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Satellite monitoring of climatic factors regulating phytoplankton variability in the
Arabian (Persian) Gulf

Nikolay P. Nezlin a,⁎, Igor G. Polikarpov b,c, Faiza Y. Al-Yamani b, D.V. Subba Rao d, Alexander M. Ignatov e

a Southern California Coastal Waters Research Project, CA, USA
b Kuwait Institute for Scientific Research, Kuwait
c Institute of Biology of the Southern Seas, Sevastopol, Ukraine
d Bedford Institute of Oceanography, Dartmouth, N.S., Canada
e NOAA/NESDIS/Office of Research and Applications, MD, USA

a b s t r a c ta r t i c l e i n f o

Article history:
Received 15 April 2009
Received in revised form 3 March 2010
Accepted 8 March 2010
Available online 20 March 2010

Keywords:
Oceanography
Remote sensing
Chlorophyll
Seasonal variations
Aerosols
Aeolian dust
Arabian (Persian) Gulf
23°–31°N
47°–56°E

Possible factors regulating phytoplankton variability in the Arabian (Persian) Gulf were analyzed on the basis
of satellite observations and meteorological data (1997–2009), including remotely-sensed chlorophyll a
concentration (CHL), sea surface temperature, wind, solar radiation, precipitation, and aerosols. Shallow
waters of northwestern Gulf influenced by Shatt Al-Arab River discharge were more productive than open
Gulf waters, although seasonal CHL patterns in this and other shallow regions looked unrealistic likely
because the CHL signal was obscured by bottom reflection. Therefore our further analyses focused on the
open Gulf waters, which show a subtropical seasonal CHL cycle with maximum in winter and minimum in
spring–summer. This cycle, however, was decoupled from the seasonal extremes of wind mixing.
Interannual variations of CHL in the open Gulf regions were correlated with precipitation and aerosol data
rather than with wind and sea surface temperature, consistent with the hypothesis of atmospheric
deposition as a factor regulating phytoplankton growth. The effect of dust fertilization was likely observed in
2000 and 2008, when low precipitation and aerosol properties indicating elevated level of aeolian dust
transport were followed by phytoplankton blooms.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

This study is focused on the analysis of seasonal and interannual
variabilities of remotely-sensed chlorophyll a concentration (CHL) in
the Arabian (Persian) Gulf (hereafter the Gulf). CHL measured by Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) and MODerate Resolu-
tion Imaging Spectroradiometer (MODIS) satellite instruments was
analyzed as a proxy of phytoplankton biomass in conjunction with the
environmental factors potentially related to phytoplankton growth and
distribution: sea surface temperature (SST), wind, photosynthetically
available radiation (PAR), precipitation, and aerosol properties related
to aeolian dust transport.

Due to specific features of the region, the mechanisms regulating
the variability of remotely-sensed CHL in the Gulf may be significantly
different from the processes typical to most parts of the ocean. Among
the factors analyzed in this study, wind mixing is an important factor
regulating vertical stratification of water column and phytoplankton
biomass at seasonal time scale (Longhurst, 1995). In deep ocean
regions, phytoplankton growth is stimulated, on the one hand, by

stratification retaining phytoplankton cells in the upper euphotic
layer and, on the other hand, by vertical mixing and upwelling
transporting nutrient-rich deep water to the surface. In shallow parts
of the Gulf, euphotic layer often extends to the bottom (Subba Rao and
Al-Yamani, 1999a) and is well mixed. In the waters with thermal
stratification, low SST indicates vertical mixing or upwelling. It is not
clear how this relationship works in the open waters of the Gulf,
which are generally characterized by haline stratification. Positive
correlation between PAR and phytoplankton biomass is expected in
the regions where phytoplankton growth is light-limited. Dust
deposition enriches ocean waters with micronutrients (e.g., iron),
stimulating phytoplankton growth in iron-limited zones (Duce and
Tindale, 1991; Martin et al., 1994; deBaar et al., 1995; Jickells et al.,
2005; Mahowald et al., 2005), although sometimes the effect of desert
dust deposition can be negative (e.g., Mallet et al., 2009; Paytan et al.,
2009). It is still unknown how these mechanisms (including iron
limitation) work under specific meteorological and oceanographic
conditions of the Gulf.

In the absence of direct observations of dust deposition, we
analyze aerosol properties measured by SeaWiFS and MODIS-Terra
satellite sensors as indicators of aeolian dust concentration. Aerosol
optical depth (or optical thickness) is the degree to which aerosols
prevent the transmission of light; it characterizes total concentration
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of aerosols in the atmosphere. Ångström exponent characterizes the
spectral dependence of the optical depth. It is correlated with the
aerosol particle size spectra and is especially sensitive to desert dust
concentration in the atmosphere, which is characterized by large
particles resulting in low Ångström exponent values (Husar et al.,
1997; Dubovik et al., 2002). High aerosol dust loads in the atmosphere
are associated with high rates of dust deposition over ocean waters,
which was demonstrated by direct measurements ship-board and at
coastal sites, including sediment trap estimates and trace metal
concentrations in seawater (see Guerzoni et al., 1999 and the
references therein). The relationship between dust deposition
(assessed on the basis of aerosol properties) and phytoplankton
biomass (estimated from remotely-sensed CHL measurements) is a
special focus of this study.

2. Study area

The Gulf is a large shallow embayment of the northern Arabian Sea
(Fig. 1). Its length is ∼990 km, maximal width is 370 km, and total
area is 239,000 km2. The Gulf is quite shallow (the average depth is
approximately 36 m) over the entire extent and its entrance (the
Strait of Hormuz) has no blocking sill. The bathymetry is basically
asymmetric along the main axis with a deeper zone close to Iranian
coast (deepest trough by 120 m) and a broad shallow shelf (b10 m)
along the southern and western coasts from Kuwait to United Arab
Emirates. The shallow depth and very high net evaporation rate
(estimated by different authors as 1.44–1.68 m yr−1 (Privett, 1959;
Johns et al., 2003)), typical of this arid region, result in hypersaline
water mass production, especially intensive in the southern shallow
coastal waters east of Qatar, where salinity can be N42 psu. Formation
of hypersaline water leads to inverse estuarine circulation with the
highly saline waters concentrating in the bottom layer, leaving the
Gulf through the deep part of the Strait of Hormuz and the Gulf of
Oman and spreading at the depth 200–300 m throughout the Arabian
Sea (Banse, 1997; Prasad et al., 2001). Evaporated water is replaced by
a surface inflow of lower salinity (∼36.5 psu) from the Gulf of Oman.
This inflow, penetrates into the Gulf and is carried northwards along
the Iranian coast, gradually increasing in salinity to more than 40 psu

(Reynolds, 1993). The inflow is seasonal, with maximum in late spring
(Swift and Bower, 2003), when it spreads as far as the northwestern
part of the Gulf.

The main freshwater supply of the Gulf comes from the Tigris,
Euphrates and Karun rivers, which all discharge into the Shatt Al-Arab
waterway in Kuwaiti and Iraqi coast. The estimates of river discharge
volume vary between 36 and 110 km3 yr−1, i.e., 0.15–0.46 m yr−1

averaged over the entire Gulf area (Reynolds, 1993). Maximum
freshwater discharge occurs in late spring–early summer. Precipitation
over the Gulf area is also very low (0.07–0.1 m yr−1) (e.g., Marcella and
Eltahir, 2008); the total freshwater input is less than the evaporation
rate by a factor of 5–10. The Shatt Al-Arab discharge is expected to
amplify the Saudi–Emirate coastal current (Reynolds, 1993); its
influence is especially evident along the southwestern Gulf coast from
Iraq to Qatar.

Deep part of the Gulf is characterized by pronounced haline
stratification (Brewer and Dyrssen, 1985; Reynolds, 1993; Swift and
Bower, 2003). In contrast, water column in the shallow (b10–15 m)
northern, western and southern Gulf is well mixed as a result of wind
stress and tidal turbulence (John, 1992). Off Kuwait, spring tidal
ranges are 2 m in the south and up to 4 m in the north, while off
Bahrain the range is 2 m at extreme springs (Sheppard, 1993). At the
same time, deep regions are characterized by much shorter flushing
time than coastal regions: 1–3 yr in open waters vs. 3.5 yr in
northwestern coastal and N5 yr in southern coastal zone (Sadrinasab
and Kampf, 2004).

Persistent northwesterly winds produce southeastward coastal
currents and resulting upwelling along the northeastern (Iranian) and
downwelling along the southwestern (Saudi) coasts (Reynolds,
1993). Winds are most intensive in spring–summer when the intense
“Shamal” events propagate from the northwest to the central and
southern Gulf. During autumn the winds are weaker and less variable.
Intense temperature differences between land and water result in
strong breeze winds, which in turn stimulate intensive mixing
processes in coastal regions (Elshorbady et al., 2006).

The area around the Gulf is one of the main sources of aeolian dust
in the world (Husar et al., 1997) and strong wind events in this region
are often associated with dust storms. For example, in Kuwait region

Fig. 1. Bathymetric map of the Arabian (Persian) Gulf and the analyzed regions: northern (ON) and southern (OS) open Gulf regions; coastal northern zone of Shatt Al-Arab plume
(CN), coastal western zone along the Saudi coast (CW); and shallow area between Qatar and the United Arab Emirates Coast (CS).
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the number of dust storms was assessed at nearly 27 per year (Safar,
1985). Dust storms are especially intensive in May–July (Pease et al.,
1998) under the powerful northwesterlywinds, when dust deposition
can be as high as N30 g m−2 (Subba Rao and Al-Yamani, 1999b).

Sheppard (1993) attributes the Gulf to “one of the most productive
bodies of water in the world”, though statements of this kind should
apply to benthic rather than pelagic production, because most of the
area bed lies within the illuminated region. Subba Rao and Al-Yamani
(1999a) demonstrated that the light levels at the bottom for the most
part of Kuwait coastal waters were up to 83–275 W m−2, i.e.,
sufficient for algal growth, and concluded that the Gulf algae are not
light-limited most of the time. Vertical distribution of phytoplankton
in the Gulf is characterized by comparatively low biomass at the
surface and a pronounced subsurface maximum (Subba Rao and Al-
Yamani, 1999a). The northern part of the Gulf is characterized by
higher primary production and lower phytoplankton species diversity
as compared with the south (Subba Rao and Al-Yamani, 1998).

We analyzed separately the five non-rectangular regions of the
Gulf (Fig. 1), selected on the basis of bathymetry and known
circulation patterns (see Reynolds, 1993): the northwestern shallow
coastal zone influenced by Shatt Al-Arab plume (CN); the western
shallow zone along Saudi coast (CW); the zone of “Southern
Shallows” (CS) to the east of Qatar along the United Arab Emirates
coast; the northern (ON) and southern (OS) “open” relatively deep
regions with an eastern boundary at 56°E–56°15′E and the boundary
between ON and OS about 51°30′E–52°15′E (northeast of Qatar). The
boundary between ON and OS separates the regions different in water
column stratification, which, according to previous studies (Brewer
and Dyrssen, 1985; Reynolds, 1993; Swift and Bower, 2003), is high all
year round in the OS and exhibits pronounced seasonal variability
(maximum in summer) in the ON.

3. Materials and methods

The analysis presented in this paper is based on the data collected
by several satellite sensors. Remotely-sensed CHL (mg m−3) was
measured by SeaWiFS aboard OrbView-2 platform (September 1997–
February 2009) and MODIS aboard Aqua platform (July 2002–
February 2009). The Level 3 Standard Mapped Images (SMI) were
obtained from the NASA GSFC Distributed Active Archive Center
(DAAC) (Acker et al., 2002). The format of Level 3 SMI is a regular grid
of equidistant cylindrical projection of 360°/4096 pixels (about 9.28-
km resolution) for SeaWiFS and 360°/8192 pixels (about 4.5-km
resolution) for MODIS-Aqua. The basic algorithm used at GSFC for
calculating CHL was described by O'Reilly et al. (1998). For each
monthly composite, CHL and other parameters (aerosols, SST, etc.) in
each of the five regions (Fig. 1) were averaged as a median. We used
medians rather than arithmetic means because medians are more
robust with respect to outliers and closer to modal values regardless
of statistical distribution. In particular, statistical distributions of
remotely-sensed chlorophyll (Banse and English, 1994; Campbell,
1995) and aerosol optical depth (O'Neil et al., 2000) are typically
lognormal rather than normal. The pixels which didn't pass cloud test
were eliminated from the SeaWiFS and MODIS observations (i.e.,
masked as “missing data”, MD) during processing at GSFC. In monthly
composites, the percentage of these pixels was relatively low
(Table 1). In shallow regions (CN, CW, and CS), the percentage of
MD pixels was higher than in open Gulf waters (ON and OS). Higher
percentage of MD pixels in MODIS-Aqua data as compared with
SeaWiFS could be explained by higher spatial resolution of MODIS-
Aqua Level 3 grids (4.5 km vs. 9.28 km) and by better cloud screening
for MODIS because of the use of thermal IR bands.

Only SeaWiFS data were used for time-series analysis from
September 1997 to June 2002, i.e., before MODIS-Aqua data
acquisition started; from July 2002 the SeaWiFS and MODIS-Aqua
CHL for each month in each region were averaged. Comparison

between SeaWiFS and MODIS-Aqua CHL products is beyond the scope
of this study. For the open Gulf regions (ON and OS) and southern
coastal region CS the logarithms of CHL monthly medians derived
from SeaWiFS and MODIS-Aqua data were highly correlated
(R2=0.74–0.84) without an evident bias. In northern and western
coastal regions, the correlation was lower (R2=0.34–0.55).

Analyzing CHL derived from ocean color measurements collected
from earth-orbiting satellite platforms, we do not compare the
remotely-sensed CHL data to in situ chlorophyll a concentration and
phytoplankton biomass, because for our analysis the absolute values
are not as important as spatial and temporal gradients. One should
keep in mind that remotely-sensed CHL may be subject to significant
inaccuracies in the Gulf area. The standard SeaWiFS and MODIS CHL
algorithms were developed for clean open ocean waters (Case 1),
where the color of ocean surface results mainly from chlorophyll
concentration (Morel and Prieur, 1977). Shallow regions of the Gulf,
especially influenced by Shatt Al-Arab River discharge (CN, CW and
CS), belong to coastal (Case 2) waters, where the ocean color is
affected by the dissolved and suspended matter which may not be
correlated with chlorophyll. Standard algorithms developed for open
ocean (Case 1) may overestimate chlorophyll concentration in Case 2
waters (e.g., Muller-Karger et al., 2005). Another important factor
leading to the overestimation of the remotely-sensed CHL in shallow
waters is bottom reflectance which depends on bathymetric depth
and water transparency (e.g., Maritorena et al., 1994).

In optically deep Gulf waters (ON and OS), the accuracy of
assessment of phytoplankton biomass on the basis of remotely-
sensed CHL can be limited by vertical distribution of phytoplankton. In
the Gulf, vertical profiles of phytoplankton are often characterized by
low concentration in the upper 5–10-m layer (Sheppard, 1993; Subba
Rao and Al-Yamani, 1998), resulting in underestimation of total
phytoplankton biomass derived from remotely-sensed CHL.

SeaWiFS observations of PAR (Einstein m−2 day−1) (Frouin et al.,
2001) and aerosol optical depth (thickness) at 865 nm (T865,
unitless) and Ångström exponent at 510–865 nm (A510, unitless)
were obtained from GSFC DAAC, also in the form of Level 3 SMI files of
9.28-km resolution. T865 and A510 are by-products of atmospheric
correction in SeaWiFS ocean color data processing (Gordon and Wang,
1994; Gordon, 1997). Only the data measured over the ocean were
used in this study. Retrievals of aerosol characteristics over the ocean
are more accurate than over land, because the ocean surface has a
relatively low and constant albedo (Husar et al., 1997; Li et al., 2009).
However, the quality of some aerosol data collected over the shallow
Gulf regions (attributed to Case 2 waters) was expected to be lower
than over Case 1 (open ocean) due to higher and more variable water
surface reflectance (e.g., Siegel et al., 2000).

SeaWiFS aerosol data were complemented by those measured by
MODIS-Terra, which has shorter observation period (since 2000) but
are expected to be more accurate due to using multi-channel
information including several infrared bands (cf. Kinne et al., 2003).

Table 1
Percentage of pixels masked due to cloud cover (median, first and third quartiles) in
SeaWiFS and MODIS-Aqua CHL data over the entire Gulf and in five Gulf regions: open
northern (ON) and southern (OS), coastal northern zone of Shatt Al-Arab plume (CN),
coastal western zone along the Saudi coast (CW); and shallow area between Qatar and
the United Arab Emirates Coast (CS).

Region SeaWiFS (pixel size 9-km) MODIS-Aqua (pixel size 4.5-km)

Median
(%)

Q1 (25%)
(%)

Q3 (75%)
(%)

Median
(%)

Q1 (25%)
(%)

Q3 (75%)
(%)

ON 3.0 2.3 6.1 10.3 7.7 12.8
OS 4.5 3.0 6.1 16.7 15.4 19.2
CN 12.9 5.3 25.8 41.0 23.1 71.8
CW 8.3 4.5 20.5 19.2 15.4 37.2
CS 7.6 5.3 15.2 23.1 17.9 35.9
Total 4.5 3.0 8.3 16.7 11.5 21.8
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Using CHL and aerosols measured by the same sensor (SeaWiFS) may
result in erroneous correlations, since the derived aerosol properties
are used for atmospheric correction for ocean color (e.g., Gordon and
Wang, 1994). Also, SeaWiFS is lacking thermal infrared bands, thus
significantly complicating separation of aerosol from cloud. As a
result, very thick aerosols such as dust storms are usually masked out
as clouds and aerosol optical depth retrieved by SeaWiFS is generally
lower than by other satellite sensors (Myhre et al., 2005). MODIS-
Terra aerosol data, including aerosol optical depth at 550 nm (T550)
and Ångström exponent over ocean at 550–865 nm (A550), were
obtained from GIOVANNI website (Acker and Leptoukh, 2007) in the
form of monthly maps at 1°×1° spatial resolution. These data were
interpolated over 0.1°×0.1° grids and converted to time series by
integration over the two open Gulf regions (ON and OS). Recall that
MODIS aerosol data used here were produced by MODIS aerosol team
using aerosol-over-ocean algorithms (Tanre et al., 1997; Remer et al.,
2005). These data are different from SeaWiFS-like aerosol products
generated from MODIS radiances by the Ocean Biology Processing
Group at NASA/GSFC led by C. McClain and G. Feldman. The latter
aerosol product (not used in this study) is expected to be subject to
the same methodological differences as the SeaWiFS aerosol product
(i.e., masking high aerosol optical depth events as clouds thus leading
to a low bias in the resulting averaged products).

We do not compare SeaWiFS and MODIS aerosols, because the
aerosol products derived from different satellites exhibit significant
differences, resulting from different sensors' wavelengths, spatial and
temporal heterogeneity of aerosols, contamination by cloud and
different treatments of surface reflectance in the retrieval algorithms,
which is particularly important in the coastal regions (see Kinne et al.,
2003; Myhre et al., 2005). Different sampling and data processing and
averaging methodologies also contribute to products differences (e.g.,
Ignatov et al., 2006; Levy et al., 2009).

Sea surface temperature (SST, degrees C) data were based on the
Advanced Very High Resolution Radiometer (AVHRR) infrared
measurements obtained from NASA Jet Propulsion Laboratory
Physical Oceanography Distributed Active Archive Center (NASA JPL
PODAAC) and MODIS (Terra and Aqua) data obtained from GSFC
DAAC. The AVHRR data were produced at JPL within the scope of
National Oceanic and Atmospheric Administration (NOAA)/NASA
AVHRR Oceans Pathfinder Project using state-of-the-art SST algo-
rithms (Walton, 1988; Kilpatrick et al., 2001). The data format of
Pathfinder Version 5 is a quasi-regular grid of approximately 4.5-km
resolution. We used monthly data of both ascending and descending
satellite passes (i.e., daytime and nighttime observations, respective-
ly). Only the data with quality flags 4–7 (i.e., the “best SST”) were
used. MODIS SST data format is similar to MODIS CHL. For MODIS, all
three available SST data sources were used: daytime (SST) and
nighttime (NSST) data based on 10-μm waveband and nighttime data
based on 4-μm waveband (SST4), from both Terra and Aqua. For each
month, all available SST data were averaged (as arithmetic means of
up to eight SSTs). Standard deviation of averaging was 0.77–1.01 °C in
open Gulf regions and 1.05–1.35 °C in coastal regions.

For wind speed, we used NCEP/NCAR reanalysis monthly data
(Kalnay et al., 1996) of 2.5°×2.5° spatial resolution. Each monthly grid
of scalar wind speed was averaged (as a median) over the entire Gulf.

Seasonal variations of all aforementioned variables were analyzed
from their climatologies, calculated as medians of calendar months. To
analyze interannual variability, each parameter was transformed to
seasonal anomalies by subtracting their respective climatic monthly
values. CHL anomalies were calculated from log-transformed data and
the result was exp-transformed back to CHL concentration. Thus the
resulting CHL seasonal anomalies represent the ratio between the
observed and climatic values rather than the difference and, as such,
are unitless.

Annual precipitation in the area surrounding the Gulf (22.5°N–
35°N; 45°E–57.5°E) was calculated from the data obtained from the

Global Precipitation Climatology Project (GPCP) website. The data
format was global monthly grids of 2.5°×2.5° spatial resolution.
Precipitation in the Gulf region was averaged annually over 12-month
periods from July to June. GPCP data are based on the measurements
collected by different satellites (see Huffman et al., 2001). In arid
regions, monthly averaged GPCP data are well correlated with rain-
gauge data (e.g., Nezlin and Stein, 2005) and can be used in the areas
where rain-gauge data are unavailable or unreliable because of small
number of rain-gauge stations. At the same time, one should take into
account that in semiarid climates GPCP data may be overestimated as
compared with rain-gauge data due to rainfall evaporation (see
Marcella and Eltahir, 2008).

To relate the interannual variations of precipitation over the Gulf
to the global climatic meteorological cycles, we used North Atlantic
Oscillation (NAO) index, obtained from the NOAA Earth System
Research Laboratory website (http://www.cdc.noaa.gov/data/clima-
teindices/) and Indian Ocean Dipole Mode Index (DMI), obtained from
the UNESCOwebsite (http://ioc3.unesco.org/oopc/). NAO is defined as
the monthly averaged difference between the standardized measure-
ments of the sea level atmospheric pressure in Azores Islands and
Iceland. During positive/negative NAO, the storm tracks over western
Eurasia (including Middle East) are shifted northward/southward
(Rodionov, 1994), affecting local meteorological conditions and water
balance (Cullen et al., 2002). DMI is an indicator of the east–west
temperature gradient across the tropical Indian Ocean (Saji et al.,
1999). The periods of persistently high DMI are associated with
extreme rainfall in the western Indian Ocean region (Ashok et al.,
2001; Black et al., 2003).

4. Results

4.1. Seasonal variability

Seasonal CHL cycle in the open Gulf waters was characterized by
winter maximum and summer minimum (Fig. 2A), which is typical to
subtropical ocean (Longhurst, 1995). No significant difference was
found between the northern and southern parts of open Gulf waters
all year round except July. This similarity looks surprising, because
according to published data the two regions have substantial
differences in hydrology: water column in the northern deep region
is stratified during summer and mixed during winter while in the
southern deep region water column is stratified all year round
(Brewer and Dyrssen, 1985; Reynolds, 1993; Swift and Bower, 2003).

In July, CHL in the open south region (OS) was substantially higher
than in the north (ON); this difference can be attributed to the inflow of
Indian Ocean surface waters (IOSW) through the Strait of Hormuz.
IOSW influence the OS area to southeast of Qatar all year round. IOSW
form a cyclonic gyre in the southern half of the Gulf during winter and
penetrate further to the north during summer (Abdelrahman and
Ahmad, 1995). From spring to autumn, the productivity of IOSW
increases as a result of seasonal upwelling in the Arabian Sea forced by
southwesterlymonsoon (e.g., Levy et al., 2007), and the southern part of
theGulf was likely affected by this increasemore than the northern one.

In the shallow northern part of the Gulf (CN, the Shatt Al-Arab
plume zone), CHL was much higher than in the other regions (Fig. 2B)
throughout the year, with minimum in summer. This minimum was
not observed in in situ observations during the period March 1997
through April 1998, which demonstrated no pronounced seasonal
pattern of chlorophyll concentration off Kuwait except in the northern
stations where maximum values (b20 mg m−3) in March–July were
associated with seasonal maximum of Shatt Al-Arab nutrient-rich
discharge (Al-Yamani et al., 2006). The distorted seasonal signal in
remotely-sensed CHL could be due to overestimation of remotely-
sensed CHL signal by bottom reflection, which was high from autumn
to spring when water was clean. The effect of bottom reflectance was
suppressed in the summer, when water turbidity was high.
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In western (CW) and southern (CS) shallow regions, the minimum
of CHL was observed in spring (February–April) and maximum in late
summer and autumn (August–October; Fig. 2B). These maxima
coincided with the seasonal minimum of wind mixing over the Gulf
(Fig. 2C) suggesting that in shallow waters turbidity decreased and
bottom reflectance increased. We conclude that in shallow Gulf
regions bottom reflectance signal was substantial and remotely-
sensed CHL data were significantly and irregularly overestimated. We
keep in mind, however, that sediments resuspended by wind provide
a non-linear effect on remotely-sensed CHL measurements. On the
one hand, in the regions where remotely-sensed CHL is significantly
obscured by bottom reflectance (cf. Maritorena et al., 1994),
suspended sediments decrease the contribution of the bottom optical
signal decreasing CHL measured by satellites. On the other hand,
resuspension of chlorophyll off the seafloor can be misinterpreted as a
bloom when seen in satellite color imagery (Wynne et al., 2006).

Unrealistic seasonal cycles of CHL in all three shallow Gulf regions
(CN, CW and CS) seemingly associated with turbidity and bottom
reflectance rather than seasonal dynamics of phytoplankton biomass
indicate that these data are inaccurate and their interannual
variability should be excluded from further analysis. In “optically
shallow” Gulf waters, ocean color satellite imagery should be
processed using special algorithms allowing for bottom reflectance
(e.g., Cannizzaro and Carder, 2006); this approach will be a focus of
our future studies. In the present study, based on Level 3 ocean color
data processed by standard method, we focus on CHL dynamics only
in optically deep open Gulf regions ON and OS.

The seasonal patterns of SST (estimated from remotely-sensed
infrared data) were similar in all Gulf regions (not shown) and
demonstrated a significant range of variability (cf. Sheppard, 1993),
with late winter minimum (from ∼17 °C in CN to ∼20 °C in OS
regions) and late summer maximum (33–34 °C). Similarity between

Fig. 2. Seasonal variations of CHL in northern (solid circles) and southern (open circles) open Gulf regions (A) and in northern (solid circles), western (triangles) and southern (open
circles) coastal regions (B); NCEP wind speed over the Gulf (C). Climatology was calculated as monthly medians over 1997–2008; vertical error bars indicate first and third quartiles.
The temporal offset in Panel A was made to help distinguish between the OS and ON time series.
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the SST seasonal patterns in the northern and southern Gulf (as well
as CHL) can be explained by intensive horizontal circulation
throughout the Gulf area. During spring and summer, a cyclonic
overturning circulation is established along the entire Gulf; during
autumn and winter, this circulation breaks up into mesoscale eddies,
laterally stirring most of the Gulf's surface waters (Sadrinasab and
Kampf, 2004).

The seasonal patterns of aerosol optical depth and Ångström
exponents were similar over northern and southern Gulf waters
(Fig. 3). Aerosol optical depth was low during winter (November–
March) and increased during summer with maxima in July and August.
At the sametime,Ångströmexponents showedapronouncedminima in
May–July, when aerosols were dominated by large particles of aeolian
dust (note that this period also coincidedwithmaximumofwind speed;
Fig. 2C). These seasonal patterns are well known for desert areas
including Middle East (Husar et al., 1997). We have to keep in mind,

however, that during intensive winds large-size aerosols over sea
surface (including the Gulf) might result not only from aeolian dust but
also from sea salt aerosols produced by bursting of bubbles formed by
breaking waves and mechanical disruption of wave crests (Mulcahy et
al., 2008; Huang et al., 2009; Lehahn et al., 2010).

The absolute values of aerosol optical depths and Ångström
exponents estimated by MODIS-Terra and SeaWiFS agree only
qualitatively but significantly differ quantitatively, due to large
differences in the processing algorithms, especially cloud screening,
and different wavelengths employed by the two sensors (see Myhre
et al., 2005). The MODIS aerosol product is expected to be more
accurate, although it also shows some artifacts. In particular, the
decrease of T550 in Fig. 3B in June in the northern Gulf coincided with
the period of most intensive dust storms (which mostly affected
northern Gulf), possibly due to some elevated aerosol data mis-
classified as clouds and eliminated.

Fig. 3. Seasonal variations of aerosol optical depth at 865 nm measured by SeaWiFS (A) and at 550 nm measured by MODIS-Terra (B); Ångström exponent at 510 nm measured by
SeaWiFS (C) and at 550 nm measured by MODIS-Terra (D) in northern (solid circles) and southern (open circles) open Gulf regions. Climatology was calculated as monthly medians
over 1997–2008; vertical error bars indicate first and third quartiles. The temporal offset was made to help distinguish between the OS and ON time series.
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4.2. Interannual variability

At interannual scale, CHL anomalies in open Gulf waters were
characterized by a positive trend (Fig. 4A). In 1997–1999, CHL
anomalies were mostly negative; in 2000–2002 and 2007–2008,
positive anomalies dominated. Similar increasing trends were
demonstrated on the basis of SeaWiFS CHL in many coastal regions
of the World Ocean (Kahru and Mitchell, 2008). At the same time, CHL
and aerosol retrievals are known to be very sensitive to radiometric
uncertainties (Gordon et al., 1983; Evans and Gordon, 1994; Ignatov,
2002). As a result, their long-term trends may be affected by small
radiometric changes in SeaWiFS and MODIS. These trends are
irrelevant for this study which concentrates on large-scale year-to-
year variability and therefore are not analyzed here.

Anomalously high CHL was observed in both northern and southern
Gulf regions in summer 2000 (from May to September), when CHL
exceeded the climatic concentration by a factor of 1.5 and in winter

2008–2009 (October–January) in southern Gulf, where CHL was higher
than normal by a factor N3. The bloom in summer 2000 was
characterized by high CHL over the entire Gulf area as well as in the
adjacent Arabian Sea (Patra et al., 2007). In autumn2008, very intensive
bloom started in the Strait of Hormuz and spread to the Gulf along the
Iranian coast (Fig. 5). Harmful algal blooms with fish mortality were
reported in the Iranian (close to the Strait of Hormuz/Hormuzgan),
United Arab Emirates (southern Gulf waters and northern Gulf of
Oman), and the Omani waters (Gulf of Oman) starting September 2008
and continued for several months (ROPME, 2009). Both years 2000 and
2008 were characterized by very low precipitation (Fig. 4B) and high
concentration of large aerosols, i.e., high aerosol optical depth and low
Ångström coefficient (Fig. 6), indicating high concentration of large
aerosol particles, supposedly desert dust, transported by wind over the
Gulf surface. In 1999–2000, low precipitation coincided with higher
than normal NAO index (Fig. 4C). In 2000, lowA550was evident only in
the southern OS region, while A510 exhibited a pronounced minimum.

Fig. 4. Interannual variations of CHL seasonal anomalies (smoothed by 5-month running average) in northern (solid line) and southern (dashed line) open Gulf regions (A);
atmospheric precipitation over the area surrounding the Gulf (22.5°N–35°N; 45°E–57.5°E); North Atlantic Oscillation index (NAO; C) and Indian Ocean Dipole Mode Index (DMI; D).
Note that CHL seasonal anomalies (unitless) represent the ratio between the observed and climatic values.
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In 2008, only A550 (measured by MODIS) was negative, while A510
(measured by SeaWiFS) was positive, which could be attributed to its
low accuracy, i.e., dust storm events masked as “clouds” and eliminated
from the analysis.

We suggest that in 2000 and 2008 low precipitation resulted in
higher than normal dust transport over the Gulf. First, aeolian erosion
in the desert areas surrounding the Gulf was high due to lower than
normal soil moisture (cf. Mahowald et al., 2005). Second, precipitation
is an important process for cleaning the atmosphere of trace
constituents like aerosols through nucleation scavenging and Brow-
nian diffusion or impaction scavenging (Bergametti et al., 1992;
Praveen et al., 2007). At the same time, high aerosol optical depth
during extremely dry periods of 2000 and 2008 could be partly
attributed to fewer clouds, which in turn would lead to better aerosol
sampling of larger optical depth values.

No significant light limitation of phytoplankton growth was
observed in the Gulf. The correlation between phytoplankton biomass
(i.e., CHL anomalies) and PAR anomalies was low and observed only in
the northern Gulf (ON; Table 2). In the southern Gulf (OS), CHL was
not correlated with PAR, indicating that most phytoplankton was
concentrated in the euphotic zone and photosynthesis was not light-
limited, which was noted earlier by Subba Rao and Al-Yamani
(1999a). PAR was close to normal during the blooms of 2000 and
2008 (not shown).

The SST interannual variations were identical in both open Gulf
regions (ON and OS; Fig. 7B), demonstrating intensive horizontal
mixing throughout the Gulf. In 2000 and 2008, SST was close to its
climatological background (Fig. 7B), suggesting that both phyto-
plankton blooms (in 2000 and 2008) were not associated with
intensification of upwelling or vertical mixing of water column. Also,
no significant correlation was found between CHL and wind speed
anomalies. Minor role of the factors associated with water column
stratification indicates other factors regulating phytoplankton growth
in the Gulf and indirectly supports the hypothesis of ocean
fertilization by aeolian dust transport.

The analysis of the entire observed period revealed low but
significant negative correlation between CHL and SST anomalies
(Table 2). This correlation (i.e., simultaneous decrease of SST and
increase of remotely-sensed CHL) may be explained by different

processes. First, the open Gulf waters are well stratified (Sultan and
Elghribi, 1996; Abdelrahman, 1998; Swift and Bower, 2003) and a
decrease in SST looks like a surface signature of vertical mixing and/
or upwelling stimulating phytoplankton growth. Second, low SST
can be associated with increased dust transport, because negative
effect of dust on SST can be explained by attenuation of surface
shortwave radiation (Foltz and McPhaden, 2008). Singh et al.
(2008) pointed out that dust storms are associated with high wind
speed and both factors (dust fertilization and water column mixing)
could work in parallel stimulating phytoplankton growth. Third, in
the Gulf waters, phytoplankton is often concentrated in subsurface
layer (Sheppard, 1993; Subba Rao and Al-Yamani, 1998) and
vertical mixing could transport phytoplankton cells to the surface,
resulting in more intensive CHL signal observed by satellites
immediately after storm event. All three processes would result in
correlation between SST and CHL at a monthly time scale. At the
same time, at daily time scale these processes could be distin-
guished, because phytoplankton growth stimulated by nutrient
input (by either water column mixing or dust deposition) is
expected after a few days (up to 1 week) after the impact (Cropp
et al., 2005; Volpe et al., 2009). The analysis based on daily satellite
imagery would be a focus of our future studies.

In 1997–1999, negative CHL anomalies (Fig. 4A) coincided with
positive SST anomalies (Fig. 7B). The 1998–1999 warm event in the
Gulf followed the 1997–1998 El-Niño event, strongest in the XX
century (McPhaden, 1999), coinciding with high temperature in
western Indian Ocean (see DMI index; Fig. 4D). Significant effect of
this warming on corals was well documented in the Gulf (Riegl, 2002)
and the surrounding ocean areas (Goreau et al., 2000). In the Gulf
area, the warming event was associated with higher than normal
precipitation (Fig. 4B), sluggish wind (Fig. 7A), and lower than normal
PAR (not shown) and CHL (Fig. 4A). Aerosol properties measured by
SeaWiFS (T865 and A510; Fig. 6A, C) indicated low concentration of
large aerosols, supporting the hypothesis of phytoplankton fertiliza-
tion by desert dust deposition.

Additional arguments supporting the hypothesis of dust fertilization
were positive correlation between CHL and aerosol optical depth (T865
and T550) and negative correlation between CHL and Ångström
exponent A550 (Table 2). At the same time, the correlation between

Fig. 5. CHL anomalies (the ratio between monthly and climatic, unitless) observed by SeaWiFS during the blooms in May–September 2000 and November 2008–February 2009. The
grids of 9.28-km resolution were smoothed by 5×5 filter.
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CHL and the Ångström exponent measured by SeaWiFS (A510) was
positive; the latter disagreement can be explained by low (as compared
with MODIS) accuracy of SeaWiFS aerosol measurements (cf. Tanre et
al., 1997; Remer et al., 2005) and contamination of ocean color signal by
absorbing aerosols resulting in overestimation of CHL (cf. Moulin et al.,
2001; Claustre et al., 2002; Ransibrahmanakul and Stumpf, 2006).

5. Discussion

The results of this study suggest that the intensity of aeolian dust
deposition (supposedly associated with iron micronutrient) may play
an important role as a factor regulating phytoplankton variability in
the Gulf. This relationshipwas especially evident on interannual scale:

Fig. 6. Interannual variations of seasonal anomalies (smoothed by 5-month running average) of aerosol optical depth at 865 nm measured by SeaWiFS (A) and at 550 nm measured
by MODIS-Terra (B); Ångström exponent at 510 nm measured by SeaWiFS (C) and at 550 nm measured by MODIS-Terra (D) in northern (solid line) and southern (dashed line) open
Gulf regions.

Table 2
Time-lagged correlations (R) between the seasonal anomalies of CHL (log-transformed; SeaWiFS+MODIS-Aqua) and the seasonal anomalies of PAR, SST, T865, T550, A510, and
A550 in northern (ON) and southern (OS) Gulf regions. Positive time lag means that the environmental variable leads CHL. All coefficients are significant at 95% confidence level.

Parameter Satellite Period ON OS

R Time lag R Time lag

PAR SeaWiFS September 1997–December 2008 +0.265 +7 – –

SST AVHRR+MODIS-Terra September 1997–December 2008 −0.219 +3 −0.211 +3
T865 SeaWiFS September 1997–December 2008 +0.283 0 +0.332 +5
T550 MODIS-Terra February 2000–December 2008 +0.309 +3 +0.418 +6
A510 SeaWiFS September 1997–December 2008 – – +0.331 0
A550 MODIS-Terra February 2000–December 2008 −0.221 +3 −0.216 +3
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two extremely dry periods in 2000 and 2008 were associated with
dense large-particle aerosols and followed by phytoplankton blooms.

Proposing the hypothesis of iron fertilization, we attribute the Gulf
to the regions where phytoplankton growth is iron-limited. Iron
limitation was observed in many ocean regions (Martin et al., 1991,
1994; Coale et al., 1996; Sunda and Huntsman, 1997) and aeolian dust
was indicated as an important source of this micronutrient (Betzer et
al., 1988; Neuer et al., 2004; Jickells et al., 2005; Chase et al., 2006;
Walsh et al., 2006; Chen et al., 2007). Dust fertilization of
phytoplankton growth was illustrated by experiments (Subba Rao
and Al-Yamani, 1999b; Mackey et al., 2007) and direct observations of
phytoplankton blooms following dust storms (Martin et al., 1989;
Guerzoni et al., 1999; Meskhidze et al., 2005; Singh et al., 2008). In
coastal regions, atmospheric deposition of iron can result in harmful
algal blooms (Paerl, 1997; Walsh et al., 2006). Recent studies
demonstrated non-linear effect of aerosols on the growth of different
phytoplankton species: not all aerosols stimulated phytoplankton
growth; some aerosols (e.g., originating from Sahara Desert)
produced toxic effect supposedly associated with high copper
concentration (Paytan et al., 2009). Negative effect of dust on primary
production may also result from light attenuation (Mallet et al., 2009).

In the Gulf, the effect of aeolian dust transport on phytoplankton
growth might be stronger than in other ocean regions, because the
land areas surrounding the Gulf are among the main sources of
aeolian dust in the world (Husar et al., 1997) and iron concentration
in aerosols in this region is comparatively high (Patra et al., 2007).
Previous studies indicated that dust produced in deserts, especially by
the soils in the Tigris and Euphrates basin, is transported by
northwesterly Shamal winds to the Gulf and further to the Arabian
Sea (Husar et al., 1997). Aeolian activity in the southern Iraq and
Kuwait dramatically increased between 1989 and 1992, which was
attributed to the disruption of desert surface due to the Gulf War (Al-
Dabi et al., 1997).

Analyzing the relationship between aerosols and CHL, it is
important to distinguish between the effect of dust fertilization on
phytoplankton growth and the optical effect of dust on CHL retrieval
(cf. “Artifact” hypothesis in Cropp et al., 2005). In this study, we

explore the hypothesis that the observed relationship between
aerosol properties and CHL over the open Gulf waters resulted from
iron fertilization. At the same time, we cannot completely rule out the
possibility that high CHL measured by satellites partly resulted from
the optical effect of dense aerosols. Previous studies demonstrated
that dust and some other aerosols (soot, smoke, air pollution, etc.) in
the atmosphere or in the near-surface water absorb blue light
corrupting remotely-sensed signal and resulting in overestimation
of CHL (Moulin et al., 2001; Claustre et al., 2002; Ransibrahmanakul
and Stumpf, 2006). Positive correlations with zero time lag between
CHL and aerosol characteristics (optical depth T865 and Ångström
exponent A510) derived from SeaWiFS measurements (Table 2) can
be attributed to this effect. However, the blooms in the Gulf did not
coincide with the periods of intensive dust storms but followed them
after a certain time lag, indicating dust fertilization rather than an
“Artifact” in CHL retrieval. This conclusion corroborates well with
previous studies. Claustre et al. (2002) and Volpe et al. (2009)
demonstrated that overestimation of remotely-sensed CHL (by a
factor of 2) occurred mostly in chlorophyll-poor waters, which was
not the case in chlorophyll-rich Gulf. Cropp et al. (2005) rejected the
“Artifact” hypothesis on the basis of the absence of a widespread bias
in SeaWiFS CHL products. Similar conclusion by Erickson et al. (2003)
was based on displacement of the areas of high chlorophyll as
compared to aeolian iron flux due to horizontal ocean transport.

Time lags between aerosols and CHL were observed at both
seasonal and interannual time scales. Seasonal cycle of aerosol size
spectra (A510 and A550) indicated maximum concentration of large
particles in May–July, supporting the earlier observations that dust
transport to the Gulf was strongest in early summer (Subba Rao and
Al-Yamani, 1999b); elevated CHL was observed from September to
February. During bloom events in 2000 and 2008, the aerosol
properties characterizing intensive dust storms were observed in
spring and early summer; at the same time, the phytoplankton
blooms were observed later: during the summer–autumn of 2000 and
the autumn–winter of 2008/2009. Previously, time lags between dust
fertilization and phytoplankton blooms were shown in numerical
experiments with different spatial patterns of dust deposition in the

Fig. 7. Interannual variations of seasonal anomalies (smoothed by 5-month running average) of wind speed (A) and sea surface temperature (B). Wind over the entire Gulf area; SST
in northern (solid line) and southern (dashed line) open Gulf regions.
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Arabian Sea (Wiggert and Murtugudde, 2007) and satellite observa-
tions in the Mediterranean Sea (Guerzoni et al., 1999). In the Gulf,
time lags between dust and CHL were observed during various
seasons and could not be attributed to seasonal effects demonstrated
in other ocean regions, including the Red Sea and Mediterranean
(Herut et al., 2002; Markaki et al., 2003; Chen et al., 2007), where, in
contrast, maximum effect of aeolian dust deposition on phytoplank-
ton growth was observed during summer–autumn season, when
water column was stratified and the contribution of nutrients from
deeper layers was reduced.

The seasonal cycles of wind speed and CHL in the open Gulf waters
do not correlate, indicating that wind mixing is not the primary factor
regulating phytoplankton growth. The seasonal cycle of CHL was
characterized by maximum in winter (November–February) and
minimum in spring (April). Prima facie, this cycle looked like a
nutrient-limited seasonal pattern typical to subtropical ocean, where
phytoplankton biomass is negatively correlated to stratification
enhanced by summer solar heating (resulting in sharp pycnocline
and nutrient limitation) and eroded in winter by surface cooling and
wind mixing (Longhurst, 1995). The effect of winter mixing on CHL
was described by Levy et al. (2007) in the northern part of the Arabian
Sea adjacent to the Gulf, where two seasonal maxima of comparable
amplitude were observed: summer bloom driven by upwelling-
favorable southwesterly monsoon and winter peak resulting from
vertical mixing driven by northeasterly monsoon. However, in
contrast to the Arabian Sea, the Arabian (Persian) Gulf is characterized
by the absence of conventional biological seasonality. Previous studies
in the Gulf (Sultan and Elghribi, 1996; Abdelrahman, 1998; Swift and
Bower, 2003) indicated strong pycnocline (especially in its southern
part in summer) resulting from both insolation of the surface and
concentration of dense saline water in the bottom layer. In winter–
spring, strong winds over the Gulf surface result not only in deepening
of the upper mixed layer, but also stimulate deep mixing resulting
from lower humidity and higher evaporation rates as compared with
summer–autumn (Swift and Bower, 2003). However, these variations
in wind speed do not affect CHL seasonal cycle, in contrast to adjacent
deep ocean regions like the northern part of the Arabian Sea (cf. Levy
et al., 2007). On the basis of small role of windwe hypothesize that the
factor stimulating phytoplankton growth in the Gulf is aeolian dust
transport which maximum in late spring–early summer triggers the
growth of phytoplankton biomass.

The seasonal minimum of CHL in April may result from the
seasonal maximum of Indian Ocean Surface Waters (IOSW) inflow
into the Gulf (Swift and Bower, 2003). The productivity of these
waters depends on upwelling in the Arabian Sea driven by monsoons,
with minimum in winter–spring and maximum in summer–autumn.
As such, the productivity of IOSW in April is still comparatively low
and their influx can decrease CHL in productive Gulf waters. IOSW
have salinity significantly lower than the Gulf waters they overflow.
This vertical salinity gradient results in enhanced stratification (Swift
and Bower, 2003), which can, on the one hand, contribute to nutrient
limitation of phytoplankton growth and, on the other, confine vertical
distribution of phytoplankton to deep subsurface maximum (Rey-
nolds, 1993; Subba Rao and Al-Yamani, 1998), resulting in low
remotely-sensed CHL.

One more argument indirectly supporting iron hypothesis is the
fact that IOSW flowing into the Gulf are rich in phosphates but poor in
nitrates (Brewer and Dyrssen, 1985). As such, they provide a good
environment for diazotrophs (e.g., Trichodesmium spp.) that fix
atmospheric nitrogen and have higher than other phytoplankton
groups iron requirements (e.g., Walsh et al., 2006) thus increasing the
effect of iron deposition on phytoplankton growth. This suggestion,
however, should be supported by field data.

The differences between the magnitudes of the phytoplankton
blooms in 2000 and 2008 could be attributed to the differences in
aerosols. The bloom in 2008 was more extensive as compared with

2000. Most noticeable difference between the aerosol characteristics
in 2000 and 2008 was Ångström exponent, which was low in 2000 but
close to normal in 2008 suggesting that in 2008 aerosol particles were
smaller than in 2000. Previous studies demonstrated that fine-mode
aerosols tend to yield larger iron solubilities than coarse mode
aerosols (Mahowald et al., 2005), which might have been the case in
2008. Solubility (and resulting bioavailability) of iron varies in
different aerosols, dramatically increasing due to atmospheric
processing (see Mahowald et al., 2005). In particular, an important
factor affecting iron solubility (dissolved iron fraction) is dust
acidification by sulfuric acid emitted to the atmosphere from both
natural and anthropogenic sources (Meskhidze et al., 2005). Natural
sources (∼20%) include volcanic emissions and oxidation of biogenic
dimethyl sulfide from the ocean; anthropogenic sources (∼80%)
include industrial emissions (especially metal production), liquid and
solid fossil fuel combustion, biomass burning, and aircraft exhaust
(Koch et al., 1999; Chin et al., 2000; Tegen et al., 2000).

It is possible that in 2000 and 2008, aerosols originated from
different sources. This hypothesis is based on the differences in
aerosol properties and NAO climatic index, high in the beginning of
2000 and low in mid-2008. During positive NAO, the mid-latitude
westerly winds over the North Atlantic are strong and the storm
tracks over western Eurasia are shifted northward (Rodionov, 1994).
The decrease of precipitation in 2000 (but not in 2008) could be
associated with these large-scale atmospheric circulation changes
typical to positive NAO extreme. Low precipitation in 2008 was
associated with negative NAO extreme, resulting in southward shift of
storm tracks over Europe. In the Gulf area, this weather pattern was
characterized by low wind. Another climatic cycle regulating
precipitation over the western Indian Ocean is DMI, which positive
extremes coincide with higher than normal SST and precipitation
(e.g., 1997/1998 and 2006/2007). At the same time, in 2000 and 2008,
when precipitation around the Gulf was low, DMIwas close to normal.

Analysis in this paper was based on monthly Level 3 CHL satellite
data processed at GSFC using standard algorithms. In the Gulf (as well
as in similar coastal regions), remotely-sensed CHL is subject to
substantial flaws, which should be addressed in future ocean color
algorithms.

A significant part of the Gulf is covered by shallow waters with
optical properties affected by bottom reflection. Processing satellite
imagery collected over these waters, specific algorithms removing the
bottom effect (e.g., Cannizzaro and Carder, 2006) should be used.
Another source of data corruption is absorbing aerosols; the potential
method of data correction is a spectral-matching algorithm (e.g.,
Banzon et al., 2004) increasing chlorophyll data recovery in areas
otherwise masked by standard processing.

Remotely-sensed CHL and aerosol properties indicating aeolian dust
transport should be compared to field data. Also, aerosol data collected
by different satellites should be used, including Total Ozone Mapping
Spectrometer (TOMS) Absorbing Aerosol Index (Torres et al., 1998).

Finally, future studies of phytoplankton variability in the Gulf
and other regions affected by aeolian dust transport should be
based on detailed analysis of the events documented by field data
and satellite imagery of high spatial and temporal resolution.
Similar studies in other regions (e.g., Meskhidze et al., 2005; Singh
et al., 2008) revealed the patterns of phytoplankton blooms
following dust storms indicating that under certain local conditions
dust (iron) fertilization could be a significant factor regulating
ocean productivity.

6. Conclusions

Seasonal and interannual variability of remotely-sensed chloro-
phyll in the Arabian (Persian) Gulf can be explained by local
meteorological and oceanographic factors, including vertical stratifi-
cation, precipitation, and aeolian dust transport. The periods of low
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precipitation in 2000 and 2008 coincided with aerosol properties
indicating elevated level of dust deposition over the Gulf surface and
resulted in phytoplankton blooms in the open Gulf waters. Dust
fertilization was suggested to be an essential factor regulating
phytoplankton growth in the Gulf.
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