standards, hematite and goethite (Figure 2.10.a) and agree with the fact that
colored Fe oxides absorb strongly in the blue spectral regions and reflect in the red and near-
infrared (NIR) regions. Our observations coincide with published reflectance spectra for
hematite and goethite, showing high absorption between 400 and 550 nm (Kosmas et al.,
1986). Calculation of the first derivative of the reflectance curves was used to identify more
clearly the presence of Fe oxides in African soils and Saharan dust samples collected at sea
(Figure 2.8.b and 2.9.b) with respect to our standards (Figure 2.10.b). The peaks of the first
derivative for our samples exhibit characteristic spectral properties of Fe oxides described in
previous literature (Deaton and Balsam, 1991; Arimoto et al., 2002; Shen et al., 2006; White
et al., 2006). First derivatives plots show distinctive peaks ranging from 555 to 580 nm, with
the majority of the peaks lying near 565 nm, a spectral range typical of hematite. Smaller
peaks near 435 nm are representative of samples containing goethite. Subtle differences in
reflectance curves and first derivative values between samples may be attributed to factors
that may affect the color including particle size and shape, crystal defects, adsorbed
impurities, and the degree of particle packing (Torrent and Barron, 2002).

Previous studies have confirmed that color variability is a mineral intrinsic property, and
therefore can be used to identify hematite and goethite with high reliability (Scheinost and
Schwertmann, 1999). Also, it has been stated that observed optical properties of the aerosols

may be related to the chemical composition and concentration of iron in mineral dust
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(Arimoto et al., 2002). First derivative values at wavelengths characteristics of hematite and
goethite indicate presence of these iron-bearing minerals in both African soils and Saharan
dust samples. The results show that iron oxides are important in determining soil and dust
reflectance properties and further demonstrate a relationship between Fe concentrations and
the first derivative peaks for hematite and goethite. Visible reflectance spectroscopy is
proven to be useful for identifying Fe content in mineral aerosols relative to the color of the

samples.
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Figure 2.9 Percent reflectance spectra (a) and first derivative plots (b) of dust samples collected at sea, during AEROSE 2004.
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Iron and Aluminum Elemental Analysis

Percent Fe and Al were calculated for soil samples collected at various sites in North
Africa (Figure 2.11). Different geological settings between soil samples may be responsible
for the high variability observed in the values of percent Fe, ranging from 0.03 in Sudan to
approximately 0.7 in Mali Bamako (I). Percent Al varied from 0.02 in Sudan to 1.04 in Mali
Bamako (I). Previous studies show that concentrations of major elements, such as Fe and Al
are more variable in soil samples collected in source regions than in the transported Saharan
dusts (Guieu et al., 2002). This can be further observed in results from dust collected during
AEROSE, which showed a higher level of homogeneity for both, percent Fe and Al (Figure
2.12). Consistency of the Fe/Al mass ratios in both samples (0.75 for March 6 and 0.71 for
March 14) suggests a common regional source of dust formation. Previous studies of aerosols
over the North Atlantic Ocean have observed Fe/Al mass ratios of 0.72 + 0.064 (Bates et al.,
2000), which are consistent with our findings.

Filtered air samples collected at Magueyes Field Station also resulted in high variability
in percent Fe and Al (Figure 2.13). Iron ranged from 1.09 to 2.16, while Al ranged from 1.42
to 2.38. Differences between samples were also observed in the calculated Fe/Al ratios,
ranging from 0.61 to 1.16 with an average value of 0.74. In general, Fe/Al ratios of Saharan
mineral dust transported toward the Caribbean region showed a higher variability than the
samples collected at sea during AEROSE. This difference is probably related to alterations in
the chemical composition and PM size distributions during transport by processes that will
tend to mix dust from different source regions. Dusts derived from different geological
sources, and the size distribution of the particles will tend to change with transport and time

(Castillo et al., 2008). Also, differences in Fe/Al ratios may be attributed to difficulties in
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measuring Al with current ICP-MS procedures and instrumentation (Prospero and Landing,
2009).

Statistical analysis shows very high variability in percent Fe and Al (Table 1.2) between
all our samples. Maximum values of both, Fe and Al were observed for the filtered air
samples, while African soils resulted in minimum values. From Figure 2.14 it is clear that as
particles become smaller, (from African soils to filtered air samples) the percent Fe and Al in
the samples increases. As African dust travels through the atmosphere, their bulk chemical
composition and PM size distributions are altered. Physical and chemical processes on the
parental materials during transport will have an effect on particle size ranges and accessory
mineral, which in turn controls the chemistry of trace element. Previous studies have shown
that Fe and Al are favored in samples of finer materials (Castillo et al., 2008).

Trace element analysis shows evidence of the presence of Fe in samples from desert
mineral soils, from the origin of the dust formation through their atmospheric transport across
the Tropical North Atlantic Ocean. Also, this study further confirms that the percent trace
elements are relatively higher in the finer particle size samples transported away from the

desert.
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Table 2.1 Statistics: All Samples

Statistics Fe Al

Maximum 2.17 2.38
Minimum 0.03 0.02
Average 0.81 0.99
Std Dev. 0.64 0.81

HEre
HAl
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2.4 Conclusions

Atmospheric dust transported from desert regions toward the North Atlantic Ocean is an
important pathway for dispersion of nutrients and trace metals from continents to the oceans.
Mineral particles traveling westwards from Africa to the Atlantic region via the Sahara—Sahel
Dust Corridor portray colors in the red, brown and yellow tones, derived mainly from Fe
oxides of desert terrain. This study demonstrate that visible reflectance spectroscopy is a
useful technique for qualifying Fe content in desert mineral aerosols relative to changes in
color of the samples. Iron oxides in atmospheric desert particles exhibited a characteristic
color that can be related to Fe content. The first derivative of the reflectance curves provided
a tool to correlate distinctive peaks with iron bearing minerals. Visible reflectance
spectroscopy was proven to be a fast, non-destructive technique to identify Fe oxides in soil
and dust samples and may be used to overcome limitations of other techniques for identifying
trace amounts of iron oxides. Furthermore, first derivative curves resulted in excellent
qualitative indicators of iron bearing minerals in our samples

The trace element analysis by inductively coupled plasma mass spectrometry (ICP-MS)
provided further confirmation of Fe content in African soils, Saharan dust and filtered air
samples. Iron and Aluminum content of the transported Saharan dust was more homogeneous
than the composition of individual African soils and the filtered air samples. Higher
variability found in air samples collected far away from the source is probably due to particle
mixing and alterations in chemical composition and PM size distributions, which tend to
change with distance and transport time. A higher level of homogeneity for both, percent Fe
and Al, was observed for dust collected during AEROSE and Fe/Al ratios suggested a

common regional source of dust formation. Our results show that as African dust travels
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through the atmosphere and PM size become smaller, percent Fe and Al increase. Iron was
therefore favored in the filtered air samples collected at greater distance from the source. Our
findings confirm that percent trace elements are higher in the finer particles transported away
from the desert and may supply phytoplankton’s Fe requirements for oceanic nitrogen

fixation at great distances from their geological formation.
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3. Satellite and Ground-based Aerosol Optical Thickness and Chlorophyll
Concentration in the Tropical North Atlantic Ocean (March, 2004)

3.1 Introduction

Atmospheric aerosols originating in arid and semi arid regions of the world, such as the
Sahara desert, are responsible for a variety of climate, health, and environmental impacts,
both on global and regional scale (Morris et al., 2006). Atmospheric aerosols play an
important role in climate change acting on the earth’s energy budge. They directly affect
climate by reflecting and absorbing solar radiation and indirectly by modifying cloud optical
properties, generation and lifetime (Wang et al., 1999). Dust deposited in the Atlantic Ocean
also provides key nutrients such as iron to oceanic phytoplankton (Kaufman et al., 2002).
Nutrients supplied by particles traveling from the Sahara desert to oligotrophic regions of the
ocean, have an effect on the biogeochemical cycle and primary productivity of the area
(Prospero et al., 1981; Claustre et al., 2002). Studying the interaction between Fe input and
phytoplankton ecosystem dynamics is important since deposition of Fe from mineral aerosols
can impact the carbon cycle (Mahowald et al., 2005). Aerosol optical properties, such as
aerosol optical thickness (AOT), are therefore crucial in understanding the effects of
atmospheric aerosols in climate forcing and biogeochemical cycling. Aerosol optical
thickness measures the radiation extinction at the encounter of aerosol particles in the
atmosphere due to aerosol scattering and absorption. It is a measure of the degree to which
aerosols prevent the transmission of light. In general, higher AOT values are indicative of

higher column aerosol loading and lower visibility (Wang and Sundar, 2003).
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To accurately study aerosol distribution and their impacts on the environment requires
continuous observations from satellites, ground-based instruments and field experiments
(Kaufman et al., 2002). Satellite-based measurements have been proven to provide excellent
source of data and have greatly improved the knowledge of the distribution of aerosols in the
atmosphere (Myhre et al., 2005). Compared to in-situ observations, satellite imagery has
large spatial coverage and repeated measurements, providing an important tool to monitor
aerosols and their transport (Wang and Sundar, 2003). Recently, the Goddard Earth Sciences
Data and Information Services Center created the web-based application GIOVANNI (GES
DISC Interactive Online Visualization and ANalysis Infrastructure). Giovanni facilitates
visualization and analysis of satellite remotely sensed data sets. It offers different temporal
and spatial resolution data, making it possible to investigate regional and global events.
Giovanni is comprised of a number of interfaces, which include both atmospheric and

oceanographic data (http://giovanni.gsfc.nasa.gov). Giovanni’s atmospheric data is the result

of daily level-3 aerosol parameters including measurements from Terra and MODIS Aqua.

Chlorophyll concentration may also be obtained from Giovanni’s Ocean Instances, but in
contrast to AOT data, Chl a is not produced by direct satellite observations. Total
chlorophyll is a data product generated by the NASA Ocean Biogeochemical Model
(NOBM) based on data assimilation of remotely sensed Chl a. The NOBM utilizes satellite
chlorophyll data in a coupled three-dimensional model that incorporates general circulation,
biogeochemical, and radiative components (Gregg, 2008).

However, remotely sensed data are subjected to errors resulting from calibration,
atmospheric correction, uncertainties in atmospheric optical state and problems deriving

chlorophyll from radiances (Gregg and Conkright, 2001). In order to understand how well


http://giovanni.gsfc.nasa.gov/
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satellite measurements describe atmospheric and oceanographic bio-optical properties, it is
important to complement satellite data with ground-based observations. Ground-based AOT
measurements are critical to characterize and understand the impacts of Saharan dust in the
ocean’s biogeochemistry, as aerosols are transported across the North Atlantic Ocean. The
Aerosol and Oceanographic Science Expedition (AEROSE) sponsored by the NOAA Center
for Atmospheric Sciences (NCAS) was conducted from February 29 to March 26 2004
onboard the NOAA Ship Ronald H. Brown. The expedition provided a unique set of
atmospheric and oceanographic measurements, such as AOT and chlorophyll concentration,
across the North Atlantic Ocean. The cruise departed from Bridgetown, Barbados, traveling
eastward toward Africa, taking a north route toward the Canary Islands and finally returned
to San Juan, Puerto Rico (March 26). The cruise tracks coincided with an unusually massive
plume of Saharan dust midway across the Atlantic Ocean (Morris et al., 2006). During the
expedition an interdisciplinary team of scientists obtained satellite, atmospheric, and
oceanographic measurements such as AOT and Chl a concentration. Ground-based AOT
data and surface chlorophyll concentrations were measured daily during AEROSE 2004.

In this study, AOT and chlorophyll satellite observations from Giovanni were compared
with ground-based measurements obtained during AEROSE 2004. Giovanni’s AOT from
MODIS-Aqua (550 nm) was compared with Microtops ground-based AOT at different
wavelengths, while in-situ Chl a was compared with Giovanni’s NOBM Assimilated Total
Chlorophyll product. This study is intended to observe the potential of satellite measurements
in describing atmospheric and oceanographic bio-optical properties and to complement
satellite data with ground-based observations. Also, monthly Giovanni’s AOT and Chl a

products were compared to determine if a relationship between African dust input and Chl_a
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concentration can be established using Giovanni’s satellite data. Products were retrieved for
the Western Atlantic Station defined in Chapter I (19°N, 57°W) from August 2002 to
December 2005.

In the last section of this study we examine the variability of dust distribution in relation
to the North Atlantic Oscillation (NAO) index. Studies have shown that the NAO index
influences the large-scale variability of atmospheric circulation in the Northern hemisphere
(Hurrel, 1995). In general, high NAO index yields drier conditions over southern Europe, the
Mediterranean Sea and northern Africa, while low NAO years, causes precipitation over the
Mediterranean and large areas of North Africa, limiting the intensity of dust uptake and
transport (Moulin et al., 1997). The studied period (March, 2004) coincided with one of the
biggest dust storms for this season (Figure 3.1). We examined the dust distribution and NAO
index for the Western Atlantic Station to observe if the unusual dust event encounter during

March 2004 was related to the NAO.

Figure 3.1 MODIS two-day composite true color image showing Saharan dust event leaving North Africa (March 2 -3, 2004).
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3.2 Materials and Methods
Shipboard Measurements (AOT and Chlorophyll a)

Aerosol and Chl_a observations were conducted onboard the NOAA Ship Ronald H.
Brown between February 29 and March 26, 2004. Onboard ship measurements for AOT and
Chl_a were carried out at various dates and locations along the cruise track (Tables 1.3 and
2.3). A Microtops II (Solar Light Co.) handheld sun-photometer was used to measure
attenuation of the direct sunlight as it passed through the atmosphere. The Microtops 1 is a
5-channel sun-photometer for measuring aerosol optical thickness at each of 8 possible
standard wavelengths, 340, 380, 440, 500, 675, 870, 936, and 1020 nm, and provides the
option to choose up to 5. It has been designed for column measurements of water vapor,
ozone and total aerosols. The aperture of the instrument is small so that atmospheric
scattering does not influence the light intensity measured. Atmospheric AOT is therefore
derived from measurements of the total transmittance (Retalis and Hadjimitsis, 2010). During
AEROSE (2004), Microtops II instruments were set to obtain total column aerosol optical
depth observations in different bands of the solar spectrum centered at 340, 380, 870 and
1020 nm. These measurements were collected and provided by the Howard University
NCAS team.

Daily chlorophyll-a concentrations were obtained from the continuous near surface
sampling flow-through system installed on-board the Ronald H. Brown. The system

measured automatically chlorophyll- a salinity, temperature and nutrient concentrations.
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Table 3.1 Dates and ship position of AOT measurements, Table 3.2 Dates and ship positions of Chl_a measurements,
AEROSE 2004. AEROSE 2004.

Date Latitude Longitude Date Latitude Longitude
37272004 616 2063 3/1/2004 11.81 -56.02
3/5/2004 617 2044 3/2/2004 089 S275
3/6/2004 8.22 -36.28 3/3/2004 6.81 -49.60
3/7/2004 9.90 -32.99 3/4/2004 6.16 4533
37872004 1137 2876 3/5/2004 625 4094
3/9/2004 12.83 -24.61 3/6/2004 7.72 -37.40
3/10/2004 1429 2046 3/7/2004 44 3396
3/11/2004 17.85 -19.00 3/8/2004 11.34 -28.86
3/12/2004 20.66 -20.81 3/9/2004 12.49 -25.39
3/13/2004 23.77 -19.13 3/10/2004 14.28 2071
3/14/2004 26.70 -16.28 3/11/2004 16.76 -19.00
371772004 2865 1544 3/12/2004 20.52 -20-50
3/18/2004 28.99 -20.01 3/13/2004 2358 -19.31

3/19/2004 28.56 -25.72 3/14/2004 26.86 -16.15
312172004 2731 36.99 3/15/2004 2814 142
3/22/2004 25.61 -43.70 3/17/2004 29.17 -15.30
3/23/2004 24.18 -49.30 3/18/2004 28.97 -20.09
3/24/2004 22.67 -54.43 3/19/2004 2843 -26.88
3/25/2004 20.75 -60.16 3/20/2004 2771 -32.65
3/26/2004 18.79 -65.47 3/21/2004 26.70 -38.58
3/22/2004 25.57 -43.87
3/23/2004 24.08 -49.66
3/24/2004 22.49 -55.00
3/25/2004 20.49 -60.84
3/26/2004 18.92 -65.12

Satellite Observations
Aerosol optical thickness and chlorophyll concentration data were retrieved from the

Giovanni web page (http://disc.sci.gsfc.nasa.gov/giovanni). Both products were obtained for

each day and ship position corresponding to AEROSE ground-based measurements. The
level 3 AOT product (MODIS Aqua-Version 5.1) was retrieved from the daily atmospheric

instances at a 1° spatial resolution. The algorithm for remote sensing of atmospheric aerosol
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is comprised of two independent algorithms, one for deriving aerosols over land and the
second for aerosols over ocean. It is based on a lookup table (LUT) approach, were radiative
transfer calculations are pre-computed for several values of the aerosol and surface
parameters. Spectral reflectance from the LUT is compared with MODIS-measured spectral
reflectance to find the least-square fit (Tanré¢ et al., 1997).

Chlorophyll concentration was obtained from Giovanni’s ocean instances. Total
Chlorophyll (NOBM) data (expressed in mg/m’) was used for the analysis. The NOBM is a
coupled three-dimensional model that incorporates general circulation, biogeochemical, and
radiative components (Gregg, 2008). The model includes influences from ocean circulation
and turbulence, irradiance availability, and the interactions among four phytoplankton
functional groups (diatoms, chlorophytes, cyanobacteria, and coccolithophores) and nutrients
data (nitrate, ammonium, silica, and dissolved iron) (Gregg, 2003). The Ocean General
Circulation Model is a reduced-gravity representation of circulation fields (Schopf and
Loughe, 1995), while the biogeochemical processes model includes different phytoplankton
functional groups, nutrient groups and detrital pools and the Ocean-Atmosphere Radiative
Model (Gregg, 2002) provides radiative transfer calculations.

Monthly Giovanni’s AOT and Chl a products were retrieved for the period of August
2002 to December 2005 for the Western Atlantic Station (19 °N, 57 °W). The data was
compared to determine if a relationship between African dust input and Chl a concentration
can be established using Giovanni’s satellite data.

Finally, Giovanni’s monthly AOT (MODIS Aqua) was compared with the NAO index

(http://www.cpc.noaa.gov/products/precip/CWlink/pna/nao_index.html) for 2004 and from

2003 to 2007.
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3.3 Results and Discussion

Satellite and sun-photometer measurements were used to evaluate aerosol optical
thickness data for the North Atlantic Ocean. Aerosol optical thickness was measured at
different wavelengths using satellite (Giovanni 550) and ground-based sun-photometer
(Figure3.2). A strong linear relationship (R? = 0.86) was found between Giovanni AOT 550
and Microtops 870 (two wavelengths typically used for describing atmospheric dust
particles) for the studied days and ship positions (Figure 3.3). Even though the spatial and
temporal sampling properties of satellite and ground-based measurements are different, there
is good agreement between both data sets. These results imply that MODIS AOT data
provides accurate information of aerosol loading for the studied area. This was further
confirmed with an analysis of variance were no significant differences between ground-based
and satellite measurements were observed (Table 3.3). Significant correlations between direct
comparison of MODIS and handheld sun-photometer AOT have been published for different
regions of the world. For example, Retalis and Hadjimitsis (2010) compared aerosol data
retrieved from satellite and sun-photometer at various locations in Cyprus and found strong
correlation (r=0.83) between both measurements. Also, studies of AOT over the South East
Arabian Sea compared MODIS aerosol parameters with ship borne Microtops measurements
with correlations between 0.96—0.97 (Aloysius et al., 2009).

Satellite and in-situ Chl a measurements are illustrated in Figure 3.4. High variability
was observed between the two data sets with a percent difference of 56%. An analysis of
variance also resulted in significant differences between satellite and in-situ Chl a
measurements (Table 3.4). Our results indicate that remote sensed data underestimates

chlorophyll concentrations for the studied area. Underestimation of satellite Chl a has been
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widely observed in previous studies. For example, studies with the Costal Zone Color
Scanner have resulted in underestimations of global chlorophyll concentrations when
compared with in-situ measurements in different regions of the ocean (Gregg and Conkright,
2001). Also, research in the Southern Ocean reported SeaWiFS satellite underestimates of
Chl_a relative to in-situ measurements (Moore et al., 1999). Even so, although Chl a
concentrations from satellite data are much lower than the measured values (especially at
high in-situ chlorophyll values), there is a good agreement between satellite and in-situ
measurements (Figure 3.5). The relationship between chlorophyll-a values from ground-
based data and Giovanni’s product resulted in an R? of 0.76. Studies in the Scotia Sea also
presented a strong relation between SeaWiFS Chl a and on board ship data (R? = 0.82), with
the satellite data underestimating the in-situ values at high Chl a concentrations (Holm-
Hansen et al., 2004).

Differences between satellite and ground-based measurements may result from many
factors. Remotely sensed data are subject to several sources of error such as calibration,
atmospheric correction errors, uncertainties in atmospheric optical state (Gregg and
Conkright, 2001) nearness to coast, or the presence of other substances and particles that
affect the light levels observed by the satellite. Also, discrepancy in spatial scale between in-
situ samples taken from a few liters of water and satellite estimates based on averaging over a
pixel with large dimensions, can affect the results (Holm-Hansen et al., 2004). The spatial
resolution of Giovanni’s satellite product used for this study is of 1°x 1° (~ 110 km?),
compared to a few meters on the ground-based data. This should be considered when
comparing both measurements. Underestimation of satellite Chl a is the result of the

distribution of surface chlorophyll in the ocean, which has a few very high values versus the
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background of many low values (Campbell and O’Reilly, 1988). The satellite underestimates
the high in-situ values due to the averaging effect on the sub-pixel spatial variability. It is
therefore importance to collect in-situ data in regions were the parameter of interest has
relatively stable spatial variability (Gordon et al., 1983). However, these discrepancies were
more evident for Chl_a measurements than for AOT, where differences were very low and

negligible.

Table 3.3 Analysis of variance: Ground-based and Satellite AOT Data

Table 3.4 Analysis of variance: in-situ and S

Source SS df MS F
Treatment 0.002904 1 0.002904 1.06
Block 0.762438 11 0.069313
Error 0.03011 11 0.002738
Total 0.79546 23
0 0.05

atellite Chlorophyll Data

Source SS df MS F
Treatment 0.29108 1 0.29108 26.45

Block 1.584043 24 0.066002

Error 0.26413 24 0.011006

Total 2.13926 49

a 0.05
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Figure 3.2 Satellite (Giovanni - MODIS Aqua 550) and ground-based aerosol optical thickness during AEROSE 2004 first leg (a) and
second leg (b).
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Figure 3.4 Giovanni Assimilated Total Chlorophyll (NOBM) and in-situ chlorophyll a concentration (AEROSE 2004).
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A time series from August 2002 to December 2005 of monthly Giovanni’s AOT and
Chl_a products was performed for the Western Atlantic Station (Figure 3.6). Results show
that episodes of elevated aerosol dust were followed by an increase in Chl a concentration
approximately one month later. These results confirms our observations from Chapter I,
where it was established that a time lag of one month might be necessary for dust to deposit,

iron dissolution and iron assimilation by the phytoplankton species present in the region.
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Figure 3.6 Time series (Aug. 2002-Dec. 2005) of monthly averaged Giovanni’s AOT (550) and Chl_a for the Western Atlantic Ocean
(19 °N, 57 °W).
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Giovanni’s monthly AOT 550 (MODIS Aqua) was compared with NAO index for 2004
(Figure 3.7) and from 2003-2007 (Figure 3.8). No significant relationship (R= -0.15) was
observed for the studied area between NAO Index and AOT values (Figure 3.9). Other
authors have found low correlations, especially during the summer months. Ginoux et al.
(2004) analyzed data from December to March of dust concentrations in Barbados with NAO
index and found a correlation coefficient of r = 0.67. However, for other seasons they found
no significant correlation. Also, studies of TOMS dust optical thickness and NAO index over
the period 1979-2000 for Barbados showed that the NAO year-to-year variability exerted a
weak influence on summer dust emission and transport, while it appeared to be dominant
during the winter (Chiapello et al., 2005). This is due to the fact that the NAO is stronger
during winter and its effect on Saharan dust transport is more important during this season
(Chiapello and Moulin, 2002). The low correlation found in this study might be related to the
fact that the largest African dust intrusion to the studied area occurs mostly during the
summer and is minimal during winter. Dust transport across the North Atlantic is affected by
the Intertropical Convergence Zone (ITCZ), which causes latitudinal variation in atmospheric
transport. During winter the ITCZ shifts toward lower latitudes (~5°N) and dust transport is
mostly to the north of South America. Finally, the low correlation may also be the result of
other processes affecting dust concentration, such as local meteorological conditions (Ginoux
et al., 2004) variation in dust emissions in source region, changes in dust transport paths or

removal during transit (Prospero and Lamb, 2003).
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3.4 Conclusions

Shipboard measurements provide high-quality, accurate data but are costly in terms of
time and effort and are limited in duration and area of observations. In contrast, satellites can
be used to obtain estimates of bio-optical and atmospheric properties over extended spatial
and temporal scales, but can be subjected to several sources of error. To fully understand
aerosol distribution and their effect on the ocean’s biogeochemical cycles requires
continuous observations from satellites, ground-based instruments and field experiments. It is
necessary to validate satellite data with ground-based observations. This study was intended
to observe how well satellite measurements described atmospheric and oceanographic bio-
optical properties by comparing AOT and Chl_a satellite and ground-based data. Giovanni
(AQOT 550, MODIS Aqua) and sun-photometer (Microtops) data were used to assess aerosol
optical thickness for the North Atlantic Ocean during March 2004. Atmospheric AOT at 550
nm was compared with Microtops AOT 870 nm; two wavelengths typically used for
describing atmospheric dust particles. The results confirm good agreement between satellite
and ground-based AOT (R*=0.86), indicating that satellite derived AOT can be validated
using sun-photometer observations. This study suggests that MODIS AOT 550 data provide
accurate information of the aerosol loading for the North Atlantic Ocean.

Measurements of satellite and in-situ Chl_a also showed a strong linear relation (R* =
0.76). However, an analysis of variance resulted in significant differences between
Giovanni’s Assimilated Total Chlorophyll product and ground-based measurements due to
underestimation of satellite Chl a throughout the studied area. Satellite underestimation
results from the averaging effect of satellite estimates and the distribution of Chl a in open

waters, where a few high values are averaged over a background of many low values.
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Therefore, further information of the spatial variability of chlorophyll concentration in the
studied area should be taken into consideration when comparing in-situ and satellite Chl_a
data.

The time series of Giovanni’s AOT 550 and Chl a products presented similar results as
those discussed in Chapter 1. Peaks in AOT values were followed by an increase in Chl a
concentration nearly one month later. This time lag, also observed in Chapter I, might be the
time required for dust deposition, iron dissolution and assimilation by phytoplankton species.
This result indicates that a relationship between African dust and Chl a concentration can be
established using Giovanni’s satellite products. However, there are some limitations in the
use of Giovanni’s products for regional observations such as those analyzed on Chapter I.
For example, Giovanni has a lower spatial resolution (1°) than MODIS (4km) or SeaWiFS
(9km) for AOT and Chl a ocean products and therefore cannot provide the same detailed
information. Also, Giovanni’s Chl_a is not produced by direct satellite observations. It is the
result of complex calculations generated by the NASA Ocean Biogeochemical Model
(NOBM) based on data assimilation of remotely sensed Chl_a.

Finally, no significant correlation was observed between the March 2004 dust event and
the North Atlantic Oscillation for our studied area. It has been observed that the NAO has a
weak influence on dust emission and transport during the summer (Chiapello et al., 2005)
due to the fact that the NAO is much stronger in winter (Chiapello and Moulin, 2002). Since
winter months represent the lowest dust input to our studied area, African dust concentrations

might have resulted from factors other that the NAO such as local meteorological conditions.
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General Conclusions

This study demonstrated a significant relationship between aerosol optical thickness
and chlorophyll concentration in the Tropical North Atlantic Ocean using satellite remote
sensing data. Saharan dust particles provide iron, a limiting nutrient for phytoplankton’s
primary production, to the surface waters of the TNAO.

The specific conclusions from this investigation are:

* The TNAO is exposed to an annual fluctuation in AOT that responds to the seasonal

variation of Saharan dust storms.

* Annual fluctuations in AOT and Chl a concentration were observed in CaTS and

Western Atlantic stations.

» Satellite imagery showed a connection between aerosol load and phytoplankton

biomass.

* A time-lag of one month was observed between AOT and Chl a maximums at the
Western Atlantic Station. This time delay may be associated to deposition, dissolution

and assimilation of Fe by phytoplankton.

» Visible reflectance spectroscopy coupled with first derivative analysis is a practical

tool to detect iron oxides in desert mineral dust samples.

* ICP-MS element analysis quantified Fe and Al content in our samples.

* As African dust is transported across the Atlantic and the particle size is reduced, the

percent of Fe and Al increases. Therefore, these fine particles may supply

phytoplankton’s Fe requirements at large distances from their geological formation.
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A strong linear relationship (R=0.93) was observed between satellite derived AOT

and ground-based data.

Giovanni’s satellite Chl a data was underestimated with respect to in-situ

measurements.

The weak NAO observed during the summer months does not have a significant
effect over the seasonal patterns of Saharan dust intrusions in the Tropical Western

Atlantic region.
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Appendix A

Time Series Plots of Aerosol Optical Thickness and Chlorophyll a Pigment Concentration
for the Three Stations Studied:

A. Caribbean Time Series Station (CaTS)
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Figure A.1 Time plot of aerosol optical thickness at CaTS (Sept. 1997 — Dec. 2007)
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B. Western Atlantic Ocean
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Figure A.3 Time plot of aerosol optical thickness at Western Atlantic Station (Sept. 1997 — Dec. 2007).
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Figure A.4 Time plot of chlorophyll concentration at Western Atlantic Station (Sept. 1997 — Dec. 2007).



C. Atlantic, North of PR Station
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Figure A.7 Time plot of aerosol optical thickness at Atlantic, North of PR Station (Sept. 1997 — Dec. 2007).
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Figure A.8 Time plot of chlorophyll concentration at Atlantic, North of PR Station (Sept. 1997 — Dec. 2007).
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