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Abstract 

 
The Red Tide Index (RI) was first introduced in 2006 by Ahn and Shanmugam. RI 

indicates the presence of harmful algal blooms as a proxy for chlorophyll-a 

concentration that is used in ocean color measurements. Other variables such as 

suspended sediments (SSC) and dissolved organic matter (DOM) are not accounted 

for in the RI, as it is the case in the other standard spectral ratios algorithms. Intense 

proliferation of phytoplankton during bloom conditions causes an increase in light 

absorption in the lower green to blue wave bands and strong scattering in the green 

wave bands. Hence, exploiting this finding, a new red tide index (RI) is established.  

This project aims to a) develop a qualitative index, commonly known as the red tide 

index, to monitor, detect, and identify possible areas of Harmful Algal Blooms in the 

UAE and b) verify the developed index using field and laboratory analysis for the 

characterization of sea water samples. The red tide index makes use of satellite 

imagery acquired in different wavelengths. The work includes the outcomes of the 

intensive field work that the Masdar’s Ocean Color team is conducting in the Gulf 

region to verify the developed index. We expect that the developed index provides 

end-users with a reliable tool to monitor red tides in the region. The implementation 

of the index operationally should be straightforward as it does not require extensive 

data processing and atmospheric correction. 
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1 CHAPTER  
 

 

   Introduction 

 

 

1.1  Problem statement  

The Arabian Gulf has been subjected to Harmful Algal Blooms (HABs) regularly 

with major outbreaks recorded almost every year over the last decade. HABs pose 

serious threats to marine ecosystems, economy of coastal cities, and the safe operation 

of desalination plants. Since countries surrounding the Arabian Gulf depend mostly 

on desalination plants because it is the generator of freshwater, monitoring and 

prompt response to HABs outbreaks is becoming an urgent priority for environmental 

authorities and desalination plant operators.  

During recent years, HABs have become an increasing problem in the Arabian Gulf. 

Indeed, HABs have various harmful effects as they cause the inability to use water for 

desalinization and affect the goodness of life along periods of time. HABs can impact 

tourism, social relationships, seafood industries, aquaculture operations, businesses as 

well as huge mortalities to fish population and the other sea living. On the other hand 

it has a great effect on the water quality which in return influences human health.  
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1.2 Objective of the project 

The objective of this thesis is to promote a method for bloom detection using satellite 

imagery and assess its performance using in situ observations. This research project 

contributes to the development of qualitative satellite-based index to detect red tides 

outbreaks in the Arabian Gulf. Such effort should require detailed understanding of 

water properties, which includes microbiological properties (phytoplankton 

abundance and biodiversity) and physicochemical properties (salinity, temperature, 

turbidity, pH etc.) as well as red tides frequency and spatial abundant in the Arabian 

Gulf.  

The project objectives are: 

 Develop remote sensing-based system for early warning capability for HABs 

to support plant operators. A qualitative index, commonly known as the red 

tide index will be established using Moderate Resolution Imaging 

Spectrometer (MODIS) data.  

 Provide guidance for HAB response according to the historic records of the 

developed red tide index.  

The outcome of this research is a tool that makes use of the developed red tide index 

to monitor seawater quality and their change in space and time. Moreover, early 

detection and warning of red tide outbreaks in the Arabian Gulf can be achieved using 

an effective tool as remote sensing data. We expect that the developed index will 

provide end-users with a reliable tool to monitor red tides in the region. The 

implementation of the index operationally should be straightforward, as it does not 

require extensive data processing and atmospheric correction. 
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1.3 Literature review  

The outbreak and development of red tides have been detected in tropical and warm-

temperate waters all over the world, such as the Arabian Gulf, Sea of Oman, Arabian 

Sea Caribbean Sea, eastern and western Pacific Ocean, the eastern Atlantic Ocean, 

Indian Ocean, and Mediterranean Sea. Algal blooms caused global concern because 

of the risks posed to the marine environment.  These risks come from plankton that 

may excrete toxins or by the size of its biomass. Depletion of dissolved oxygen in the 

water leads to the death of marine organisms where the decomposition of plankton 

causes bacteria multiply and spoils the water. Some shellfish feed on certain types of 

plankton toxic, which may affect the nervous system of the human being. An algal 

bloom is a problem afflicting many countries all over the world [1] like in the East 

China Sea (ECS), where the algal bloom is an annual phenomenon [2, 3]. Southern 

coastal waters of Korea also suffer from the algal blooms especially in in Masan and 

Jinahe bays usually appears from June to August with different developing factors [4]. 

Meteorological data was used to differentiate the marine environment and the 

circumstance linked with the lifetime of organisms causing algal blooms. For 

example, coastal regions of U.S especially the northeastern and northwestern U.S 

suffered from toxic species of the dinoflagellates of the genera Alexandrium, 

Gymnodinium, and Pyrodinium and diatoms of the genus Pseudo-nitzschia that cause 

paralytic shellfish poisoning (PSP) and amnesic shellfish poisoning (ASP) in humans 

because of the production of domoic acid (DA) respectively. Potentially harmful 

bloom species were present in the Santa Monica Bay California in America 

accompanied by high nitrate, silicon and phosphate concentrations [5]. This occurs 

after a strong upwelling or during the starting of seasonal stratification. At least one 

species from Pseudo-nitzschia spp., P. micans and L. polyedrum were detected in 
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each sample during the 2-year-study. Moreover, impacts of HABs also reached the 

Pacific coast of North America, from Alaska to Mexico causing a threat to the natural 

resources and coastal economic which specify a need for systematic economic 

assessments [6]. In late 2008, catastrophic red tides hit the Arabian Gulf, which lasted 

from August 2008 to August 2009. In this incident large amounts of fish were killed 

resulting in the loss of a huge amount of aquatic food source. Far from the effects of 

red tides on human health and marine organisms, another aspect is the influence on 

the desalination plant that is the main source of potable water in the UAE. High 

biomass HABs  have affected a critical compound of seawater desalination, which is 

the seawater intake by clogging of intake filters which caused the closure of 

desalination plant during the Algal bloom episode in the Arabian Gulf in 2008 and 

2009 [7]. Biofouling due to dissolved organic materials damaged reverse osmosis 

(RO) membranes.  

Lately, increases in frequency, amount and geographic distribution of Harmful Algal 

Blooms (HABs) all over the world have been observed by scientists The Arabian Gulf 

has been also subjected to HABs regularly with outbreaks recorded almost every year 

over the last decade [8]. Different monitoring techniques  have been integrated to 

detect and track algal blooms outbreaks, including remote sensing data  based on 

satellite observations, using optical properties, spectral ratio discrimination, satellite 

chlorophyll anomaly, fluorescence line height (FLH) algorithm, climatological data 

analysis, as well as in situ surveys [9]. Several studies of remote sensing technology 

applications have been performed to study algal blooms phenomena over the last 

decades. In a case study of the 2008 red tide event, dominated by Cochlodinium 

polykriloides, that was observed on the east coast of the UAE, combined satellite 

imagery with numerical model simulation were used to monitor and asses the HABs 
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formation. This study gives an overview on the initiation and the nutrient sources that 

help the formation of such blooms as well as the maintenance mechanisms [10]. More 

studies emphasizing in the same issue for example, a study using MODIS Sensor Data 

detect a red tide event included about 140,000 km2 of the Arabian Gulf and total area 

of Strait of Hormuz and last for 9 months. Previous studies revealed that the seawater 

temperature drop, water circulation and the adverse environmental pollutions caused 

by industrial and urban sewages was the main red tide causes [11]. Other local 

meteorological and oceanographic factors can play a role in the formation of red tides 

in the Arabian Gulf, including vertical stratification, precipitation, and aeolian dust 

transport, which have been observed based on the seasonal and interannual variability 

of remotely sensed chlorophyll. It was noticed that the Gulf surface has exposure to 

low precipitation periods between 2000 and 2008, which encounters high dust level 

followed by blooms [12].   

The spatial and temporal variability of HABs was successfully achieved by a new 

method developed in 2006 named the red tide index (RI) [9]. The result showed a 

consistent manner with the in situ measurements which make it an effective way of 

monitoring algal blooms [9]. Moving away from Arabian Gulf, Southwestern Florida 

Coastal water was also subjected to harmful algal blooms. Another study also used the 

red tide index (RI) algorithm that was developed previously in 2006 instead of 

traditional methods to detect Florida’s algal blooms. RI was developed using ocean 

color data from the Seaviewing Wide Field-of-view Sensor (SeaWiFS). This new 

method reveals a promising future for the red tide monitoring approach [13]. Current 

global algorithms such as OC3 and OC4v4 results showed overestimated chlorophyll 

a concentration for open ocean waters and regions with chlorophyll a concentration < 

0.5 mg m−3 as the presence of other suspended sediments and dissolved substances. 
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A new bio-optical algorithm was developed using five different data sets, 

SeaWiFS/MODIS matchups and MODIS/Aqua imagery from different and then was 

evaluated statistically with the previous algorithms. Chlorophyll assessment showed 

better result with the new algorithm [14]. The previous site studies and many others 

emphasized the importance of the satellite method over the traditions means of 

chlorophyll a retrievals.   

The advantages of remote sensing are large-scale, real-time, cost-effective, and long-

term monitoring. Furthermore, satellite observations can reach areas unreachable for 

human beings. It is very important to understand HABs oceanographic mechanisms 

and set planned strategies to ensure a powerful monitoring and detecting of HABs as 

well as understanding of phytoplankton proprieties in the Arabian Gulf [10]. Dealing 

with remote sensing data needs a strong background over the satellite manipulation 

techniques.  

Remote sensing disadvantages arise from the large errors in the satellite Chl retrieval 

such as atmospheric correction error and dust which reduce the ability of satellite to 

detect the areas of HABs.  

 

1.4 Phytoplankton 

1.4.1 Definition 

 Phytoplankton are free-floating microscopic organisms that live in the ocean, 

composed of both eukaryotic (microalgae) and prokaryotic (cyanobacteria) species. 

The name of phytoplankton is originally come from the Greek words phyto (plant) 

and plankton (wanderer or drifter). Phytoplankton obtains energy through the process 

of photosynthesis. Their growth depends on the availability of sunlight, nutrients 

(Phosphorous, nitrogen, silicon, iron etc.) and other physical parameters of the water 
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(salinity, temperature, pH etc.).  They inhabit the upper sunlit layer (euphotic zone) of 

almost all oceans and fresh water bodies around the world. During the photosynthesis 

process, phytoplankton consumes carbon dioxide and produces oxygen. That makes 

the ocean a type of carbon sink, which prevents carbon dioxide accumulation in the 

atmosphere [15]. The photosynthesis process production of organic materials 

constitutes the first link (the primary source of nutrition) of the oceanic food chain 

that reaches through all trophic levels (Fig.1). That makes them an important 

component. 

The most important groups of phytoplankton include the cyanobacteria (blue-green 

algae), diatoms, and dinoflagellates which have characteristic shapes as shown in 

figure 2. The astonishing diversity of phytoplankton is visible only under a 

microscope. 

 Figure 1: The base marine trophic pyramid where phytoplankton is the 

primary producer (Source: http://sciencelearn.org.nz/Contexts/Life-in-

theSea/Sci-Media/Images/Marine-trophic-pyramid)  

http://sciencelearn.org.nz/Contexts/Life-in-the-Sea/Sci-Media/Images/Marine-trophic-pyramid
http://sciencelearn.org.nz/Contexts/Life-in-the-Sea/Sci-Media/Images/Marine-trophic-pyramid
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1.4.2 Chlorophyll 

Chlorophyll is a green pigment found in almost all plants, algae, and cyanobacteria.   

Chlorophyll-a (Chl-a) is the most common specific form of chlorophyll, and is 

present in all photosynthetic organisms. Other accessory pigments such as chlorophyll 

b and c may occur in phytoplankton (Table 1). The presence or absence of such 

various pigments is used among other features, to separate the major algal groups. 

The amount of Chl- a in phytoplankton constitutes generally about 1 to 2 % of the dry 

weight. As potential indicators of maximum photosynthetic rate expressed in µg.L
-1

 or 

in mg.m
-3

can be used to indicate phytoplankton abundance and biomass in the water. 

Furthermore, as a proxy of phytoplankton biomass, can be an effective measure of 

trophic status of any water body. Therefore, it is commonly used to measure of water 

quality and thus to determine the level of pollution of water.  

Extraction of chlorophyll and determining its concentration in a sample consider the 

most effective way to find the phytoplankton density. The quantification of 

chlorophyll a is easier than the algal biomass itself [16, 17].  
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1.4.2.1 Chlorophyll chemical structure and absorption: 

Chlorophyll is composed of different types, including chlorophyll-a (Chl-a), Chl-b, 

Chl-c, and Chl-d. Chl-a exists in all photosynthesizing plants and cyanobacteria, 

except bacteria.  Chl- a (C55H72O5N4Mg) and b (C55H70O6N4Mg) have a common 

basic structure as shown in figure 3. Chl –b, the second variety of chlorophyll present 

in green plants and green algae, differs from Chl-a only by local oxidation of one side 

chain. This side chain is –CH3 in Chl-a and in Ch-b. Chlorophyll does not absorb 

light equally over the visible bands. The absorption spectra of Chl-a and b are shown 

in figure 4. Chl-a does not absorb light in the green part (480-560 nm) of the spectrum 

Figure 2: Light microscope micrographs of phytoplankton (a) 

Cyanbacteria, (b-i) Dinoflagellates, and (i-n) Diatoms. Data courtesy of 

Mezhoud et al. (2014). 
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while Chl-b indicates weak absorption. The absorption characteristics of Chl-a-d are 

listed in Table 1. Chl-a and b demonstrate different absorption peaks with 420 and 

660 nm for Chl-a and 453 and 643 nm for Chl-b in organic solvents. Chl-c present in 

diatoms and brown algae has absorption peaks at 445 and 625 nm in organic solvents. 

Chl-d peaks at 450 and 690 nm in organic solvents. The absorption peaks of these 

pigments differ in in vivo phytoplankton cells 

 

 

 

 

 

 

 

 

Table 1: Characteristics absorption of Chlorophylls and occurrence (Source: 

Rabinowitch and Govindjee. 1970) 

Type of 

Chlorophyll 

Characteristic absorption peaks 

Occurrence In organic solvents, 

nm 

In Cell, nm  

Chl a 420, 660 435,670-680 

(several forms) 

All photosynthesizing 

plants(except 

bacteria) 

Chl b 453, 643 480, 650 Higher plants and 

green algae  

Figure 3: The molecular structure of Chl-a and –b 

(Source: Purves et al., 2009). 
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Chl c 445, 625 Red band at 

645 

Diatoms and brown 

algae 

Chl d 450, 690 Red band at 

740 

Reported in some red 

algae 

 

1.4.2.2 Optical features: 

The hues of ocean differ from blue to brown as shown in figure 5.  From outer space, 

satellite sensors can distinguish even slight variations in color to which our eyes are 

not sensitive [18]. The color of seawater depends on the scattering and absorption 

properties of the constituents in the water column. 

 

 

 

Figure 4: The absorbance spectra of free Chl-a and –b 

in a solvent. 
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Conversely, the optical properties of the seawater components can be retrieved 

through different algorithms by using the radiance/reflectance spectra of seawater. 

The optical properties of the seawater are usually estimated with a three-component 

model [19, 20], namely, phytoplankton, colored dissolved organic matter (CDOM) or 

gelbstoff, and suspended sediments. The absorption and scattering coefficients of 

seawaters are determined by the concentrations of these constituents. 

 

 

Different shades of ocean color can be measured by satellites and reveals the presence 

of differing concentrations of phytoplankton, sediments and organic materials. high 

concentrations of phytoplankton in ocean will occur as certain shades, from blue-

green to green,  which depends on the concentration and type phytoplankton 

population there due to the reflectance of the green light by chlorophyll phytoplankton 

[18].   

1.5 Harmful Algal blooms  

1.5.1 Definition 

During periods of optimum growth, microalgae can reach maximum concentrations in 

seawater. This commonly known as algal or phytoplankton blooms [21]. These 

Figure 5: Examples of different colored sea areas and diagram representing the Case 1 and 

Case 2 waters. Case 1 waters represent the phytoplankton dominant cases, whereas Case 2 

waters represent all other possible cases (Source: Sathyendranath, 2000) 
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blooms are one of the natural causes of discoloration of marine and freshwater bodies 

throughout the world. Pigmented blooms produced by marine algae are named as “red 

tides”. The commonly used name for Red tides is harmful algal blooms (HABs) since 

the blooms sometimes colored with different than red color and are not directly 

associated with tides,   Its known when algal bloom can be dangerous to other 

organisms or increase the  biomass of algal toxins in the water  which in return affect 

other organisms of the food chain [22]. 

The color of HABs relies on the phytoplankton species which usually ranges from 

blood red to orange or brown or green in daylight. (Fig.6). Approximately 300 algal 

species of the 5000 species of extant marine phytoplankton can form HABs. Of the 

more these 5,000 known species, production of toxins are linked to approximately 40 

species worldwide.  Due to lack of research and data about phytoplankton ecology it 

is very hard to reduce the harmful drawbacks of toxin blooms.  [23].  

Among the 300 worldwide HABs species, eight different genus (Trichodesmium, 

Pseudo-Nitzschia, Thalassiothrix, Gonyaulax, Noctiluca, Prorocentrum, 

Amphidinium, and Cochlodinium) were found to cause HABs in the Arabian Seas 

(Arabian Gulf, Sea of Oman and Arabian Sea) [24]. These common phytoplankton are 

responsible for the HABs outbreak in the Arabian Seas is summarized in Tables 1, 2 

and 3.   

HABs may cover hundreds of square kilometers that could be traced by satellite 

images [25] as shown in figure 7. 
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1.5.2 Occurrences and frequency: 

Recent studies indicated an increase in the number, the frequency, the severity and the 

geographic distribution of HABs [26] [27] [28] [29] [30]. The Arabian Gulf , the Sea 

of Oman and the Arabian Sea have been regularly subject to HABs  with outbreaks 

Figure 6: Colored HABs commonly occurring in Omani waters. (a) Pale yellow tide 

(Diatom bloom) (b) brown tide (Trichodesmium bloom) (c) Red tide (Red Nocticula 

bloom) (d) Green tide (Green Nocticula bloom) ( Source: Thangaraja et al., 2007). 

Figure 7: Large Red tide in the Oman Sea and Arabian Gulf. 

Composite image from the processing of a MERIS data acquired 

22/11/2008. Data courtesy of EGU. 
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recorded almost every year (Tables .1.2 and 3). The first HAB recorded in the history 

of Arabian Sea was in 1908 (Table 3) along the Indian coastline, where it extended 

from the Malabar Coast to Laccadive Islands [31] [32]. In the Arabian Gulf, Oman 

was the first country to encounter extensive HAB blooming activities in the 1970s 

(Table.2) [33].   

Table 2: Frequency of HAB events recorded from 1996 to 2009 in the Arabian Gulf, 

and responsible species. 

Arabian Gulf 

Country Year  Species References 

UAE 2008-

2009 

Cochlodinium polykrikoides, 

Dinophysis caudate, Dinophysis miles, 

Prorocentrum minimum, Pyrodinium 

bahamense, Ceratium furca, 

Pyrodinium bahamense 

Richlen et al. 2010 

[34] 

 

Iran 2008- 

2009 

Cochlodinium polykrikoides Saeedi et al. 2011 

[35] 

Kuwait 2001 Gymnodinium impudicum, Pyrodinium 

bahamense. 

Glibert et al. (2002) 

[36] 

Kuwait 1999 Gymnodinium species (Heil et al. (2001) 

[37] 

- 2000 - Subba Rao et al., 

2003 [38] 

- 1999, karenia selliformis, Prorocentrum 

rhathymum  

Heil et al., 2001 [37], 

Al-Yamani et al., 

2004) [39] 

Iran 1999 Karenia species Thangaraja et al. 

(2007) [33] 

Kuwait 1997  Al-Yamani et al., 

1997  

UAE  1996 Noctiluca scintillans Thangaraja et al. 

(2007) [33] 
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Kuwait 1988 - Thangaraja et al. 

(2007) [33] 

Qatar  1996 Alexandrium species, Dinophysis 

species, Pseudo-nitzschia species, 

Gymnodinium breve 

Al-Ansi et al. (2002) 

[40] 

 

Table 3: Frequency of HAB events recorded from 1988 to 2009 in the Sea of Oman 

and responsible species. 

Sea of Oman 

Country Year  Species References 

Oman 2008-

2009 

Cochlodinium polykrikoides,  

Oman 2005 Noctiluca scintillans, Prorocentrum 

micans Trichodesmium erythraeum 

Al-Busaidi et al. 

(2008) [41] 

Oman 2000 Coscinodiscus species Al-Busaidi et al. 

(2008) [41] 

 Oman 1996 Noctiluca scintillans Thangaraja et al. 

(2007) [33] 

Oman 1995 Prorocentrum arabianum Morton et al. 

(2002) [42] 

Oman 1988 Noctiluca scintillans Thangaraja et al. 

(2007)  [33] 

 Oman 1978 Gonyaulax species , Noctiluca species Thangaraja et al. 

(2007) [33] 

Oman 1976 Gonyaulax species, Noctiluca species Thangaraja et al. 

(2007) [33] 

 

Table 4: Frequency of HAB events recorded from 1908 to 2005 in the Arabian Sea 

and responsible species. 

Arabian Sea 

Country Year  Species References 
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India 2005 Trichodesmium erythraeum Krishnan et al. 

(2007) [43] 

India 2004 Noctiluca scintillans Joseph et al. 

(2008) [44] 

 2003–2004 Green Noctiluca (Matondkar et al., 

2004) [45] 

India 2000 - Thangaraja et al. 

(2007) [33] 

- 1996 Phaeocystis globosa, Nitzschia 

longissima, Novafabricia Bilobata, 

Navicula directa, Rhizosolenia 

hebetate, Rhizosolenia, stolterfothii, 

Rhizosolenia styliformis, Rhizosolenia 

alata, Chaetoceros didymus 

Madhupratap et al. 

(2000) [46] 

 

Pakistan 1990 Prorocentrum minimum Chaghtai and 

Saifullah (2001) 

[47] 

India 1982 Noctiluca scintillans, Trichodesmium 

species 

Padmakumar et al. 

(2012) [48] 

Pakistan 1979 Noctiluca scintillans Saifullah (1979) 

[49] 

India 1979 Fragilaria cylindrus D’Silva et al. 

(2012) [50] 

India 1979 Thalassiothrix longissima, 

Amphiprora species, Thalassiosira 

species 

D’Silva et al. 

(2012) [50] 

India 1979 Cyanobacteria, dinoflagellates, 

diatoms 

D’Silva et al. 

(2012) [50]  

India 1935 - D’Silva et al. 

(2012) [50] 

India  1908 Trichodesmium erythraeum, 

Noctiluca scintillans 

D’Silva et al. 

(2012) [50] 
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1.5.3 Effects  

HABs are serious threats to marine ecosystem, tourism and other various effects.  

HABs have a great impact on many aspects for example the economic that can be 

seen in the seafood industries and businesses, tourism, and aquaculture operations. 

Human life can be disturbed   as well as the social relationships and cultural practices 

tied to coastal resources for extended periods of time [51]. 

 There are two different types of HABs-those that toxic which have an impact on 

wildlife death of human seafood poisonings and those which nontoxic  that cause 

harm in the other ways [29]. 

Toxic HABs: 

HABs  can cause harm either due to their production of toxins [29]. Several toxic 

species of cyanobacteria, dinoflagellates and diatoms found in the marine 

environments, have led to several forms of human health impacts, especially by 

consumption of fish and shellfish. An example of Cyanobacteria bloom, 

Trichodesmium thiebautii species has been associated with human breathing problems 

.Dinoflagellates may cause human poisoning such as: Diarrhetic Shellfish Poisoning 

(DSP), Paralytic Shellfish Poisoning (PSP) and Neurotoxic Shellfish Poisoning 

(NSP). Diatoms may cause Amnesic Shellfish Poisoning (ASP). These toxins tend to 

accumulate up in the food chain becoming more concentrated at higher taxonomic 

levels. In this way, toxicity can cause severe health hazards even at a low abundance 

of toxin producers (this is particularly the case with Ciguatera), and even result in the 

meat of sharks and turtles becoming toxic. The primary vector for human poisoning is 

shellfish. HABs frequently result in large scale fish mortalities or shell fish poisoning 

which can adversely affect aquaculture, coastal tourism and fisheries. These can be 

caused by dinoflagellates (such as Gymnodinium breve and G. mikimotoi, which also 
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cause NSP, cyanobacteria (such as Trichodesmium thiebautii) and haptophytes (such 

as Prymnesium parvum, Chrysochromulina polylepis producing a toxin that increases 

the permeability of fish gills, resulting in osmoregulatory stress and death). 

Nontoxic HABs: 

Some HABs can decrease water quality and cause massive mortalities to natural 

populations of fish and marine mammals, including endangered and protected species, 

and can also damage coral reefs and shade submerged vegetation.  The decrease of 

water quality by the changing of the  water chemistry is related to dissolved oxygen, 

the reduction of light penetration,  bacterial or fungal infection, smothering by mucus 

produced during blooms (Transparent Exoplymer  Particles: TEPs), and the 

combination of these and other factors are possible causes of the mortality that may be 

associated with phytoplankton blooms. The depletion of oxygen occurs when 

phytoplankton release CO2 and intake dissolved oxygen during the night of bloom 

periods. Some blooms achieve a high level of biomass. When this biomass decays as 

the bloom dies off, oxygen is consumed, leading to widespread mortalities of plants 

and animals in the affected area.  These “high biomass” blooms are sometimes linked 

to excessive pollution inputs [52]. High density blooms of some diatoms, haptophytes 

and silicoflagellates (e.g. Dictyocha speculum), can clog fish gills causing suffocation. 

For instance, the latest HABs (2008-2009) in the Arabian Gulf and the Oman Sea 

caused by Cochlodinium polykrikoides were the biggest threat to the marine 

environment. 
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Consequently, these HABs killed one million tons of fish and benthic animals [53]. 

The fishing industry in the emirate of Fujairah located on the UAE’s eastern shores 

has suffered from these HABs, and have affected the local waters, resulting in a large 

number of fish kills [54]. Figure 8 shows about 70 tons of fish killed in Asmak fish 

farm, Quriyat, Oman during these blooms. This type of mass mortality of marine 

organisms was recorded in the Sea of Oman twice, one at Al- Ghubrah in September 

1988 and another at Barka in September 2000 [33]. In addition to that, these blooms 

caused a disturbance on coral community structures and, a variable mortality of 

Acropora specie in the Sea of Oman (from August 2008 until May 2009) [55]. Also , 

a  high mortality rate was recorded of the shellfish Solen dactylus (razor clam) 

populations on the Golshahr coast of Bandar Abbas (in the northern coastal waters of 

the Arabian Gulf) [53]. Another example of HABs occurred in 1999, in Kuwait’s 

waters and affected two HAB species namely, karenia selliformis and Prorocentrum 

rhathymum and caused a  massive fish kill [56] [39]. 

1.5.4 Causes  

Although the reasons for the increase of HABs outbreak are unclear, several have 

been suggested: (1) increased nutrient input to coastal oceans from human activities 

Figure 8: Seventy tons of fish killed in Asmak fish farm, 

Quriyat. . (Source: Marine Fisheries Center, Ministry of 

Fisheries, Oman) 
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[57] [58] [59] [24] (2) large-scale climactic changes (for example, global warming) 

[23] , (3) transport of toxigenic species in ship ballast water [60] , (4) increased use of 

coastal resources for shellfish harvesting and aquaculture [23] , and (5) increased 

surveillance by government health agencies and researchers [23].  

The structure and abundance of the phytoplankton populations are mainly controlled 

by inorganic nutrients such as nitrogen, phosphorus, silica, and iron. Therefore, high 

nutrient concentration in water bodies is considered as the primary factor causing the 

HABs occurrence  [57] [58].  

1.5.5 Sources of nutrients 

Several sources of nutrients can stimulate HABs, including mainly upwelling, land 

runoff, atmospheric deposition, and groundwater inflow, as well as agriculture and 

other fertilizer runoff. Yet another source is the growing aquaculture industry in many 

coastal areas [29]. Human activities such as dredging, land reclamation and land 

filling are worsening the situation by increasing nutrient levels of the water via dust 

and particulate matter [61]. 

Dust and atmospheric deposition: 

The area around the Gulf is consider one of the main sources of aeolian dust in the 

world [62].The strong wind events in this region are often associated with dust 

storms.  Dust particles swept over the sea surface agglomerate into larger and heavier 

particles with high settling velocities [63]. Dust deposition enriches sea waters with 

micronutrients (e.g., iron), stimulating phytoplankton growth in iron-limited zones 

[64] [65] [66] [67] [68] and it is  an essential factor regulating phytoplankton growth 

in the Gulf [69].  Nezlin et al. (2010) showed that the atmospheric deposition is an 

important factor regulating phytoplankton growth in the Arabian Gulf. In fact, dust 
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storms constitute a major ecological force by strongly influencing pelagic production 

in waters of the arid zone and tested whether dust storms enhance phytoplankton 

growth in Kuwait coastal waters [70] because a greater input of iron (Fe) occurs with 

inputs of dust [71]. 

Upwelling: 

Upwelling is an oceanographic phenomenon and because of winter storm events it 

rises seasonally in temperate environments. This phenomenon involves wind-driven 

motion of dense, cooler, and usually nutrient-rich water towards the ocean surface, 

replacing the warmer, usually nutrient-depleted surface water. The reproduction 

of primary producers such as phytoplankton is catalyzed by the nutrient-rich upwelled 

water. Due to the biomass of phytoplankton and presence of cool water in these 

regions, and upwelling zones can be identified by cool sea surface temperatures (SST) 

and a high concentrations of chlorophyll-a.  

The deep part of the Gulf is characterized by pronounced hyaline stratification [72] 

[73] [74]. In contrast, the water column in the shallow (<10–15 m) northern, western 

and southern Gulf is well mixed, as a result of wind stress and tidal turbulence [75]. 

Persistent northwesterly winds produce southeastward coastal currents and has caused  

upwelling along the northeastern (Iranian) coast and down welling along the 

southwestern (Saudi) coast [73]. The circulation in the Sea of Oman is well known by 

a clockwise gyre in the west and a counter-clockwise gyre in the east, creating a 

region of upwelling along the Iranian coast at the interface between the two [73].  

Rivers discharge: 

http://en.wikipedia.org/wiki/Physical_oceanography
http://en.wikipedia.org/wiki/Wind
http://en.wikipedia.org/wiki/Nutrient
http://en.wikipedia.org/wiki/Ocean
http://en.wikipedia.org/wiki/Surface_water
http://en.wikipedia.org/wiki/Primary_producer
http://en.wikipedia.org/wiki/Phytoplankton
http://en.wikipedia.org/wiki/Biomass
http://en.wikipedia.org/wiki/Sea_surface_temperature
http://en.wikipedia.org/wiki/Chlorophyll-a
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The Shatt Al-Arab estuary is the only northern source of freshwater inflow into the 

Gulf. This is considered a source of nutrients to the Arabian Gulf [76]. The rivers 

Tigris and Euphrates each annually discharge 45.3 x 10
6
 m

3  
of water, and carry 57.6 x 

10
6
 and 4.8 x 10

6
 t sediment, respectively [73]. 

Ballast water from tankers: 

The Regional Organization for the Protection of the Marine Environment (ROPME) 

Sea Area is the largest recipient of ships’ ballast water with annually more than 

45,000 vessels visit this area and discharge a large amount of ballast water [77]. This 

ballast water has an anthropogenic cause, like sewage, which has been considered as a 

significant factor behind the increasing occurrence of HABs [60].Ballast water from 

shipping traffic can transfer a range of species of microalgae, including toxic species 

that may form harmful algae blooms [78]. Phytoplankton transport by means of ships 

ballast water has been regarded of paramount importance to explain the worldwide 

distribution of some phytoplankton species [79] [80], including bentho-planktonic 

forms of toxic dinoflagellates [81]. For instance, the introductions of Cochlodinium 

polykrikoides species, responsible for the catastrophic HABs in 2008-2009 in the 

Arabian Gulf region, was through ballast water discharge [34]. 

1.5.6 Detection of HABs: advantages of satellite observations 

 

Different approaches have been used for algal bloom detection. Ship observations and 

buoy stations are conventional methods but consuming. Furthermore, they 

are temporal-spatial coverage limited. For example, a ship survey station may cover 

an area within 1m in the vicinity of the ship. On the other hand, the circumstances of 
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algal blooms could be affected by ship based sampling, which can have effects on the 

accuracy of sampling results. Therefore, an alternative is desired.  

Satellite measurements have shown to be more effective in applications of algal 

bloom detection and tracking, thanks to their high spatial and temporal coverage over 

large scales. They can complement local in situ measurements. Furthermore, satellite 

measurements can cover larger and remote areas. Oceanographic researches have 

entered a new era since the launch of the first ocean color satellite sensor, namely the 

Coastal Zone Color Scanner (CZCS) onboard Nimbus 7 in 1978. The Sea-viewing 

Wide Field-of-view Sensor (SeaWiFS, 1997-2010) with a spatial resolution of 1000 m 

at nadir collected 13-year of daily global imagery and they are made freely available 

to the scientific community by NASA. Access to satellite imagery from several other 

sensors is also open, such as MODIS onboard Terra (1999-present) and Aqua (2002-

present) satellites, MEdium Resolution Imaging Spectrometer (MERIS, 2002-2012), 

and Visible Infrared Imaging Radiometer Suite (VIIRS, 2011-present). The new era 

of open-access satellite data will augment the use of satellite imagery for bloom 

detection and monitoring.  

In contrast with the numerous applications of satellite imagery for algal bloom 

observation, satellite based detections of algal bloom in the Arabian Gulf and its 

adjacent area is still in its initial period. Moradi and Kabiri (2012) used Moderate 

Resolution Imaging Spectroradiometer (MODIS) fluorescence data to detect the 2008 

red tide with more focus on the Strait of Hormuz and the eastern region of the Arabian 

Gulf. Hamzei et al. (2012) have also investigated the 2008 red tide event using 

MODIS images and suggested that upwelling and sewage were the key nutrient 

sources that trigged the bloom in the Arabian Gulf and the Sea of Oman. Zhao 

and Ghedira (2014) used multi-sensor data to track the harmful algal bloom in 
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the Gulf region and their analysis suggested that the bloom was probably caused by 

upwelling. A regional algorithm was also developed by Zhao et al. (2015) 

to qualitatively separate algal blooms dominated by different phytoplankton blooms.   

Different approaches based on satellite measurements have been proposed to indicate 

the occurrence of algal bloom, such as chlorophyll-a concentration, and fluorescence 

line height (FLH). However, their accuracy is still problematic. The operational 

chlorophyll-a algorithm is based on the blue to green ratio of radiance. It works well 

for case I waters where other optically active components co-vary with 

phytoplankton. As with case II waters, the empirical band ratio algorithm fails due to 

the effects of water substituents whose optical properties vary independent upon 

phytoplankton. Although the FLH approach was successfully used to detect and trace 

algal blooms, it is sensitive to suspended sediments and benthic vegetation. Therefore, 

a regional effective tool needs to be developed. 
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2 CHAPTER 
 

HABs and Desalination 

 

 

2.1 Definition 

Desalination is the process of removing salt (sodium chloride) and other minerals 

from water to make it suitable for human consumption (potable) or for other uses e.g. 

irrigation, industrial (non-potable) since many countries suffer from limited supplies 

of fresh water. The worldwide feed-water percentage used in desalination accounts 

67%, 19%, 8% and 6%, respectively for seawater, brackish water river water, and 

wastewater desalination production [82]. The most prolific users of desalinated water 

are in the Arab region, namely, Saudi Arabia, Kuwait, United Arab Emirates, Qatar, 

Oman, and Bahrain [83].  

Figure 9 shows the global desalination capacity in m
3
/d and percentage including all 

source water types: seawater, brackish and waste waters (IDA, 2008). This figure 

from the 20th IDA Worldwide Desalting Plant Inventory indicate that about 28 

million cubic meters per day (Mm
3
/d) are presently produced from seawater sources 

[84]. Three quarters of this water is produced in three sea areas: the Arabian Gulf, the 

Red Sea, and the Mediterranean Sea [85].  
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2.2  Desalination in the Arabian Gulf: 

The “hot spot” of intense desalination activity has always been the Arabian Gulf [86]. 

In fact, almost 60% of the freshwater supplies rely on desalination plants for countries 

around the Arabian Gulf  [87].  

 

 

The installed capacity in the Gulf is 19,360,853 m
3
/d  as shown in figure 9. The 

figure, next to the pie diagram, gives the contribution to the global production, i.e., the 

seawater desalination capacity in Gulf represent 61.4 % of the global seawater 

desalination capacity. The brackish water capacity - though it is less than half the 

seawater desalination capacity - represents 21.1% of the global brackish, and the 

wastewater 19 % of water desalination capacity.  Seawater desalination accounts for 

most of the production in the Gulf, brackish water for about 1/5 of the production and 

wastewater desalination plays a relatively minor role (pie diagram) [84]. 

Figure 9:  Global desalination capacity in m3/d and % including all source water types 

(seawater, brackish and wastewaters) (IDA, 2008). 
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The United Arab Emirates is the major producer of fresh water from desalination 35% 

in the Gulf followed by Saudi Arabia 34%. The other countries like Kuwait is 14%, 

Qatar (8%), Bahrain (5%) and Oman (4%) [88]. 

2.3 Desalination technologies 

Desalination technologies are divided to two parts thermal or membrane.  The main 

desalination processes are summarized in Table 5. The two technologies thermal and 

membrane desalination has varied advantages and disadvantages depend on specific 

parameter. A combination of these two technologies also can be used in water 

purification plants.  

 

 

 

 

 

Figure 10: Seawater desalination capacities in the Arabian Gulf 

(Source: Dawoud and Al Mulla., 2012). 
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Table 5: Desalination technologies and process 

Thermal Technology Membrane Technology 

Single-Stage Distillation (SSD) Reverse Osmosis (RO) 

Multi-Stage Flash Distillation (MSF) Electrodialysis (ED) 

Multi-Effect Distillation (MED) Electrodialysis reversal (EDR) 

Vapor Compression Distillation (VCD)  

 

2.3.1 Thermal technology: 

In thermal technology, as the name implies, saline water is heated to form steam that 

cools and condenses to form purified water (distillate) while the Inorganic compounds 

and large non-volatile organic molecules do not evaporate with the water and are left 

behind. Due to the high cost thermal technologies have not been used for brackish 

water desalination. However, they have been used for seawater desalination and can 

be sub-divided into four groups: Thermal technologies divide to Single-Stage 

Distillation (SSD), Multi-Stage Flash Distillation (MSF), Multi-Effect Distillation 

(MED) and Vapor Compression Distillation (VCD). 

(i)  Single-Stage Distillation (SSD):  

 In SSD, the saline water is heated in the steam heat exchanger. The steam passing the 

tubes will condense again in the boiler, while the saline water outside the tubes will 

evaporate to the condenser tank and be cooled down by the cooled water pipes in such 

a way vapor will turn to pure liquid. The vapor pressure of the saline is reduced, in 

order to decrease the boiling temperature because the boiling temperature should not 
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exceed the temperature of the condensation steam. This method is applicable for 

marine application and big laboratories.  

(ii)  Multi-Effect Distillation (MED) 

For the heat recovery principle, MED was developed, where the vapor from each 

evaporator will serve as heating steam for the next evaporator while at the same time, 

the boiling saline in the evaporator will serve as condensing medium for the vapor. 

Thus, the greater the number of evaporators, the less heating steam will be needed.  

(i)  Multi-Stage Flash Distillation (MSF) 

Regarding MSF, multi stages act as an evaporator to increase efficiency, but on the 

other hand, they also increase the cost and the scale formation. 

(ii)  Vapor Compression Distillation (VCD) 

 VCD uses a mechanical source, which is a vapor compressor for the required heating 

steam needed to boil saline water. To increase the performance of the mechanical 

vapor compression pilot plant, the compressor speed should be increased, and the 

concentration of the brine should be decreased. So, the difference between the VCD 

and the other two types MED and MSF is the heating source [89].   

2.3.2  Membrane procedures: 

Membrane Technology uses a membrane to separate the salt from water. Membrane 

Technologies can be divided into categories - Reverse Osmosis (RO), Electrodialysis 

(ED) and Electrodialysis reversal (EDR).  

(i)  Reverse Osmosis (RO), 
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In RO, the water will diffuse through a semi-permeable membrane into a solution to 

achieve equilibrium. This occurs until sufficient hydrostatic pressure develops to 

offset the osmotic pressure. Seawater is divided into fresh water free of particulates 

and dissolved impurities, and the brine enriched water with suspended and dissolved 

solids.  

(ii)  Electrodialysis (ED)  

ED depends upon a selective permeable membrane charged with an electrical 

potential to separate solutes of different ionic or molecular size in a solution by a 

driving force. This force is the driving force for dialysis and the difference in the 

solute concentration across the membrane. 

(iii)  Electrodialysis reversal (EDR) : 

EDR works with the same concept as electrodialysis, except that the polarity of the 

DC power is reversed to two to four times per hour reversal valves, which prevents 

the formation of scale on the membrane[90]. 

2.4 Desalination discharge: 

The overall procedure of seawater desalination is similar in most cases. The procedure 

is the separation of the pre-treated water (saline water) into two parts:  

- Treated water :a highly pure product with a low concentration of salt  

(drinking water)  

- Wastewater: refers to brine or ‘concentrate’ with a much higher concentration 

than the original feed water. This by-product of the desalination process (brine) is 

concentrated salt water containing a mixture of chemicals used during plant 
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operation to be disposed of or recycled. At present, it is mostly discharged into the 

sea or diluted and sprayed into an open space.  

Several types of chemicals (Table 6) are used in the desalination process for pre- and 

post-treatment operations and cleaning at variable concentrations.  Often these 

chemicals are discharged to the sea water as part of waste brine [91] [92] [93]. 

Table 6: Types of chemicals used in the desalination process for pre- and post-

treatment operations [86] 

Chemicals Use 

Sodium hypochlorite (NaOCl)  Used for chlorination to prevent 

bacterial growth in the desalination 

facility 

Ferric chloride (FeCl3) or aluminum chloride 

(AlCl3) 

Used as flocculants for the removal of 

suspended matter from the water 

Sodium hexametaphosphate (NaPO3)6 Used to prevent scale formation on the 

pipes and on the membranes 

Sulfuric acid (H2SO4) or hydrochloric acid 

(HCl) 

Used to adjust the pH of the seawater.  

Heavy Metals (Copper-nickel alloys)   Used as heat exchanger materials  

Chlorine  Added to the  intake water to reduce 

biofouling  

Sodium perborate and formaldehyde  Biocides ( to kill bacteria) 

The brine discharge has negative affect on the marine environment as it can change 

the water temperature, salinity as well as the alkalinity[73].  In most cases, the high 

temperature doubled the salinity and total alkalinity of the discharge brine than the 

normal conditions. As an example, the  salinity of the brine that produced from RO 

plants has a salinity up to twice that of sea water [76]. This lead to an increase in the 

overall salinity and in the case of undiluted, the brine will stratify below the less dense 

seawater [94] [95].  
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2.5  The impacts of desalination plants discharge on the marine environment: 

Many environmental impacts can be caused by desalination plant as any other 

industrial activity (liquid and solid waste) to the surrounding area and to the 

atmosphere (gas emission). Main causes are linked with the brine discharge as it has a 

massive impact on the environmental aspect  [96]. Marine life has a high influent 

from desalination plant. Chemical and physical characteristic of the brine has a huge 

rule in these impacts. At the moment,  there are no specific assizes to control the 

physical parameters and chemical concentrations of brine effluents resulting from the 

desalination processes [81]. The impacts associated with brine discharges into 

seawaters are related to: 

- Effects on water quality: by the increasing of salinity, temperature and alkalinity 

[86], and by the potential chemical pollution, and by the turbidity (because of the 

presence of hyper saline effluent) [81]. 

- Impacts on algal population growth, seagrasses and plankton: macroalgae and 

seagrass are sensitive to potential impacts from RO waste brine [97]. The population 

levels of the algae depend primarily on water quality (e.g., turbidity, salinity, 

temperature, dissolved oxygen content, nutrient concentrations, etc.) and changing 

water quality can trigger algal population growth. The turbidity affects seagrasses by 

reducing the percentage of light filtered through the water column that reaches the 

seabed, thus affecting seagrass photosynthesis [98]. The impact on plankton is by 

causing a drop in osmotic pressure and hence causing negative effects in primary 

production [81].  
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- Impacts on fish fauna: extinction of the fish larvae and younger individuals of these 

community in turbid areas and emissions associated with the brine and cleaning water 

discharges [99]. 

- Effects on coral reefs, which are very sensitive to changes in environmental 

conditions (chemical pollution, hydrodynamic alterations, temperature, salinity, etc.), 

and thus, brine disposal may have significant negative effects [81]. Elevated 

concentrations of trace metals such as copper, lead, zinc, calcium and nickel can also 

reduce the fertilization success of Scleractinian corals [100]. 

- Effects on primary productivity (HABs):  the addition of nitrogen and iron during 

the RO process has potential to affect primary productivity, as they are potentially 

limiting elements in marine systems [101].  In addition to that, the increase of 

temperature in the water bodies classified the desalination plant discharge among the 

factors behind the increasing occurrence of HABs [24]. 

However, it is needed to set a probable solution for the disposal and brine due to their 

unfavorable environmental impacts[102]. Extensive knowledge of the effluent 

properties and the receiving environments is required in order to estimate the potential 

impacts of desalination plants on the marine environment. 

2.6 The effects of the marine environment on desalination plant: 

The effects of the marine environment on the plant are recognized primarily as 

biofouling of the intake structures, pumps and various plant structures. The biofouling 

or biological fouling is the accumulation of microorganisms (e.g. bacteria and 

phytoplankton) and macroorganisms (caused by a variety of invertebrate organisms 

and marine algae). The presence of phytoplankton can cause a reduction in 
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desalination plants production by up to 40% [24]. Microfouling induced corrosion and 

macrofouling induced failures have been reported in the literature [103]. 

The   emerging threat to the desalination industry is from HABs. This threat from 

HABs to desalination plants is not new, but is growing in scale and significance, due 

to the expansion of both HABs and desalination plants globally.  High biomass HABs 

can restrict    flow in desalination plants by clogging filters and increasing membrane 

fouling rates in microfiltration systems that are frequently incorporated, or considered, 

in today’s desalination facilities [104]  [105] [106]. These fouling of surfaces due to 

dissolved organic materials, can also compromise the integrity of reverse osmosis 

(RO) membranes. 

The last HABs outbreak, which lasted nearly eight months in the Gulf-Arabian Sea 

region in 2008/2009, is a clear example of the risk posed by these phenomena. The 

bloom of the  dinoflagellate Cochlodinium  forced the closures of at least five 

seawater desalination plants in the UAE due to clogging of intake filters (Fig11),  

 
Figure 11: A massive “red tide” algal bloom in the Gulf of Oman 

spreading to the Gulf from the satellite image obtained by the 

European Space Agency MERIS (source Villacorte et al., 2015) 
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concerns that the bloom would irreversibly foul RO membranes, or other operational 

problems caused by the dense blooms [107] [108]. 

Toxic HABs have been recently recognized as a threat to desalination plants where 

the chemical structures of toxins can persist in desalinated water and cause threats to 

human health [109].  

Because of the increasing trend in HAB occurrence throughout the region, it is very 

important to protect membrane-based desalination plants during an algal bloom. Early 

detection will serve as a good indicator for desalination plants to take the necessary 

steps to prevent severe fouling and provides the necessary time for preventative 

measures. Such detection will have information on certain parameters such as 

turbidity, silt density index (SDI), dissolved oxygen, and bulk fluorescence [110]. 

However, this measurement is not enough to detect the growth of algal blooms. 

Protecting membrane-based desalination plants can be done by developing methods 

and techniques to better understanding and characterizing the membrane fouling 

potential of algae and algal organic matter (AOM) as the studies have been conducted 

over limited spatial and temporal scales. In any algal blooms event, it is essential to 

emphasis on important processes such as the intakes because of the subsurface 

accumulations of algae, toxin removal during treatment and removing algal biomass 

during pretreatment [111]. The challenge that desalination plants face over the world 

is the diversity in species, bloom types, and impacts with tens of thousands of species 

of algae in the oceans [112].  

Granular media filters (GMF) for the pretreatment process proved that it is possible to 

reduce the penetration of algae, but at the same time cannot stand in the face of 

(AOM), and in particular, transparent exopolymer particles (TEPs), as it can still pass 

through the pre-treatment systems and lead to a fouling in the downstream RO system 
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[113]. As a solution to this drawback of  the GM, it was proposed to add a dose of 

coagulant in front of the GMF. This however,  may cause another problem by 

increasing the rate of clogging in the filter. This happens because of the high biomass 

accompanied by high filtration rate (5-10 m/h) in the granular filters[114]. One 

possible solution is to install dissolved air flotation (DAF) in front of the GMF, as it 

will reduce clogging problems by increasing the coagulant dose and improving 

effluent quality. Another solution is to replace GMF with ultrafiltration (UF) or 

microfiltration (MF) membrane systems. The only drawback in UF and MF, is the 

rate of fouling during algal bloom periods. This can be overcome by adding a DAF 

system prior UF/MF system[115].  
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3 CHAPTER 
 

 

Methodology  

 

 

3.1 Red tide index (RI) 

In the literature, the monitoring of algal blooms has been mainly focused on the 

quantitative determination of chlorophyll-a concentration and fluorescence line height 

(FLH). However, these approaches have limitations. Satellite derived chlorophyll-a 

concentration are problematic for regional use, especially in coastal waters, as the 

operational algorithm was designed for Case I waters. Although FLH has been 

successfully used for bloom detection, it can be affected by suspended sediments and 

variations in environmental conditions (such as light and nutrient). Therefore, 

alternatives are needed.  

Ahn and Shanmugam (2006) developed a red tide index (RI) for bloom detection in 

Korean South Sea, East China Sea, Yellow Sea, and Bohai Sea, using Sea-viewing 

Wide Field-of-view Sensor (SeaWiFS) data. Shanmugam (2011) showed that RI is 

maximally sensitive to variability of algal bloom and minimally to other optically 

active constituents besides phytoplankton, i.e., suspended sediment, colored dissolved 

organic matter, and detritus. However, to the best of our knowledge, a red tide index 

for monitoring algal blooms in the entire Arabian Gulf has never been reported 

before. This research project proposes to monitor red tides in the Arabian Gulf using a 

qualitative index, namely, RI, as an alternative to quantitative methods. We expect 
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that the qualitative index should be more straightforward to determine especially over 

long periods. The research will also pursue the comparison of the qualitative index to 

in situ observations of chlorophyll a concentration and other water quality parameters. 

Ahn and Shanmugam (2006) used SeaWiFS data for bloom detection. However, the 

SeaWiFS sensor retired in 2010. For the purpose of continuity, Moderate Resolution 

Imaging Spectroradiometer (MODIS) data are used instead. MODIS sensors are 

onboard two satellites, Terra (2000-present) and Aqua (2002-present), which 

overpasses local areas in the morning and afternoon, respectively. Since 

MODIS/Terra data suffer from the striping issue, only Aqua data were considered in 

this project. Global changes can be traced accurately enough by MODIS, which in 

return can assist researchers to predict and improve the overall understanding of the 

environment. 

3.2 In situ data 

Chlorophyll-a pigment is present in most plants as well as in algae that is why it is a 

convenient indicator of algal biomass. During in situ sampling trips, water samples 

were collected from 36 stations (as shown in figure 12) to determine chlorophyll a 

concentration. Chlorophyll a concentrations were recorded after series of laboratory 

procedures on the water samples, which include filtration and spectrophotometric 

detection by a spectrophotometer (Perkin Elmer Lambda 25), as shown in figure 13. 

Chlorophyll-containing phytoplankton in a measured volume of sample water, are 

concentrated by filtering at low vacuum through a Whatmann GF/C filters (45 µm in 

pore size, and 47 mm in diameter). The filters were folded and stored in the freezer at 

-20ºC until extraction. 
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The pigments were extracted from the phytoplankton in 90% acetone (5mL) in 

centrifuge tubes in cold and processed with freezing and sonication to ensure 

thorough extraction of the chlorophyll. The samples were disrupted by sonication in 

darkness in an ice bath and homogenized at 20000 rpm for 15s, until the filter was 

completely disrupted and allowed to extract at -20ºC for 24 hours.  

The pigment extracts were centrifuged at 5,000 rpm during 10 min (centurion 

scientific K3 Series). To reduce the turbidity interference, the supernatant was 

transferred an inert centrifuge tubes and re-centrifuged. The supernatant solutions 

were harvested and used to determine their optical densities in 664 nm and 750 nm for 

turbidity correction. The Chl-a concentrations were determined by the 

spectrophotometry analysis using a Perkin Elmer spectrophotometer (Lambda 25).  

 

 

 

Figure 12 :. In situ stations where water samples were 

collected during our field surveys along the west coast of the 

UAE. 
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The Chl-a concentration was calculated using Ritchie (2006), empirical correlation to 

evaluate the concentration of chl-a, which uses the followed formula: 

Richie (2006) 

             
        
⁄

 

             
 
  ⁄  

             
        
⁄

 

             
 
  ⁄  

Where 

    : The absorbance at 664 nm, after removing the sample absorbance at 750nm, 

against a blank of the used solvent. 

   The volume of solvent used (mL) 

Figure 13: Examples of pictures for water sampling, filtration, filter pads of water samples, and 

the instrument to determine chlorophyll-a concentration, i.e. Perkin Elmer spectrophotometer. 
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    The spectrophotometric cell length (cm) and  

   The sample volume used (mL). 

Remote sensing reflectance (Rrs) data were collected following the NASA ocean 

optics protocol. It is briefly described there. A hyperspectral radiometer (Ocean 

Optics USB 2000+) with a spectral resolution of 1 nm was used. The spectra range 

from 350 nm to 900 nm. The field-of-view angle is 10°. The radiance signals reflected 

from the water surface (Lwater), sky (Lsky), and a gray plaque (Lp) were measured, 

which were then used to calculate Rrs. The equations are expressed below: 
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Where ρ is the Fresnel reflectance of the air-sea interface and an empirical constant of 

0.028 was used. FL is the sensor response signal when the gray plaque was viewed at 

a fixed angle of 90°. Rp is the bi-directional reflectance function (BRDF) of the gray 

plaque. Both FL and Rp data were provided by the manufacturers. 

3.3 Deployment of a regional red tide index: 

With respect to satellite imagery, MODIS/Aqua data were used to calculate RI in this 

study. The MODIS instrument has a viewing swath width of 23,330 km. It has a 

revisit frequency of one day. It measures 36 spectral bands between 0.405 and 14.385 

µm with different spatial resolutions: 250 m, 500 m and 1000 m. 9 visible bands, 

which are centered at 412, 443, 488, 531, 547, 667, 678, 748, and 869 nm, 

respectively, with a spatial resolution of 1000 m were designed for ocean color 
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studies. A quick review of the literature showed that the bands used for the design of 

RI were located in the blue-green region. Although our field measured Lw data 

covered the spectral range between 350 and 900 nm, only those bands corresponding 

to MODIS ocean color bands were considered in order to expand the designed model 

to satellite applications. To identify the most reliable model to quantify RI, four 

models were compared, which were formulated as follows: 

 

w w w
1

w w w

L _ 488 L _547 L _ 443
RI                                                                    (1)

L _ 488 L _547 L _ 443



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w w w

w w w

L _ 531 L _ 547 L _ 443

L _ 531 L _ 547 L _ 443
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
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RI1 and RI3 used 488, 547 and 443 nm while RI2 and RI4 used 531, 547, and 443 nm. 

The 412 waveband was not considered since this band is subject to atmospheric 

correction failure when algal bloom conditions were encountered. 

3.4 Satellite data processing 

MODIS/Aqua L0 data were obtained from NASA ocean color data archive. SeaWiFS 

Data Analysis System (SeaDAS) software package developed by the NASA Ocean 

Biology Processing Group (OBPG) used to process satellite imagery. The default near 

infrared (NIR) atmospheric correction scheme was carried out, which assumes that the 
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radiance in the NIR region is negligible. The default blue-green band ratio algorithm 

for chlorophyll-a concentration was implemented. Output products included 

normalized Lw (nLw) at 443, 488, 531, and 547 nm, sea surface temperature (SST), 

level-2 flags, and chlorophyll-a concentration. Enhanced Red-Green-Blue (ERGB) 

images were composited with nLw at 547 (R), 488 (G), and 443 (B) nm. The 547 nm 

was used as the red band instead of 667 nm for the ERGB images because nLw at 667 

nm is low and does not provide adequate information, especially for case I waters. 

Data form 2002 to 2014 was processed and 2406 scenes were obtained. The whole 

gulf region bounded by 23.2°-30.7° N and 47.3°-56.5° E was investigated. The spatial 

resolution of the processed scenes was 1000 m. 
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4 CHAPTER 
  

 

Result and Discussion  

4.1 Results from in situ measurements 

The in situ measured Rrs spectra between 400 and 750 nm are shown in figure 14. The 

spectra show the characteristics of typical case II waters. The spectra indicate peaks 

between 490 and 560 nm, which are determined by the absorption and backscattering 

properties of optically active components, including phytoplankton, colored dissolved 

organic matter (CDOM), non-algal particulate, and pure water. The spectral peak 

around 650 nm appears due to the prominent absorption by chlorophyll-a and 

phycocyanin on both sides of the peak and the phycocyanin fluorescence emission at 

640 nm [116]. The peak around 685 nm is due to the emission of chlorophyll-a 

fluorescence stimulated by sunlight. The peak height of chlorophyll-a fluorescence 

has been used as a proxy of chlorophyll-a concentration. 

Chlorophyll-a concentrations of 36 stations from our field surveys are used in this 

study. The histogram of in situ measured chlorophyll-a concentration is presented in 

figure 15a. Chlorophyll-a was ranged between 0.08 and 1.88 mg m
-3

. Ten and eight 

data points were located in the range of 0.2-0.4 and 0.4-0.6 mg m
-3

, respectively. The 

highest chlorophyll-a was collected in fall while the lowest chlorophyll-a was found 

in summer. This is consistent with previous findings by Nezlin et al. (2010). 

Regarding the spatial distribution, the chlorophyll-a map is displayed in figure 15b. It 

indicates that chlorophyll-a increased along the tracks from onshore to offshore. This 
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is totally different from cases for other regions in the world. This can be very likely 

related to the small, even ignorable, terrestrial runoff in the region, which can bring 

nutrient-rich waters to the coastal zone and support the growth of phytoplankton.  

 

 

4.2  Validation of the proposed red tide index: 

36 data points were randomly divided into two parts, nominally 19 and 17 for 

algorithm development and validation, respectively. In order to identify which model 

developed performs the best, the four models are plotted against chlorophyll-a 

concentration, as shown in figure 16. The determination coefficient for RI1 vs 

chlorophyll-a based on a quadratic method is 0.69, 0.67 for RI2 vs chlorophyll-a, 0.68 

Figure 14: Remote sensing reflectance (Rrs) spectra between 400 and 750 nm for those stations 

shown in figure 12 measured during our field campaigns. 



     

 

4i 

 

for RI3 vs chlorophyll-a, and 0.67 for RI4 vs chlorophyll-a, respectively. The 

equations are listed below: 

 

 

 
Figure 15:( a) Histogram of in situ measured chlorophyll-a. (b) Map showing the spatial 

distribution of in situ measured chlorophyll-a. A cubic interpolation method was used. 
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Figure 16: Relationship between different red tide indices and chlorophyll-a 

concentration from field surveys. The dashed lines indicate the best fits using 

quadratic functions. 
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However, the findings suggested that the quadratic formulation indicated superiority 

to other methods. Figure 17 shows the comparison between chlorophyll-a estimated 

from the discrete model using the validation dataset and measured from field surveys. 

The statistical results are summarized in table 7. 

Table 7: Statistical results for the comparison between measured and estimated 

chlorophyll-a concentrations 

Model R
2
 Mean ratio Relative error (%) RMSE (%) 

RI1 0.63 1.20 19.52 32.33 

RI2 0.62 1.18 17.56 28.28 

RI3 0.62 1.19 19.45 32.88 

RI4 0.61 1.17 16.56 29.55 

 

The fourth model RI4 appears to have the best performance as indicated by the lowest 

relative error and the lowest relative error, and by the mean ratio closest to 1,  

Figure 17: Comparison between in situ and estimated chlorophyll-a using the validation 

data set. 
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although the R
2
 for RI4 did not show remarkable superiority to others. Therefore, in 

this study, RI4 will be utilized as an indicator of algal bloom. Hereafter RI will be 

used instead of RI4. 

4.3 Comparisons between RI and other indicators of algal bloom 

As reported in previous studies [117] [118], different parameters have been used to 

indicate the occurrence of algal blooms, such as satellite derived chlorophyll-a maps 

and solar induced chlorophyll-a fluorescence. All of these methods have their own 

advantages and disadvantages. The operational chlorophyll-a product from satellite 

measurements is derived from an empirical blue-green band ratio algorithm. It was 

originally designed from case I waters where other components in the water column 

co-vary with phytoplankton. However, in optically complex case II waters, the 

empirical algorithm for chlorophyll fails, since the assumption based on which the 

empirical algorithm was established does not hold. Carder et al. (2003) noted that the 

chlorophyll-a concentration might be underestimated during intensive bloom 

conditions if the default OC4 algorithm was implemented. Although chlorophyll-a 
Figure 18: Map of red tide index collected by MODIS/Aqua on December 23 2008 over the 

Arabian Gulf and the Sea of Oman. 
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fluorescence has been successfully used for bloom patch mapping, and it is sensitive 

to suspended sediment which can also lead to high signal in the red band where 

chlorophyll-a fluoresces. Furthermore, false alarms of algal bloom may happen due to 

the possible presence of submerged vegetation, such as sea-grass (Zhao et al., 2015). 

 

 

As an example, figures 18-20 compare RI, chlorophyll-a, and normalized 

fluorescence line height (nflh) for bloom mapping. The scene was collected by 

MODIS/Aqua on December 23 2008 when there was an extensive algal bloom event 

[118]. The RI map shows that the bloom extended from the east coast of Saudi 

Arabia, north of Qatar and south west of Iran, to the Sea of Oman. It appears that the 

bloom affected almost the whole west coast of UAE. However, in the chlorophyll-a 

map, the bloom patch cannot be separated from non-bloom waters except in the 

eastern Arabian Gulf. This could be caused by the global parameterization of the 

Figure 19: MODIS/Aqua derived chlorophyll-a map collected on December 23 2008 over the 

gulf using the default OC3M algorithm. 
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default OC3M algorithm for MODIS sensor. On the other hand, the nflh map shows 

similar coverage of bloom to RI. However, for areas outlined with red circles in figure 

20a, the high nflh values were probably caused by suspended sediment or shallow 

bottom as indicated by the bright color in the ERGB image. ERGB images have been 

suggested being integrated with nflh to identify bloom patches [117]. In contrast, RI 

shows low values in those areas and seems to be insensitive to suspended sediment 

and shallow bottom. Although bottom reflection mainly affects the Rrs spectra in the 

green wavebands, it seems that its effect was removed using the formulation of RI 

proposed in this study. 
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4.4 Seasonal variations of RI in the gulf 

Figure 21 shows the time series of monthly mean RI from 2002 to present over the 

whole Arabian Gulf. High RI values were found between late fall and early spring 

while low values were found in late spring and early fall. This shows good agreement 

Figure 20:MODIS/Aqua derived normalized fluorescence line height (nflh) and enhanced Red-

Green-Blue (ERGB) images collected on December 23 2008 over the gulf. High nflh and dark 

color in the ERGB image indicate occurrence of algal bloom. 
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with findings reported by Nezlin et al. (2010). Using SeaWiFS data, they showed that 

chlorophyll-a was high in winter and low in summer. High chlorophyll-a in the winter 

was probably related to the decreased stratification of the water column. The nutrient-

rich bottom water was swirled up by strong wind. Furthermore, surface cooling also 

contributed to the well mixing activities of the ocean circulation. Thus, phytoplankton 

growth was supported by the extra nutrients. Outbreaks of algal blooms may happen. 

While in the summer, the solar heating is very strong, and this leads to the strong 

stratification in the water column. Nutrient-rich bottom water is very difficult to be 

transported to the surface layer. However, there were exceptional cases. For example, 

the 2008 algal bloom event was first found in late August along the eastern coast of 

UAE. Zhao et al. (2014) proposed that the 2008 bloom event could be triggered by 

upwelling. In the summer, the southwest monsoon prevails in the region and it is 

favorable for upwelling. 

For comparison, a satellite derived chlorophyll-a concentration using the default 

OC3M algorithm is also presented. The satellite derived chlorophyll-a shows a similar 

trend of variations to RI for chlorophyll-a < 2 mg m
-3

. However, the patterns of 

variations of RI and satellite measured chlorophyll-a do not match well for 

chlorophyll-a > 2 mg m
-3

. Regression analysis indicated that there was no significant 

correlation for this chlorophyll-a range. This is explainable. The correlation between 

RI and in situ chlorophyll-a was originally proposed for chlorophyll-a < 2 mg m
-3

. On 

the other hand, we should bear in mind that there were uncertainties in satellite-

derived chlorophyll-a concentrations due to several factors, such as atmospheric 

correction failure, and algorithm failure. 

Both RI and satellite measured chlorophyll-a showed high productivity in 2003 and 

2004 when extensive algal blooms were reported [119]. Between 2005 and 2007, 
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chlorophyll-a concentrations were generally less than 2 mg m
-3

 and there was no 

remarkable peak of RI. As reported by Zhao et al. (2014), an extensive algal bloom 

event started in late August 2008 and ended in late August 2009 in the gulf region. 

Satellite derived chlorophyll-a indicated significantly values as high as 3.5 mg m
-3

 in 

the winter of 2008. However, RI did not show corresponding high values. Between 

2009 and 2015, the peaks of RI and chlorophyll-a matched well but with some 

exceptions, such as in the winter of 2010 and 2011. 

4.5 Uncertainties of the RI 

Although RI can delineate the general pattern of algal bloom, uncertainties still exist. 

As shown in figure 20, nflh and ERGB can show the bloom slicks very clearly. But 

the slick features cannot be separated from the background in the RI image. This is 

probably related to the model design. In extensive bloom conditions, Lw values are 

low in the blue region, while Lw increased in the red region where chlorophyll-a 

fluoresces and particulate backscattering increases. 

Since RI was calculated using Lw, when satellite data are involved, satellite received 

signal contributed by aerosol must be removed. The operational atmospheric 

correction scheme assumes that the radiance in the near-infrared region is negligible, 

commonly referred to as ‘black pixel assumption’.  However, this scheme failed for 

optically complex coastal waters. As shown by Zhao et al. (2015), the default 

atmospheric correction method failed when extensive bloom conditions were 

encountered in 2008 in the Sea of Oman. Furthermore, the atmosphere over the Gulf 

region has high loads of dust with an estimated average flux of 6.385 g m
-2

 day
-1

 for 

an average of 33 days per year [120]. This heavy load of dust in the atmosphere has 

posed major challenges to the process of atmospheric correction. In SeaDAS, the 
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default thresholds of cloud albedo and aerosol optical depth at 865 nm (AOD_865) 

are 0.027 and 0.3, respectively. Any pixels with albedo > 0.027 or AOD_865 > 0.3 

are masked during the processing from level 1 to level 2. Although the scientific 

community has given great efforts to this issue, to date, no scheme specifically 

designed for dust correction of ocean color data has been adopted into the mainstream 

satellite data processing. Therefore, regional atmospheric correction schemes are of 

great importance and must be developed for accurate application of ocean color 

products. 
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Figure 21: Times series of MODIS/Aqua derived RI from 2002 to 2015 over the whole gulf region. The satellite derived chlorophyll-a concentration using the 

operational band ratio algorithm is also plotted for comparison. 
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5 CHAPTER 
 

 

   Conclusion 

 

Rapid detection of HABs has become increasingly important to mitigate the 

drawbacks, as the incidence of HABs has become more common. Satellite remote 

sensing has been widely used to detect HABs and the oceanographic environmental 

characteristics that favor the formation of HABs. Remote sensing is one of the 

methods to detect the outbreaks of any red tides event by using satellite observations. 

This approach is highly recommended as it gives high spatial and temporal coverage 

over large scales. Compared with traditional in situ point observations; include in 

situ ship-surveys and laboratory analysis; satellite remote sensing is considered as a 

promising technique for studying HABs.  

 

Our field surveys showed that the highest chlorophyll-a concentration was in fall 

while the lowest in summer which consist with the literature result. On the other hand 

the spatial distribution showed opposite manner as the chlorophyll-a concentration 

increase from onshore to offshore owing to the terrestrial runoff in the region.  

 

In this study, a regional index was developed by using different models using in 

situ data. The data that was used for algorithm development is 19 stations within the 

total 36 stations while the rest 17 stations were used for the algorithm validation using 

data independent.  Four models were proposed, which plotted against chlorophyll-a 
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concentration using quadratic formulation to detect the best performance. A statistical 

test for the comparison between measured and estimated chlorophyll-a concentrations 

was also carried out to confirm that RI4 is the best model. Therefore RI4 was used as 

an indicator of algal blooms in this study. The new index that was developed in this 

study was compared with the other indicators of algal blooms such as satellite derived 

chlorophyll-a and FLH.   

 

Times series of MODIS/Aqua derived RI from 2002 to 2015 over the whole gulf 

region was performed. The satellite derived chlorophyll-a concentration using the 

operational band ratio algorithm is also plotted for comparison. It showed a similar 

trend for chlorophyll-a < 2 mg m
-3

 while for chlorophyll-a > 2 mg m
-3

 was not 

matching. The present operational product from NASA showed that chlorophyll-a is 

sufficient and could be supported by the proposed red tide index in the Gulf. Our 

Masdar-based near real time satellite data processing system can output this index.  
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Recommendation 

 

 

 Satellite imagery can provide a synoptic view of the marine environment over 

large temporal scales.  

 With a times series of satellite measurements, the responses of the marine 

environment, such as coral reefs, sea grass to climate changes can be studied. 

 The effects of desalination plants on the water quality in the gulf region can be 

tracked. 

 Operational warning and forecasting system based on satellite observations are 

very helpful for marine resources protection and decision making in 

emergency situations, such as oil spills, and red tide. 
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