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Abstract: Algal blooms in the marginal productive seas of the Indian Ocean are projected to become
more prevalent over the coming decades. They reach from lower latitudes up to the coast of the
northern Indian Ocean and the populated areas along the Arabian Gulf, Sea of Oman, Arabian Sea,
and the Red Sea. Studies that document algal blooms in the Indian Ocean have either focused on
individual or regional waters or have been limited by a lack of long-term observations. Herein, we
attempt to review the impact of major monsoons on algal blooms in the region and identify the most
important oceanic and atmospheric processes that trigger them. The analysis is carried out using a
comprehensive dataset collected from many studies focusing on the Indian Ocean. For the first time,
we identify ten algal bloom hotspots and identify the primary drivers supporting algal blooms in
them. Growth is found to depend on nutrients brought by dust, river runoff, upwelling, mixing, and
advection, together with the availability of light, all being modulated by the phase of the monsoon.
We also find that sunlight and dust deposition are strong predictors of algal bloom species and are
essential for understanding marine biodiversity.
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1. Introduction

Algal bloom events have been frequently witnessed in the marginal productive seas in
the North Indian Ocean (NIO). Intense blooms have likely always occurred in the Arabian
Sea, with the first reported sighting being in 1908 [1], and have occurred in the Sea of
Oman in 1976 [2], in the Arabian Gulf in 1987 [3], and in the Red Sea in 1944. Algal blooms
detected between 1961 and 1970 were mainly observed in the southern Arabian Sea off
the western coast of India. However, over time, blooms have become more widespread
and have been reported off the coasts of Oman and Pakistan between 1971 and 1980 [4].
Although their frequency appeared to decrease between 1981 and 1990, the subsequent
two decades (1990-2010) witnessed numerous blooms in all regions. In addition, they have
occurred in different seasons over the years. Algal blooms in early decades (1961-1970)
were typically spotted in the spring season (March-May), but in the following decade
(1971-1981) appeared in the summer (June-August). However, thereafter (1981-2010), they
occurred across all seasons—see Appendix A Figures A1-A4.

The aforementioned recent upward trend in the intensity of algal blooms appears to
be strongly tied to the strengthening of northeast and southwest monsoons (NEM and
SWM, respectively) in the last 15 years [5]. Monsoons cause reverse ocean circulation
patterns [6], stronger upwelling events, increased precipitation, and winds blowing and
depositing large amounts of flying aerosols in the region, which increase the absorption
of solar radiation [7]. These aerosols have proven to be favorable nutrients [8] for algae,
in addition to the anthropogenic nutrients” sources such as ballast water and wastewater
from shipping. This increases productivity in the NIO and causes algal blooms.
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In addition, the waters of the NIO possess high salinity (>40 psu), caused by extreme
evaporation over the waters of the Arabian Gulf and Red Sea, which ultimately flow into
the Arabian Sea. Ocean temperatures are also warm, being surrounded by desert and
isolated from the cooling influence of higher latitudes [6]. These make the NIO possess
favorable ranges of salinity and temperature for various types of algal species.

The types of species comprising these algal blooms have also shown spatial and tempo-
ral variabilities. The biota that make up these blooms are dominated by dinoflagellates and
cyanobacteria which appear to spread from lower latitudes. Common genera of dinoflagel-
lates and cyanobacteria are also present, such as Noctiluca, Cocholdinium, Trichodemimums,
and Gonyalux. Other genera, such as Phaeocystis and Karenia, have appeared inside the
Arabian Gulf in recent decades.

To the best of our knowledge, there is no study that characterizes the distribution of
algal blooms and their exact reasons for occurrence in the NIO region. Here, we investigate
the role of major monsoons (NEM and SWM) on algal blooms in the NIO (Figure 1)
and identify the most important oceanic and atmospheric processes that trigger them.
We evaluate the competing effects of upwelling, sunlight, and dust deposition and their
geographic variability. A comprehensive dataset of algal blooms in the NIO is brought
together. In addition, this dataset is complemented with satellite images of algal bloom
events as well as microscopic images of some of the species collected during algal bloom
events in the Arabian Gulf in February 2016 and the Sea of Oman in March 2013. Thus, we
are able to identify ten bloom hotspots, each of which has unique features supporting their
growth and biological composition, which are seen to depend on local meteorological and
oceanographic conditions modulated by monsoons.
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Figure 1. Bathymetric map of the northern Indian Ocean including the Arabian Sea, Sea of Oman,
Arabian Gulf, and Red Sea. The Arabian Sea is the deepest with water depth >4 km, indicated by the
dark blue, and the Arabian Gulf is the shallowest with water depth <100 m, indicated by the light
green color. The circles show the hotspots of the algal blooms in the NIO. The red circle represents the
algal blooms that commonly occur during the SWM, and the blue circle represents the algal blooms
that happen during the NEM. The numbered circles indicate the regions of ten algal bloom hotspots
(from 1 to 10).
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2. Background: Northern Indian Ocean (NIO)

First, we review the general geographic, oceanographic, and atmospheric properties
of the NIO, referring to Figure 1. The Red Sea is the westernmost part of the NIO running
between Asia and Africa. The Arabian Peninsula separates the Red Sea from the Arabian
Gulf. The latter is bordered by Saudi Arabia to the southeast, the United Arab Emirates
(UAE) and Qatar to the south, Kuwait and Iraq to the northwest, Iran to the north, and
part of Oman to the east. The Arabian Gulf is connected to the Arabian Sea by the Sea of
Oman, which borders Iran and Pakistan on the north and Oman to the south, with the UAE
to the west.

Despite the proximity of these waters, geographical boundaries dramatically affect
the renewal rate of these sub-regions. The waters of the Arabian Sea have the longest
residence time (~8 years, [9]), followed by the Red Sea (~4.8 years, [10]) and the Arabian
Gulf (~3 years, [11]). These differences are partly a consequence of the differences in
the surface areas of the respective basins: the Red Sea has the smallest surface area of
0.4 million km?, compared to the Arabian Sea with a surface area of 3.8 million km?. The
Arabian Sea is the deepest sub-region with a maximum depth of 4 km, whilst the Arabian
Gulf is the shallowest with a maximum depth of 90 m.

The geographical features described above and the northern Asian border significantly
affect the atmospheric and oceanic circulation patterns of the region. There is a pronounced
annual cycle of differential heating and cooling between the Indian Ocean and the Eurasian
Continent inducing pronounced migrations of the Inter-tropical Convergence Zone [12]
and monsoonal seasonality peaking during June-September (SWM) [13] and December—
April (NEM) [12]. These two phenomena are the primary drivers of atmospheric (air
temperature, rainfall, and dust storms) and oceanic cycles (water circulation and upwelling)
of the region.

During an NEM, the wind is focused over the western Arabian Sea with speeds
between 4 and 8 m s~ ! [12,13]. During an SWM, the winds are southwesterly and more
intense with a speed of 8-12 m s~! and extend over the major part of the Arabian Sea [12].
These winds cause a significant drop (~2 °C) in the sea surface temperature (SST) of the
Arabian Sea [14], and a smaller drop (0.5-1 °C) in that of the Sea of Oman [15] during
the SWM season. However, during an NEM, winds cause a drop of 0.9 °C in SST in both
regions [16]. As a result, the annual SST ranges from 23 to 29 °C during an SWM and
23-27.7 °C during an NEM in these regions. In contrast, Red Sea and Arabian Gulf waters
are less affected by SWMs and NEMs. In the Red Sea and Arabian Gulf, the summertime
SST reaches 31 °C [15,17] and 32 °C [15], respectively, whereas in the wintertime, the Red
Sea SST reaches 20 °C [17], and that of the Arabian Gulf reaches 17-19 °C [15,18,19]. This
drop in SST causes a dramatic decline in the evaporation rate from ~0.7 cm-day ! (summer)
to ~0.3 cm-day ! (winter) in the Arabian Sea [20-22]. Evaporation exceeds precipitation in
the region, causing a negative water balance [21], despite heavy rainfall during SWMs [12].
The high evaporation—precipitation ratio causes generally high-salinity water masses in
the Arabian Sea region, reaching extremes in the Arabian Gulf and Red Sea, where salinity
can exceed 45 psu. The highly saline water masses flow from the Arabian Gulf and Red
Sea into the Arabian Sea [13] and cause high salinity in the upper surface layer (~36.5 psu)
during an NEM. Some of the highly saline water masses sink to depths of 200400 m in the
Arabian Sea, where salinity can exceed 36 psu [13].

Water masses circulate under the influence of monsoonal variability constrained by
geography, as mentioned earlier. NEM wind causes counterclockwise circulations and cools
the surface waters, causing deep convective mixing, whereas SWM wind causes clockwise
circulations and upwelling in the Arabian Sea. At the same time, waters are driven into
and out of the Sea of Oman, the Arabian Gulf, and the Red Sea steered by boundaries, with
gyres being found in the eastern part of the Sea of Oman, the central southern and northern
Arabian Gulf, and in the southern and northern Red Sea [23], as shown in Figure 2.
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Figure 2. The major dominant physical oceanic features: upwelling, mixing, and advection that occur
in the north Indian Ocean during NEMs and SWMs. Strong upwelling is indicated by the darker
green color, while the weak upwelling is indicated by the light green colors. Mixing is represented by
the blue wavy lines; the dark blue lines represent strong mixing, and the light blue lines represent
weak mixing. Advection is shown by the black arrows, which illustrate the direction of the horizontal
flow. The high sunlight radiation coverage is also represented during NEMs and SWMs. Monsoonal
winds are shown with the blue arrows: northeasterly during SWMs and southwesterly during NEMs.

As for the biogeochemical properties, there are two distinct periods of high biological
activity that emerge as a result of the semiannual wind reversals associated with the
monsoon phenomenon. Although monsoon forcing leads to increased rates of primary
productivity during both summer and winter monsoons, the entrainment mechanisms
are fundamentally different during summer (southwest) and winter (northeast). During
an SWM, horizontal advection, wind-driven entrainment, and upwelling are the primary
sources of nutrients for offshore phytoplankton blooms. In addition, aeolian deposition also
helps regulate phytoplankton blooms offshore. During an NEM, however, the direction of
the wind causes downwelling, while the temperature and relative humidity of the northeast
winds generate deep convective mixing [24,25]. The exact regional factors, as well as the
seasonal and geographical distribution of algal blooms in the NIO, remain unclear. In
particular, the relative importance of the role of nutrients (e.g., nitrates, phosphorus, silica,
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and iron) from coastal rivers, non-localized coastal sources, or atmospheric deposition in
initiating and/or sustaining these differing species remains unclear. Thus, we now go on
to further discuss the mechanisms that have been proposed to explain blooms in the NIO,
in an attempt to identify the most important factors that regulate their spatial and temporal
distribution and the algal species that make them up.

3. Data and Methods

e  Search strategy and data extraction

The keywords of ‘algal blooms’, ‘red tide’, “pollution’, ‘outbreak’, and “phytoplankton’
were used in the Scopus engine to identify the key publications on algal blooms in the
NIO. Full texts of potential articles were retrieved and assessed independently. A standard
data extraction form was developed a priori and refined according to the data extracted.
The types of data extracted included: study geographical locations; year and season
(date) of the algal blooms outbreak; types of algal species detected; findings and the
reported chlorophyll-a (Chl-a: proxy of algal concentration); cell counts and the associated
environmental parameters. Chl-a exceeding 5 mg m~2 indicates the presence of algal
blooms. Key missing data items were managed by contacting study investigators where
possible. Full texts were exported into Endnote, and a database was created in Excel.

e  Mapping the frequency of algal blooms

The geographical coordinates of the algal outbreaks and types of species along with the
dates of incidents were imported to the geographic information system application called
‘QGIS’. QGIS heat maps were produced by calculating the average frequencies of points
within a certain radius of a given point. These heat maps can represent the frequency of the
monthly algal bloom outbreaks and the seasonal spatial distributions of the algal species
mapped over the NIO region. These provide a visual representation of the distribution of
algal blooms.

e  Satellite data acquisition

To support the data extracted from the articles and to understand the relation between
the algal bloom events at varying dust levels and light conditions, Level 1A satellite
images of algal bloom outbreaks were retrieved from the NASA Ocean Color site at
https://oceancolor.gsfc.nasa.gov/, accessed on 10 January 2022. These satellite images
include the Moderate Resolution Imaging Spectroradiometer (MODIS), Visible Infrared
Imaging Radiometer Suite (VIIRS), and Sea-Viewing Wide Field-of-View Sensor (SeaWiFsS).
The images cover the regions in the NIO where the algal bloom events occurred at specific
dates that are discussed in Section 7. The image processing package called the SeaWiFS
Data Analysis System (SeaDAS) was used to process the Level 1A images into Level 2
and to calculate the following parameters: chlorophyll-g, true color imagery, the marine
dust level (aerosol optical thickness: AOT), and Photosynthetic Active Radiation (PAR).
More details about satellite image processing can be found elsewhere [26]. The processed
parameters were then mapped using the Universal Transverse Mercator (UTM) cylinder
projection system for the allocation of the algal bloom outbreaks, dust levels, and solar
radiation. In addition, the monthly Level 3 climatology MODIS Chl-a data for the period
between 2002 and 2021 were obtained for the two seasons (i.e., NEM and SWM). These
data were used to extract the maximum Chl-a values for each season, which were then
employed in the identification of the highly productive areas.

e  Samples Preparation for SEM images of species

In an effort to provide a morphological representation of some algal bloom species
collected in the NIO during the bloom outbreaks, we obtained images using a scanning
electronic microscope (SEM). To obtain high-quality microscopic images, 200-1000 mL of
algal bloom seawater samples was filtered and fixed for 24 h with Lugol (20%) after being
filtered with 0.45 um (pore size) GF/F filters. Additionally, the samples were washed three
times with distillated water, and they were dried with a freeze-dryer afterward. The sample
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was mounted on a metal stub and coated with gold in order to prevent charge buildup
on the sample surface before being plugged under an SEM. The samples were obtained
by the Ministry of Environment and Climate Change (MOCCAE) in the UAE in order to
monitor the water quality along the Arabian Gulf and Sea of Oman, indicated as hotspots
3 and 7 (Figure 1).

4. Exuberant Growth of Algae

Generally, the most critical parameters which promote algae (phytoplankton) growth
are nutrients, light, salinity, and temperature [27]. The NIO possesses annual means of
salinity and SST between 34 and 38 psu and 16 and 30 °C, respectively, which are similar to
50% of the world’s oceans. However, the NIO is more productive in algal growth. What
makes the NIO more conducive to blooms, especially at the ten hotspots, is the high nutrient
supply and intense light levels. These two parameters are controlled by monsoonal winds
(SWM and NEM), which lead to increased nutrient supply to the surface ocean where there
is an abundance of light. In addition to these natural processes occurring in the Arabian
Sea, the Arabian Gulf and the Red Sea receive extra nutrients from anthropic sources. In
this section, we discuss nutrients and light supply in the region and associated processes.

4.1. Nutrients

The Arabian Sea (eastern NIO) is divided into two zonal bands by the 10°S parallel:
nutrients are low in the south and high in the north [28]. While the Red Sea is considered
to be an oligotrophic region, the Sea of Oman and the Arabian Gulf have varying nutrient
levels [29]. This spatial variability is caused by the natural nutrient level typical of the
abyssal ocean, modulated by the variability of nutrient levels due to external sources such
as river runoff, dust storms, and anthropogenic sources. Several rivers flow into the Arabian
Sea and Arabian Gulf, whereas there is no river runoff into the Red Sea [30] and the Sea
of Oman. Of the rivers, the Indus is the largest, passing through India and Pakistan at an
average rate of more than 4000 m3 s~! [31] into the northern part of the Arabian Sea. The
smaller Lyari river runs from Pakistan with a lesser flow of 1440 m?3 s~1 [4]. Furthermore,
four rivers—the Shatt Al-Arab, Hendijan, Hilleh, and Mand, in Iraq and Iran—provide
a continuous water influx into the northern part of the Arabian Gulf. River discharge
varies seasonally: for example, the Indus river has its largest increase during summer and
decreases during winter [31], whilst the Shatt Al-Arab has the opposite trend [32]. These
rivers provide a continuous supply of nutrients to the coastal region: during NEMs, winds
at the Indus river (northern Arabian Sea) push the river surface water downstream, which
increases the ebb at the surface and the export of nutrients (nitrate, nitrite, phosphate,
silicate, and ammonium) to the coast. These are then transported south by a longshore
current [33]. Meanwhile, the Shatt Al-Arab, which is an extension of Tigris and Euphrates
rivers, enriches the northern part of the Arabian Gulf with nitrogen or phosphorus [32].
These rivers have depleted flow rates, falling from more than 2000 to 500 m3 s~ 1, caused
by the industrial infrastructure of dams in Turkey and Iran [32]. Therefore, these river
discharges have contributed to the algal blooms in the hotspots 3 and 8 in the Indus
river and Shatt Al-Arab, as shown in Table 1 and Figure 1, and this is discussed further
in Section 6.

Dust storms are the second ‘exterior’ source of nutrients. They are very frequent in the
Arabian Sea and its adjacent waters, where dust activity is common from February until
August [34]. Dust is deposited over the ocean, especially during heavy SWM rainfall [35].
Dust storms peak in the northwest region, causing thick, extensive dust plumes at an
altitude of 34 km in the Arabian Gulf, the Red Sea, and the Sea of Oman during NEMs.
The emission rates of dust can reach 2.4 Tg day ! [36], which is 5-6 times higher than that
reached during SWMs [37]. This is due to cold fronts associated with cyclones entering
with eolian dust levels exceeding 100 mg m~> (off Kuwait waters) [38]. However, the
dust levels reach their peak in the eastern part of Arabian Sea during SWMs due to
diurnal heating, turbulent mixing, and strong winds coming mainly from the northwest
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(Shamal) or over the mountain in northeastern Somalia [37-40]. The Sahara is the source of
these dust/aerosol particles for the Arabian Peninsula and the Red Sea, with an annual
contribution of 60-200 x 10° tons of soil dust. This accounts for 50% of the total global dust
emissions in the troposphere [38,41]. Dust is found to be one of the main causing factors of
algal blooms in the Red Sea during an NEM (hotspots 9 and 10) as well as the Arabian Gulf
(hotspots 7 and 8) (Table 1 and Figure 1).

Table 1. Atmospheric and oceanic features associated with algal bloom events in each of the

ten hotspots.

. SWM NEM
Region Location
Months Cause Months Cause
1 August-November Upwelhng and
advection
Upwelling and
August-September weak winds Northward advection
4 October . May
November Upwelling of blooms
Mixing
Advection of nutrients from
Arabi Oman and solar radiation
rabian . . May Mixing (entrainment
Sea 5 June Mlxmfu(; ?;;igment November nutrients)
December Mixing and advection of
nutrients from
Arabian coast
. Highest solar radiation,
2 October Southward e.advectlon February-May southward advection of
of nutrients . .
nutrients, and strong wind
Upwelling and effects Wind, northward advection,
3 October-Dec of the Indus river February-May and effect of Indus river
Sea of Advection from Upwelling, solar radiation,
Oman 6 Aug-October Arabian Sea and January-April northward advection,
upwelling and dust storms
Solar radiation, wind Advection from Sea of
7 October-November and dust storms, and January-May Oman, dust storms, and
Arabian warm air temperatures warm air temperatures
Gulf Dust storms and Low wind, stable water
8 June-August organic nutrients March-May column, and discharge of
Shatt Al-Arab
Northward advection
9 June-August of putnents, February-Mar Upwelling, wind,
upwelling, and solar and dust storms
Red Sea radiation
10 February-Mar Upwelling, wind,

and dust storms

In addition to the natural nutrient sources mentioned above, nutrients can also be
found in coastal industrial waste. Due to the rapid economic and population growth in
countries surrounding the Arabian Sea and the industrial development of coastal regions,
the coastal ecosystem has been affected and has changed considerably during the last
few decades. Coastal industrial activities (industrial effluent, ship waste, and coastal
reclamation) are described in Table 2. The industrial effluents set out in Table 2 can
enrich the nutrients and constituents of the NIO waters because they contain significant
organic matter (sewage) [42,43], inorganic matter [44], heavy metals (e.g., Zn, Cu, Co, Pb,
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and Cd) [45], and hydrocarbons [46]. Coastal infrastructure constructions can cause the
formation of relatively large, semi-closed, shallow lagoons with high eutrophication [47]
and the removal of coastal mangroves, which are essential for the filtering of nitrates and
phosphates carried away by streams to the sea [48,49]. The blooms in the northern Red Sea
and in the Arabian Gulf coasts are predicted to be caused by coastal discharges near the
industrial zone of the UAE, and Bahrain in the northern Red Sea area (Table 2).

Table 2. Anthropogenic influences on the NIO.

Anthropogenic Activities

Examples Ref.

Brine discharge, a high salinity by-product of desalination which can
reach 800,000 m3day . [50,51]

Industrial effluents

Pollutants from oil refineries and offshore oil operations in the Arabian
Gulf. More than 20 oil spills have been detected along the Egyptian [52,53]
Red Sea since 1982.

General industrial and sewage effluent along the coasts of the Arabian

Sea stretching from Karachi City via the Lyari river, the northern

Arabian Gulf from the industrial zones of Bandar Abbas and Qeshm

Island (Iran), the northern Strait of Hormuz, Kuwait, the southern [4,42,43,46,54-57]
Arabian Gulf from the industrial zone of UAE, and Bahrain in the

northern Red Sea area (e.g., along Jeddah-Saudi Arabia).

Ship waste

Billions of tonnes of ballast water, brought to the region by thousands

of cargo ships and oil tankers, bring new bio cells into the region.

Spilling of shipped chemicals (e.g., phosphate) during the loading [3,43,53,58]
process in coastal ports which enrich the water and form plumes of

suspended sediments and turbidities (e.g., the northern Red Sea).

Reclamation and urban
coastal projects

More than 40% of the Arabian Gulf coast has been developed with
artificial islands, waterfront cities, ports, and marinas. [46,48]
Reclamation of the northwestern part of the Red Sea.

4.2. Sunlight

The intensity and duration of sunlight (shortwave solar radiation with a wavelength
<700 nm) is another significant factor regulating algal growth [59]. Its substantial control of
ocean biological process is described in Table 3. The NIO represents a region of exceptionally
intense solar irradiance, which is sensitive to weather conditions [59]. Typically, the
strongest sunlight over the Arabian Sea and the Sea of Oman is received in NEMs.

Table 3. The effect of sunlight on NIO waters.

Sunlight Effect

Influence Ref.

Photosynthetic fixation

- Affects rates of algal photosynthetic fixation of inorganic carbon to
organic matter in which phytoplankton absorb solar radiation in the [59,60]
spectral range between 350 and 700 nm during photosynthesis (PAR).

Surface mixed-layer depth

- Affects the depth of the surface mixed layer where intense (low) solar
radiation results in highly stratified (oligotrophic) and shallow (~30 m) [61]
(deep) layers.

Temperature profile

- Cooling or heating the water column depending on light intensity. Less
than 2% of shortwave radiation is absorbed by photosynthetic
processes, whilst the remainder is converted to heat and can penetrate [59,62]
below the mixed layer.
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The Arabian Sea receives a maximum solar radiation of 320 W m~2 during
April-May [61,63] and more than 280 W m ™2 in the Sea of Oman in May [60]. Lower
levels of sunlight are received during SWMs compared to NEMs, since light levels decrease
by about 100 W m~?2 from a spring peak in the Arabian Sea [61,63]. However, the Arabian
Gulf experiences a different surface pattern, similar to that of the North Atlantic, in which
shortwave radiation at the ocean’s surface reaches its maximum during SWMs (June-July:
~290 Wm~?2) and its minimum during NEMs (December—January: ~140 W m~2) [64]. These
different sunlight patterns over the Arabian Sea and the Sea of Oman are due to the effect
of seasonal monsoons, which strongly influence cloud cover [59]. SWMs are associated
with an increase in deep convective cloud cover over the Arabian Sea, especially during
late May and early June [60]. Such clouds reflect a large fraction of the solar radiation,
which thus decreases the shortwave radiation incident at the surface of the ocean [65]. In
contrast, northeast monsoons are characterized by clear skies, which result in high levels of
incoming solar radiation making it through to the surface in the Arabian Sea and the Sea
of Oman [63].

In contrast, the Arabian Gulf and the Red Sea do not experience such a strong monsoon
climate and instead follow the typical seasonal cycle of higher cloud convergence during
winter and less during the summer.

In addition to the effect of clouds, natural aerosols (dust) and industrial aerosols
(biomass burning and black and organic carbon) have a marked effect on the solar radiation
reaching the surface of the Arabian Sea and its adjacent waters [59]. Along with the
significant role of aerosols in adding nutrients to the ocean, aerosols also absorb and scatter
solar radiation [66,67], and so can affect the growth of cloud droplets [35]. This can cause a
large reduction in the solar radiation at the Earth’s surface in the Arabian Sea.

It should be noted that:

(1) Dust particles decrease photosynthetically active radiation (PAR) [68] at the sea surface
by shielding light which leads to cooling, an effect that can reach 100 W m~2 [36];

(2) By depositing iron, phytoplankton growth is increased, leading to the formation
of Dimethylsulfoniopropionate (DMSP) that, when degraded to dimethyl sulphide
(DMS), can lead to acidic sulphate aerosols [69]. Aerosols can reduce the shortwave
radiation arriving at the surface by 21 W m~2 and increase top-of-the-atmosphere-
reflected radiation by 18 W m~2 during March-April [70];

(3) Anthropogenic aerosols have caused a 20 W m~2 (10%) fall in solar radiation over the
Arabian Sea during the period 1950 to 2000, due to the 3 km thick layer of pollution
over the northern Indian Ocean (south India) [71,72]. This must certainly affect
ocean productivity and the types of marine organisms that are found in the NIO. For
example, during SWMs, solar radiation is prominent in the Red Sea (hotspots 9 and
10), Arabian Gulf (hotspot 7), and Sea of Oman (hotspot 6). However, during NEMs,
solar radiation is prominent in the Arabian Sea (hotspot 5).

5. Transport of Algae and Nutrients

The supply of nutrients and intense solar radiation cause larger blooms with more
biomass in the NIO compared to other oceans. The algal blooms and nutrients, wherever
originated, tend to travel and spread into new regions. Thus, some of the hotspots receive
blooms from other regions, while the other hotspots are the sources of blooms. In their
transport and spread, algal blooms can either sustain their growth or perish on their way,
depending on whether the evolving conditions are conducive for growth. This migration
of algae and nutrients can occur in two main ways: (1) vertically in the water column or
(2) horizontally by advection. Vertical transport is localized in nature, whereas horizontal
transport connects geographical regions. The latter two-dimensional transport method is
driven by strong jet-like winds, which can persist for 3 months or so over large areas [28].
The resultant curl of the wind stress and associated Ekman pumping drive strong vertical
motion (upwelling and convective mixing) and horizontal (advective) processes [28]. These
in turn change the physical and chemical environment [73], which can occasionally result
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in large concentrations of phytoplankton. The key relevant processes are shown in Figure 2
and described as follows:

5.1. Upwelling

During SWMSs, winds can induce prolonged strong coastal upwelling in the north-
western Arabian Sea during May [28] along the coasts of Somalia, Oman (the southern
Arabian Peninsula) [28,54,74], and along the Indian coasts [25], and weak upwelling along
the coasts of Pakistan, Iran [25,54,74], and the northern Red Sea (Gulf of Aqaba) [75,76].
At the same time, Ekman suction induces upwelling in the southern Red Sea (the Gulf
of Aden) [74,77,78]. Such coastal upwelling regions can be very extensive off the coast of
Arabia, exceeding 750 km or so and up to 50 km offshore [28,74,79]. Meanwhile, weaker
open-ocean upwelling events occur in the northwestern Indian region [28], affecting 400 km
of shoreline to a depth of 50 m or so [74], which can last for several months [28]. Upwelling
is considered to be the dominant process promoting blooms in the NIO [25,28,76,80], espe-
cially coastal upwelling, which plays a larger role in controlling phytoplankton dynamics
than had been previously thought of [73,76]. Upwelling typically: (i) reduces the mixed-
layer depth and can make it much shallower, (ii) supplies nutrients (phosphate, nitrate, and
silicate) into the mixed layer, drawing up water from depths of 50 to 100 m [25,28,81], (iii) af-
fects the composition of nutrients, especially nitrogenous nutrients, [82], and (iv) affects sea
temperature through the injection of colder water from below [79]. Tables 1 and 4 show the
main areas in the NIO that are strongly influenced by upwelling such as hotspots 1, 3, and
4 in the Arabian Sea during SWMs, hotspot 6 in the Sea of Oman during SWMs and NEMs,
hotspot 9 during SWMs, and hotspots 9 and 10 during NEMs and SWMs in the Red Sea.

Table 4. Upwelling effects on NIO waters.

Upwelling Effect

Season Region Ref.

Decrease in
mixed-layer depth

- Most of Arabian Sea
SWM - Northern Red Sea (Gulf of Aqaba) [25,30,75,82]
- Central Red Sea (off Jiddah)

Supply of nutrients

(phosphate, nitrate,

and silicate) to the
mixed layer

NEM - Some part of Arabian Sea [25,82]
- Northwest Arabian Sea:
1) NOj3 ™ in surface waters
) Nitrate, phosphate, and silicate in euphotic zone
SWM [28,30,75,76,78,83]

- Central Red Sea (off Jiddah)
- Southern Red Sea (Gulf of Aden)
- Northern Red Sea (Gulf of Aqgaba)

- Sea of Oman:
1) NH,*, urea, PO~ (>1.0 uM)
NEM 2) Organic nitrogen and phosphorus (>10 uM) [28,54,84,85]
- Northern Red Sea (Gulf of Aqaba)

Cooling seawater

- Surface waters off Somalia dropped to a minimum
temperature of 13.2 °C (source: 200 m upwelled cold water)
SWM - SST drop reported in Gulf of Aqaba [28,76,85]
- Sea of Oman

NEM - Red Sea [30]
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5.2. Convective Mixing

Convective mixing is considered to be the second-most dominant vertical process that
plays a role in the regional blooms of the Arabian Sea and its adjacent waters, especially
during NEMs [28]. Mixing can deepen the mixed layer and supply nutrients to the euphotic
zone by entraining fluid from below the thermocline and incorporating it into the mixed
layer [73,76,84,86-88]. Mixing appears to be weaker during SWMs when upwelling is
dominant [28]. Mixing is strong in the eastern, northern, and western Arabian Sea [87,89],
the southern Red Sea (Gulf of Aden) [77,90], and the northern part of the Red Sea (Gulf of
Aqaba) during NEMs [84,87,88,91,92]. Convective mixing in the aforementioned regions
can reach depths of 300 m during NEMs, and a staggering depth of 860 m was reached
during the unusually cold winter of 1992 [76]. It can become weaker during SWMs in some
parts of the Arabian Sea and the southern part of the Red Sea (Gulf of Aden) [77,90]. The
mixing is a major trigger of algal blooms in the Arabian Sea during NEMs in hotspots 4
and 5 and to lesser extent in SWMs.

5.3. Advection

In addition to the vertical forcing mechanisms mentioned earlier, horizontal advection
can carry nutrient-rich waters and algal blooms over large distances [93]. Advection occurs
on different scales in the form of mesoscale eddies [28,89], large cyclonic and anticyclonic
eddies [74], local cyclonic eddies [90,92,94], and currents [90,95], as summarized in Table 5.
These advective patterns are caused by the prevailing winds and by the change in water
temperatures [28,90,94]. Advection can replenish nutrients when supply due to, for ex-
ample, upwelling has been totally consumed [25]. The transported nutrients can facilitate
both entrainment and detrainment blooms, modulating the strength of blooms depending
on local conditions [90,94]. Ultimately, it is net entrainment that maintains the nutrient
supply to the euphotic zone [25,74]. The southward advection is found to be the main
cause of algal blooms at hotspot 2 during SWMs and the northward advection at hotspot 3
during NEMs.

Table 5. Circulation forms in NIO.

Flow Patterns

Season Region Ref.

Mesoscale eddies

SWM

- Northern Arabian Sea

NEM - Western Arabian Sea transferring the water from Sea of Oman [27,28,89,96]

into the central Arabian Sea

Cyclonic and

- Three large eddies in Sea of Oman with northeastward

nearshore geostrophic flow velocities
anti—cyclopic large SWM between 0.%5 and I(:)).5 ms~! (25,2638, 741
eddies
NEM
SWM
Local cyclonic eddies

NEM Red Sea [90,92,94]
Along the Somali coast by the Somali current, leading to
strong baroclinic adjustment that extends to about 1000 m
with high water speed of up to 200 cm s~ !
Along the southeastern coast of Iran and strait of Hormuz

Water currents SWM carrying relatively phosphate- and nitrate-rich inflowing [3,25,28,37,55,90,95]

surface water into the Arabian Gulf

Eastward current in the central Arabian Sea

Northward current which carries fertile waters from the
Indian Ocean to the Red Sea
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6. Hotspots of Algal Blooms in NIO

The variabilities in nutrients supply, sunlight, and the dynamics of the NIO over space
and time have resulted in high spatiotemporal variabilities of algal blooms in the NIO, in
which they occur more frequently in some regions and seasons than others. In our review
of more than a hundred regional studies, we found that reported blooms are more frequent
in the ten location ‘hotspots’ shown in Figure 1. The identified ten hotspots of algal blooms
in the NIO are scattered in the Arabian Sea, Sea of Oman, Arabian Gulf, and Red Sea. Our
findings are also supported by the seasonal climatology satellite images of Chlorophyll-a
(Chl-a), which is an indicator of algal bloom growth, as we now describe.

6.1. Southwest Monsoon

During SWMs, algal blooms occur intensively in three hotspots located in the south-
ern region near India (location 1), southern Oman (location 2), and in the Sea of Oman
(location 3), as shown in Figures 1 and 3. The occurrence of algal blooms in location 1 is due
to strong SWM upwelling caused by alongshore coastal winds [74,80,97]. This upwelling
can increase the productivity to more than 1.1 g cm~2 d~! and supports the growth of
larger phytoplankton [28]. These are long-lasting blooms due to continuous nutrient input
and result in the water becoming highly oligotrophic due to denitrification [83]. In addition,
the blooms that occur in this region during SWMs are also due to southward advection
that transports nutrients to this region. Similarly, blooms at location 2 (southern Oman)
commonly occur during SWMs in an intensive upwelling area during periods of weak wind
due to the weak Findlater jet [98]. The winds are in the northward direction, which activates
Ekman pumping, as shown in Figure 2. Therefore, during such times, mechanical mixing
exists in the surface layer, which lifts the subsurface nutrients into the region of cyclonic
eddy flow [89]. Upwelling and mixing can support the growth of cold-water filaments
with high Chl-a (9 mg m~3), extending to 100-700 km offshore [37,97]. They usually form
a ring shape following the anticyclonic circulation in this sub-region. In addition, during
SWMs, there is strong upwelling in location 3 along the northern Omani coasts [81]. During
this period, algal blooms are observed between August and October, with the maximum
number of algal bloom occurrences being observed during August (13%). These findings
based on in situ observations are consistent with the maximum Chl-g distribution retrieved
from MODIS climatology images (Figure 4), where high Chl-a concentrations are observed
in the three locations during SWMs.

In contrast, fewer algal bloom events during SWMs occur in the northern Arabian
Gulf (location 8). This is mainly due to: (1) the lack of nutrients as they are consumed
during the winter season and (2) the weak localized upwelling along the Iranian coast [54].
However, the few blooms observed are due to the summer dust nutrients reaching up to
107 mg m 3 [38], in addition to the elevated organic nutrients (sewage) that make their way
into this area (location 8) [43]. Such coastal nutrient eutrophication contributes significantly
to bloom development [44]. Moreover, few patches of algae also grow in the south Red Sea
(location 9) during SWMs, in which low Chl-a concentrations (0.02-0.04 mg m~3) [76,88]
are found [76]. These few blooms are triggered by the prevailing southwesterly winds
causing upwelling along the southern coastline and increasing nutrient availability [78].
Similarly, relatively few blooms are observed in the Red Sea during SWMs, which is due
to: (i) the stable stratification [99]; (ii) strong downwelling caused by summer mesoscale
anticyclonic eddies (Gittings et al., 2017); and (iii) oligotrophic conditions that cover most
of the Red Sea caused by prior NEM nutrient consumption.
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Figure 3. Monthly spatial distribution of algal blooms in the NIO during the whole period (1980-2010).
The colors of the heat map circles represent the relative frequency of algal blooms in each location.
The darker color represents the higher number of algal bloom events in the region over the three
decades, and the lighter color represents less blooming events over the same period.

Furthermore, algal blooms at location 6 occur in SWMs with less intensity caused by
entrainment-transitional blooms. Entrainment blooms are similar to upwelling blooms,
except that the continuous source of nutrients is provided by entrainment. These blooms
are weaker and smaller than upwelling blooms because entrainment steadily thickens
the mixed layer, which in turn decreases the depth-averaged light intensity. The blooms
formed between the entrainment and detrainment blooms are called transitional blooms.
Detrainment blooms do not have a continuous source of nutrients. Instead, they require a
nutrient build-up prior to their onset formed after a period of entrainment. Detrainment
blooms appear at the initial period of nutrient depletion [25]. Transitional blooms occur in
the central Arabian Sea and move northeastward into a newly evolving mixed-layer bloom
area. This transitional period extends through to August when the deepened mixed layer
covers the northern Arabian Sea. The transitional period ends through the end of the SWM
when more typical tropical conditions return [28].
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Figure 4. Maximum surface Chl-a concentrations in the NIO during SWM and NEM, retrieved from
the satellite data for the years 2002-2020. The red color indicates the highest Chl-a, and the blue
color shows the lowest Chl-a concentrations. White arrows indicate the directions of the horizontal
movements of algae during SWMs and NEMs.

6.2. Northwest Monsoon

Algal blooms occur in more locations during NEMs (eight hotspots) than during
SWDMs (three hotspots). In this season, algal blooms occur at location 4, on the northern
side of location 1, during February to April (Figures 1 and 2). They are mainly caused by
the northward advection of nutrients and the peak of solar radiation during April-May
in this region. In addition to advective processes, blooms become denser in this region
because of strong winds which cause mixing and excess evaporation at the surface [100].
Likewise, algal blooms typically occur in location 5 during NEMs (February to May) and
mostly in March. Intense blooming activity is caused by wind and high isolation [101].
Wind causes local upwelling, convective mixing, and northward advection into the area.
In addition, the Indus river discharges massive amounts of water into this region during
March and April (13,000 m? s~1) due to snow and glacier melt [102,103]. This carries much
sediment and nutrients from the soil, significantly affecting seawater concentrations and
promoting blooms compared to during SWMs [104].
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Similarly, algal blooms at location 6 intensively occur during NEMs in the northern
central Arabian Sea caused by detrainment-entrainment blooms. Detrainment-entrainment
bloom events happen during poor nutrient supply periods due to nutrient depletion by
prior bloom events. The available nutrients can only support weak blooms within 50 km
of the shore. Weaker convective mixing is not enough to activate the blooming over
this sub-region. In addition, during this season, location 2 experiences algal blooms,
which are mostly not grown in this region and have been transported from the northern
area (location 6).

In addition, blooms in location 3 also occur during NEMs (March-April) due to
monsoonal winds, and the discharge of warm coastal plume water along the coast of
Oman [81] induces upward advection. Most of these blooms occur in January—April
with a maximum frequency being recorded in April (17%) due to intense solar radiation.
As observed, blooms in this region occur during both monsoons, which is explained by
the combination of the environmental factors encouraging the growth of blooms, such as
moderate rainfall in December—January, high winds and high light intensity in March—April,
and water mass advection during NEMs and SWMs in opposite directions [58,105].

Algal blooms during NEMs get transferred into the Arabian Gulf (location 7). Most of
these blooms reach the northern emirates of the UAE and the southern coastal waters of
Iran (location 7), causing 50% of the total frequent algal blooms in the area. In fact, 17% of
the algal bloom events occur in January, which is the highest compared to other months,
and it drops to 13% through the winter months towards May. Algal blooms start to regrow
again in November and December (15% and 10%, respectively). Similar to location 7, algal
blooms commonly occur during NEMs in location 8 (near Kuwait). This area experiences
a period of low winds and a stable water-column during NEMs, and its closeness to the
Shatt Al-Arab river triggers the growth of blooms. The blooming intensity is found to be
linked with the rate of the Shatt Al-Arab discharge. Intense blooming occurs from March
to May (Figure 3), coinciding with high river discharge (~300 m3 s~!) compared to other
months (200 m3 s~1). The river carries considerable amounts of nutrients (~50.5 umol L™1),
nitrates, and phosphates.

Moreover, blooms commonly occur in February and March (Figures 1 and 3) in the
southern and northern Red Sea (near Gulf of Aqaba) (locations 9 and 10) [76,88,106] with
more intensity in the southern part of the region [76,95]. High Chl-a concentrations (around
12 pg L~1)[76,88] are found during NEMs in the north Red Sea [76]. The intense blooming
during NEMs in the Red Sea is encouraged by: (i) upwelling, deep winter mixing, and
heat flux in the north, (ii) wind-induced horizontal intrusions of nutrient-rich water in
the south, and (iii) the development of a shallow mixed layer and seasonal thermocline
(i.e., a layer within the water column where the vertical gradient of temperature is a
local maximum) [30]. These factors contribute to: (i) increasing the average exposure
of phytoplankton to light in the north; (ii) enabling the horizontal transport of nutrients
(e.g., nitrates: 0.56-0.84 umol L.=1) [90]; and (iii) providing enough oxygen for respiration
(Dissolved Oxygen: 7.6-8.19 mg L) [30,76,106].

In summary form, Table 1 illustrates the associated oceanic and atmospheric conditions
that promote algal blooms in each of the ten hotspots.

7. Biological Makeup of Algal Bloom Genera

The hotspots where algal blooms occur comprise diverse algal genera. The diversity
of species is found to be higher in algal blooms in SWMs than those in NEMs. In addition,
some species are confined within certain geographical boundaries due to the available
supporting environmental conditions, as shown in Figure 5.
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Figure 5. Seasonal spatial distribution of the two most common algal species: (a) Noctiluca and
(b) Trichodesmium, causing blooms in the NIO. These are in situ data collected during the algal bloom
events in the region during four different periods. The blue circles represent the appearance of species
during the months of December—February, orange during March-May, red during June-August, and
green during September-November.

The dinoflagellates, Noctiluca species, cause blooms in wide areas of the Arabian Sea,
Sea of Oman, Arabian Gulf and Red Sea. Noctiluca are mostly found on the eastern side, and
are found the least to the west. This species, Noctiluca scintillans, is a large dinoflagellate,
which usually lives in temperate, tropical, and polar waters in coastal regions and open
oceans [2,87,93,107,108]. They can appear in the form of red heterotrophic Noctiluca [87]
or green mixotrophic Noctiluca, and commonly cause the dark discoloration of waters to
depths exceeding 2000 m [2,107-109]. Species concentrations can be very high (reaching
3 x 10° cells m~2) in the NIO region [93], and they can become harmful by producing a lot
of ammonia [105].

While they exist during both monsoons (SWM and NEM), concentrations are particu-
larly intense during late SWMs (September—November). The high tolerance of Noctiluca
(a eurythermal organism) to seasonal change is due to the availability of suitable water
temperature ranges [110]. These ranges are within the optimum water temperature for
the growth of red Noctiluca (10-25 °C) and green Noctiluca (25-30 °C). This makes the
two varieties able to thrive at different SSTs [87]. In addition, Noctiluca are found to be
dependent on upwelled nutrients. They appear during SWMs in upwelling locations on
the western and southern coasts of India (locations 1, 4, and 5), southern and northern
coasts of Oman (location 3), the eastern Arabian Gulf (location 7), and the southern and
central Red Sea (location 9). This is indicated in Figure 6a, which represents the enhanced
true color image (ERGB), Chl-4, aerosol optical thickness (AOT), and PAR derived from the
satellite Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua. These images
are captured for a Noctiluca blooming event, which occurred over the upwelling location off
the coast of southwestern India during an SWM (1 August 2016). As shown in this image,
the red and purple colors in the ERGB image indicates the presence of the algal blooms. The
corresponding Chl-a values in this region show high concentrations (>3 mg m~3) indicated
by the red color, whereas the blue-purple colors indicate low Chl-a levels. It is clear that
this event occurred during light dust conditions (AOT < 0.1: light brown color) and at
moderate solar radiation (PAR~55: blue color).
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Figure 6. Enhanced color image (ERGB), Chl-a, AOT, and PAR derived from satellite images cap-
tured during Noctiluca bloom events in the Arabian Gulf, Arabian Sea, and Sea of Oman during:
(a) 1 August 2016, (b) 25 January 2004, and (c) 7 March 2013. The first column in the figure shows the
ERGB images of three different regions where algal blooms occurred, retrieved from Aqua and VIIRS.
These images indicate the presence of the blooms. The second column shows the Chl-a concentrations.
Red color indicates high concentrations of Chl-a. The third column shows AOT maps during the
aforementioned bloom events in which darker brown color indicates high level of dust aerosols
(AOT). The last column represents the PAR maps that can indicate the PAR level during the algal
bloom events, in which high PAR is indicated by the red color.

Noctiluca causes blooms during NEMs (March-May) off the northwestern coast of
India, southern Pakistan near the convective mixing location, and in the northern Sea of
Oman during frequent dust storms. Dust storms blow intensively during March-May,
when the aerosol optical thickness (AOT) is high. In addition, these areas show an excess
of diatoms and silicate, which can support the growth of Noctiluca through grazing [2,111].
The dependency of Noctiluca on dust deposition is confirmed by Figure 6b,c which show
images from MODIS and Visible Infrared Imaging Radiometer Suite (VIIRS) over the
Arabian Gulf and the Sea of Oman captured during Noctiluca bloom events on 25 January
2004 and 7 March 2013. As shown in these figures, Noctiluca patches are in an area of
high AOT (>0.2: dark brown color), which refers to the high dust loading during these
events. These figures also show that Noctiluca grows when PAR in the range between 35
and 56 W m~2 s~ ! (low and high light radiance). This confirms that Noctiluca can grow
during both seasons during NEMs and SWMs and can tolerate the variability of this PAR
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range. In addition, Noctiluca is mixotrophic and can benefit from both photosynthesis (light
availability) and silica by grazing diatoms.

Similar to Noctiluca, the cyanobacterium Trichodesmium is found to be the second most
dominant genus that comprises blooms. Trichodesmium species are frequently found in
the Arabian Sea and Red Sea. These species play a major role in the nitrogen cycle/new
primary production by fixing atmospheric nitrogen and creating oxygen depleted (anoxic)
zones [30,84,112,113]. Thus, their growth in blooms is considered to be a biological in-
dication of stratification and nitrogen limitation in the ocean surface layer [114]. These
species have been widely reported in oligotrophic [83,115,116], tropical, subtropical, and
temperate seas [116]. In the NIO, Trichodesmium exist in two known forms: (1) tuft colonies
(T. erythraeum), which have the appearance of a clutch of bamboo shoots and are dominant
near the surface, or (2) as radial or puff colonies (T. thiebautii) that occupy the bottom half
of the photic zone [88,115]. These species exceed 100 um in size [88] and can form colonies
(2-3 mm size bundles of trichomes), which can be seen with the naked eye in surface
waters [116]. They appear as pinkish-red to orange-colored swirls of sawdust (brown) on
the sea surface arranged in extensive long bands [115,117,118]. The sizes of these bands
can vary from a few meters wide to several-kilometer-long patches [115,116,119] reach-
ing an area of 10° km? [116]. Their concentration can be high, reaching 10000 cells per
liter [83], >2000 mg L= [113,120], or 30-40 mg m~3 of chlorophyll a [112,121], with higher
chlorophyll a content in puff-shaped colonies than that in tufts [88] in the Arabian Sea
region. Trichodesmium and Noctiluca are found to be associated with other algal types such
as Bacteriastrum, Chaetoceros, Leptocylindrus [122], and Gymnodium [122] among other species.
The morphological structures of some examples of these algal species are shown in Figure 7,
captured by an electronic microscope. These species refer to the algal blooms that occurred
in the Arabian Gulf and Sea of Oman during an NEM at hotspots 3 and 7.

Trichodesmium are concentrated in the central and eastern part of the Arabian Sea
and especially in locations 1, 4, and 5. They appear during NEMs with the most intensity,
especially in March, and less frequently during SWMs. Unlike Noctiluca, the appearance
of these species is not dependent on upwelled nutrients. Rather, their appearance is
linked to brilliant sunlight and N, fixation, which are found to be the most important
factors contributing to cyanobacterial dominance [116]. They also depend on calm water
conditions [122], stable high salinity, especially in Arabian Sea [118], and phosphate and iron
availability in the northern Red Sea due to the high deposition of dust from the surrounding
deserts [99,123]. Thus, Trichodesmium is more abundant in anoxic and oligotrophic waters
that are enriched with iron and phosphate but depleted of nitrogen [124]. These species
form dense mats or rafts on the surface of the ocean and occupy the central and eastern
Arabian Sea from March to August. During this period, there is plenty of sunlight and
iron dust storms dropping their loads (e.g., iron and phosphate) to the ocean, supporting
the growth of Trichodesmium. Figure 8 represents the ERGB, Chl-a, AOT, and PAR derived
from satellites Sea-Viewing Wide Field-of-View Sensor (SeaWiFS), MODIS Terra, and Aqua
captured during Trichodesmium blooming events over the NIO during different seasons.
Similar to Noctiluca, high Chl-a levels (>30 mg m~3: red color) are caused by Trichodesmium
events. The events shown suggest that Trichodesmium could be present during low to
high dusty conditions in which AOT varies from 0.025 (light brown) to >0.2 (dark brown).
Unlike Noctiluca, most of the Trichodesmium events occur at the higher PAR range (>55 W
m~2 s~ 1), confirming the high dependency of these species on sunlight levels. This could
be also due to the temperate waters occurring at the period of stratification [30].
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Figure 7. Common algal bloom species in the north Indian Ocean imaged using an electronic micro-
scope: (a,g,0) Thalassiosira, (b,h) Pleurosigma, (c,f) Thalassionema, (d,1,s) Chaetoceros, (e) Bacteriastrum,
(i,¥) Triceratium, (j) Aulacoseira, (k) Ceratium, (m) Odontella, (n) Dinophysis, (p) Geissleria, (q) Surirella,
(t,w,x) Protoperidinium, (u) Diploneis, and (v) Pyrodinium. The bar shows the scale of the image in pm.
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Figure 8. Enhanced color image (ERGB), Chl-a, AOT, and PAR derived from satellite images during
Trichodesmium bloom events in the Arabian Sea, Sea of Oman, and the Red Sea during: (a) 11 February
1998, (b) 1 March 2008, and (c) 17 September 2004. The first column in the figure shows the ERGB
images of three different regions where algal blooms occurred, retrieved from SeaWiFS, Terra, and
Aqua, respectively. These images indicate the presence of the blooms. The second column shows the
Chl-a concentrations. Red color indicates high concentrations of Chl-a. The third column shows AOT
maps during the aforementioned bloom events in which darker brown color indicates high level of
dust aerosols (AOT). The last column represents the PAR maps that can indicate the PAR level during
the algal bloom events, in which high PAR is shown by the red color.

Likewise, Gonyaulax causes algal blooms in the Arabian Sea, Sea of Oman, Arabian
Gulf, and Red Sea during both seasons (NEMs and SWMs). They grow and are advected
south of 21 N mostly during the SWM season (Jun—August), and north of 21 N during the
NEM season (January-February). Gonyalux also causes localized blooms in the eutrophica-
tion area near Kuwait, which is dependent on Shatt-Al-Arab discharge.
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Interestingly, the Phaeocystis and Cochlodinium species commonly grow within distinc-
tive geographical boundaries and seasons. Phaeocystis grow in the western northern areas
(Arabian Gulf) and the Sea of Oman during NEMs, whereas Cochodinimum grows in these
areas during SWMs. However, as we move to the southeast, Phaeocystis appear during the
SWM season in the central Arabian Sea and the southeastern Arabian Sea (western Indian
coasts). Cochlodinium cause red discoloration of the waters [52], and their concentrations
can reach 926 cells L=1 [125],9 x 106 cells L1, or 78 mg m 3 [81]. These species can cover
large areas (as large as 500 km?) [126].

Other species, Hornellia, Dinophysis, and Gymnodinium, readily grow and cause blooms:
(i) in the most southeastern part of the Arabian Sea (Indian coasts) from June to August; and
(ii) in the northwestern region (the North Sea of Oman and Arabian Gulf) during NEMs
(March-May). The less frequently occurring species, Karenia, Alexandrium, Skeletonema,
Nitzschia, and Chattonella, only grow during SWMs (September—-November) in the eastern
Arabian Sea and southern Sea of Oman. In addition, other species grow intensively in
more localized areas, such as: (i) Ceratium in SWM upwelling at the southern Omani coasts
and NEM upwelling at the northern Omani coast; and (ii) Synedra in the northern eastern
Arabian Sea (near Pakistan), where there is upwelling and Indus river discharge.

8. Conclusions

Algal blooms in the NIO have attracted much attention due to their frequent ap-
pearance during the last three decades. Although algae are the primary food source for
marine habitats, their increasing frequency and severity may adversely affect other marine
life. Thus, understanding the ecology of algal bloom:s is crucial if we are to monitor and
assess their potential risk and forecast their future evolution over the seasonal cycle and
modulation by monsoons. This is especially true in coastal areas where blooms can impact,
and be impacted by, human activities. The aim of this paper was to identify regions in
the NIO that are prone to algal blooms and the reasons behind the overgrowth in these
locations. We were able to identify ten locations where algal blooms typically grow during
both SWMs and NEMs in the NIO. Their growth was found to be dependent upon nutrients
brought by dust and river runoff, upwelling, mixing, and advection. Upwelling and mixing
occur in all the regions during the SWM season. Dust occurs in most regions in the NEM
season. Contrary to common belief, we found that sunlight radiation has higher intensity
during NEMs than SWMs in some regions, with important implications for algal growth.
The Arabian Sea was found to be a prime habitat for algal blooming due to its large, open
surface area and deep-water column. In contrast, the Red Sea was found to be the region
which was least attractive to algal growth. The algal blooms (Chl-a > 5 mg m %) themselves
were found to be dominated by Noctiluca and Trichodesmium species, which are highly
dependent on upwelled nutrient and calm, iron-rich, sunny surface waters, respectively.
Their frequency has increased over the last 15 years, which can be linked with the increasing
intensity of monsoons and upwelling.
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Appendix A

(1) 1971-1980 (2)1981-1990

(3)1991-2000

Figure Al. Algal bloom outbreaks in the NIO during September-November over four decades:
(1) 1971-1980, (2) 1981-1990, (3) 1991-2000, and (4) 2001-2010.

(1)1971-1980 (2) 1991-2000

Figure A2. Algal bloom outbreaks in the NIO during June-August over four decades: (1) 1971-1980,
(2) 1991-2000, and (3) 2001-2010.
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(1)1971-1980 (2) 1981-1990

(3) 1991-2000 (4) 2001-2010

Figure A3. Algal bloom outbreaks in the NIO during December—February over four decades: (1)
1971-1980, (2) 1981-1990, (3) 19912000, and (4) 2001-2010.

(1) 1971-1980 (2) 1981-1990

(3) 1991-2000

Figure A4. Algal bloom outbreaks in the NIO during March-May over four decades: (1) 1971-1980,
(2) 1981-1990, (3) 1991-2000, and (4) 2001-2010.
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