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Assessing vertical and horizontal movements of algal

blooms in a coastal water using satellite remote sensing

for optimal operation of desalination plants

H. Chen and M.-H. Park
ABSTRACT
Harmful algal blooms (HABs) are global concerns in coastal waters due to diffuse pollution and

climate change. Emerging issues of HABs include their impact on desalination operations for water

supply. This study utilizes composite satellite images to detect movement and propagation of algal

blooms. Time series images from the Moderate-Resolution Imaging Spectroradiometer (MODIS) were

used for monitoring chlorophyll-a in the Persian (Arabian) Gulf, which neighboring countries depend

upon for desalination as their freshwater resource. Bi-daily MODIS data from the Terra and Aqua

satellites were used to detect both vertical migration and horizontal movement of algal blooms.

The results will be useful for creating an early warning system for desalination plants to anticipate

operating strategies and intake locations to minimize impacts.
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INTRODUCTION
Harmful algal blooms (HABs), also known as red tides in

coastal waters, are global concerns and have been rapidly

growing over the past decades. The expansion of HABs has

been reported in many coastal waters worldwide (Okaichi

; Smayda ; Hallegraeff ; Glibert et al. ;

Anderson et al. ; Richlen et al. ). Many studies have

shown more diverse species and more frequent recurrences

of HABs. The increased occurrence of HABs has been due

mainly to climate change and anthropogenic impacts. The

increase in nutrients from agricultural fertilizer, river dis-

charge, and aquaculture feed can cause algal blooms

(Al-Yamani et al. ). Some algal species outperform

other species inhigher temperature and/or salinity conditions

that can cope with climate change (Seckbach & Oren ).

Emerging issues of HABs include their impacts on desa-

lination operations, which are growing due to the increased

dependence on desalination plants for water supply

(Richlen et al. ; Villacorte et al. b). Seawater reverse
osmosis (SWRO) desalination plants are vulnerable to algal

toxins and biomass (Villacorte et al. b). The presence of

algal toxins can cause a treatability problem while organic

matter released from algal biomass can pose operational

challenges such as biofouling in SWRO membranes

(Villacorte et al. a, b). These issues can even cause

temporary shutdown of SWRO desalination plants

(Pankratz ). The significance of HAB issues for

SWRO plants depends on the incidence, spatial distribution,

magnitude and duration of the bloom (Caron et al. ).

Therefore, understanding of HAB occurrences will help

SWRO plants avoid damage from HABs and process

failures. Monitoring programs should be established along

with modeling efforts for predicting bloom trajectory as a

forewarning system to allow desalination plants to react

accordingly (Villacorte et al. b).

Remote sensing has emerged as a new tool for monitor-

ing algal bloom events (Anderson ). Satellite remote
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sensing has been used to monitor the extent and severity of

HAB events since it can provide synoptic coverage on a per-

iodic basis. The analysis of remote sensing often requires

in situ measurements for calibrating from known interfer-

ences such as species diversity, various atmospheric

conditions, the fluvial nature of the observed content, and

the color of dissolved organic matter, which will ensure

long-term accuracy of the processed image results.

Satellite remote sensing has been employed to detect

HABs using chlorophyll-a concentration as a proxy of

algal blooms because of its general positive correlation

with most algal species (Batten et al. ). Satellite

remote sensing analysis has been conducted for species

identification to find dominant species of HABs in coastal

waters. For example, satellite remote sensing was applied

to identify Karenia brevis in Florida (Hu et al. ), Cochlo-

dinium polykrikoides in Korea, Japan and on the northern

coast of China (Ahn et al. ; Siswanto et al. ) as

well as in India and the Persian (Arabian) Gulf (Moradi &

Kabiri ; Simon & Shanmugam ; Zhao et al. ),

and cyanobacteria in US coastal waters (Kutser et al.

) and the Baltic Sea (Hansson & Hakansson ). Cer-

tain algae exhibit vertical migration, where they drop and

remain at a subsurface level at different times for nutrient

and sunlight requirements (Villacorte et al. b), which

requires frequent remote sensing.

This study aims to utilize satellite images with a corre-

lation between chlorophyll-a and algal mass to detect the

horizontal distribution and vertical migration of algal

blooms. This will establish the platform for a forewarning

system in bloom concentration, movement characteristics

(surface or vertical migration), and estimated arrival time

for desalination plants in the region. The results can be

used to inform desalination plants in their decision-making

to prevent damage from HABs.
METHODS

Study area

The study area is the Persian Gulf (also known as the Ara-

bian Gulf, the Gulf) (Figure 1). The Gulf has a mean depth

of 35 m and maximum depth of 60–80 m (Reynolds ;
om http://iwa.silverchair.com/ws/article-pdf/19/7/2123/661824/ws019072123.pdf
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Sheppard et al. ). Its surface area is 240,000 km2 with

a length of roughly 1,000 km and width of 185–340 km

(Smith et al. ). The Gulf can be divided into northern

and southern sections as shown by the front line (Figure 1).

River discharges play a major role in local circulation in the

northern end, which is shallow (Reynolds ). The

southern end is impacted by inflow from the Strait of

Hormuz, which circulates through the system with a mean

retention time of 2.4 years before exiting back to the Gulf

of Oman (Sheppard ). The Gulf has a high evaporation

rate (1.5 m/yr), salinity (>39 psu) and temperature (mean

>30 �C) (Brewer & Dyrssen ; Smith et al. ).

The surrounding countries highly depend on the Gulf’s

water for desalination as their freshwater resource (Latte-

mann & Höpner ; Al Azhar et al. ). Desalination

plants in the Gulf region account for over 45% of the

world’s desalination capacity (Villacorte et al. b), and

include both reverse osmosis (RO) membrane and

distillation processes. The Shuwaikh Desalination Plant,

located in Kuwait Bay (Figure 1), is expected to be impacted

by the blooms due to chronic high blooms.

The first HAB event in the Gulf was documented in

1908 and has been a common occurrence in the region

since then (D’Silva et al. ). The Gulf has been experien-

cing more frequent algal blooms, perhaps as a result of

population growth (Al Shehhi et al. ). The 2008–2009

red tide is the most studied HAB event in recent years

(Richlen et al. ; Zhao et al. ).

Noctiluca scintillans andTrichodesmiumerythraeumwere

two dominating species before 2008 (Al Shehhi et al. )

whereas Cochlodinium polykrikoides became the dominating

dinoflagellate species during the red tide event in 2008 (Zhao

et al. ). C. polykrikoides have been reported to grow under

awiderangeof temperatures (Kim et al. ) andhaveadapted

to survive under high salinity (Richlen et al. ), aligningwith

the changing environment of the Gulf region. These recent

HABevents have caused the shutdownofmultiple desalination

plants in the Gulf (Al Shehhi et al. ).

Satellite data acquisition

Moderate-Resolution Imaging Spectroradiometer (MODIS)

is a multi-spectral instrument launched aboard the Terra

(launched in 1999) and Aqua satellites (launched in 2002)



Figure 1 | Study area of the Gulf: (a) the location of selected SWRO plants and flow circulation (modified from Reynolds 1993); (b) the location of field sampling (modified from ROPME 2012).
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as part of theNationalAeronautics andSpaceAdministration

(NASA) Earth Observing System (EOS) program. Terra/

Aqua MODIS are sun-synchronized, polar orbiting satellites

with 36 bands ranging over wavelengths of 400–14,385 nm

(Kutser et al. ). MODIS provides spatial resolution of

250, 500 and 1,000 m, which is common for ocean color

analysis and suitable for the study area. MODIS has a daily

revisit cycle for the same region. Using MODIS from both

Terra and Aqua could provide a bi-daily revisit cycle.

In this study, MODIS data from both Terra (10:30 am

local time) and Aqua (1:30 pm local time) satellites were

acquired for the Gulf region between latitudes 23.4� and

31�N, and longitudes between 47.2�and 58�E in the bloom

years of 2006 and 2008. The MODIS data (Level 1 product)

was obtained from the Level 1 and Atmosphere Archive

and Distribution System (LAADS) web (https://ladsweb.

nascom.nasa.gov/). Cloud coverage of each image was

inspected and relatively cloud-free images were selected.

Field sampling data acquisition

Field sampling data for chlorophyll-a concentration in winter

2006 were acquired from a previous study (ROPME ).

They sampled at different depths (Figure 1) and the data

sampled at the surfacewasused for this study.Laboratory pro-

cessed chlorophyll-a samples were measured in accordance

with US EPA standard method 445.0 (ROPME ). In situ

chlorophyll-a concentration was measured through a

TD-700 fluorometer (ROPME ). The coincident pairs

between the ROPME field data from 2006 (i.e. fluorometer

in situ measurements) and MODIS data were used to evalu-

ate the remote sensing of bloom events. As the remote

sensing of water features near the shore can be influenced

by land features and shallow depth, in situmeasurements col-

lected within 5 km of the coast-line were not used in this

study. A total of five stations were selected over the two-day

period of February 28th (stations 36 and 39) and March 1st

(stations 27, 30, and 33) to find correlation between the

remote sensing and the in situ chlorophyll-a concentrations.

Image processing

The OC3M-547 algorithm was used to estimate the chloro-

phyll-a concentration distribution in the Gulf. OC3M-547
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is a standard chlorophyll-a algorithm for ocean color

(O’Reilly et al. ) and is currently operated and main-

tained by the Ocean Color Biology Processing Group

(OBPG) (http://oceancolor.gsfc.nasa.gov/cms/). The OC3

algorithm is as follows:

Chl a ¼ 100:2424�2:7423×Xþ1:8017×X2þ0:0015×X3�1:2280×X4

x ¼ log10
Rrs1
Rrs2

� �
(1)

where Rrs1 and Rrs2 are the reflectance of the available blue

and green wavelengths, respectively. The coefficients are

MODIS sensor-specific and are derived from the NASA

bio-Optical Marine Algorithm Dataset (NOMAD, http://sea-

bass.gsfc.nasa.gov/wiki/article.cgi?article=NOMAD).

The resulting chlorophyll-a concentration distributions

were evaluated against the OBPG Level 3 daily chloro-

phyll-a concentration distribution and coincident in situ

measurements. The chlorophyll-a concentration was con-

verted to present the extent and change of blooms above

certain thresholds (2.5 μg/L). The resulting consecutive

threshold images were then compared to detect their

appearance and disappearance between those times. The

appearance or disappearance of the chlorophyll-a patches

with similar extent at the same location over different

times was used to detect vertical migration of the bloom.

Similarly, the movement of chlorophyll-a patches with simi-

lar extent from one location to another was measured to

determine horizontal migration of the bloom for their vel-

ocity and trajectory. The velocity of the bloom movement

was calculated by dividing the distance between the two

patch centroid cells by the elapsed time between consecu-

tive image results. The trajectory of the bloom movement

was estimated using the existing hydrodynamic model in

the region (Reynolds ). These were used to develop a

warning system for desalination plants.
RESULTS AND DISCUSSION

Algal bloom distribution in the Gulf

The chlorophyll-a concentration between in situ fluoro-

meter measurements and estimates from MODIS readings

https://ladsweb.nascom.nasa.gov/
https://ladsweb.nascom.nasa.gov/
https://ladsweb.nascom.nasa.gov/
http://oceancolor.gsfc.nasa.gov/cms/
http://oceancolor.gsfc.nasa.gov/cms/
http://seabass.gsfc.nasa.gov/wiki/article.cgi?article=NOMAD
http://seabass.gsfc.nasa.gov/wiki/article.cgi?article=NOMAD
http://seabass.gsfc.nasa.gov/wiki/article.cgi?article=NOMAD


Figure 2 | The distribution of chlorophyll-a estimated from MODIS in the Gulf in winter 2006 and 2008.
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showed high correlation (r¼ 0.9788, RMSE¼ 1.51). In

addition, chlorophyll-a concentration between in situ

fluorometer measurements and laboratory analysis from

ROPME sampling in 2006 also showed a high coefficient

of determination (R2¼ 0.9975, ROPME ). These provide

confidence in applying the satellite image to estimates of

actual chlorophyll-a propagation in the Gulf region.

Figure 2 shows the distribution of chlorophyll-a concen-

tration in the Gulf in winter in 2006 and 2008. Both years

showed high chlorophyll-a concentrations in Kuwait Bay

(where the intake of the Shuwaikh SWRO plant is located)

and the coast around the Port of Kangan in Iran. Kuwait

Bay is reported to be a constant hotspot of high chlorophyll-

a concentration (Zhao et al. ), which is due mainly to

the shallow depth in the northern Gulf in combination with

nutrient input from the river plumes (Reynolds ). There

is no SWRO plant in the Port of Kangan but the algal bloom

could affect the SWRO plants located south of Kangan. The

distribution of chlorophyll-a in winter 2008 shows more

spread of bloom over the Gulf compared with 2006 events.

Estimation of bloom migration and its impact on

desalination plants

Figure 3 shows bloom change in the time elapsed between

consecutive image results: blue and red pixels represent

the decline and rise of chlorophyll-a patches, respectively,
://iwa.silverchair.com/ws/article-pdf/19/7/2123/661824/ws019072123.pdf
while green and white pixels represent the constant pres-

ence and absence of chlorophyll-a patches, respectively.

The results show constant blooms in Kuwait Bay while

there is a daily pattern of repeated cycles of the bloom

near the Iranian coast off the Port of Kangan. For the

2006 events, blooms appeared on the surface from late

morning (detected by Terra) to early afternoon (detected

by Aqua), disappeared from the surface overnight and reap-

peared the next day at the same location. This demonstrates

that frequent satellite remote sensing can detect diurnal

migration, which overcomes the limitation of satellite

remote sensing that it cannot monitor the subsurface of

the water. This location was reported to experience

blooms due to the upwelling current providing the nutrient

supply to sustain algal growth (Reynolds ). In this

location, water is stagnant because inflow currents from

the Strait of Hormuz meet with the upwelling current

(Reynolds ). Stagnant water is more prominent for verti-

cal migration than other parts of the Gulf with constant

current. The vertical migration phenomenon is of special

interest because this affects the location of intakes of poten-

tial SWRO plants. Subsurface intake has been suggested as a

viable pretreatment for the plants that are vulnerable to

HAB occurrence (Villacorte et al. b). Finding hotspots

for vertical migrations can be used for decision-making in

planning or changing the intakes to avoid potential impacts

of HABs.



Figure 3 | The movement of chlorophyll-a estimated from MODIS in the Gulf in winter 2006 and 2008.
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For the 2008bloomevents, the comparisonof theMODIS

Aqua image results over consecutive days shows the change of

bloom patches of similar size and shape, located close to each

other. This is evidence of horizontal movement or spread of

blooms over a day. The calculated travel velocity of the

bloom patch was approximately 0.42 km/h. The direction of

the bloom patch movement was south-east from Kuwait Bay,

which was in accordance with the diffuse pollutant trajectory

along with the river plume as shown in Figure 1 (Reynolds

). The horizontal movement increases the likelihood of

high bloom inflow to the Al Jubail SWRO plant in Saudi

Arabia (Figure 1). The derived trajectory and velocity of

bloom movement can be used to develop a warning system

for SWRO desalination plants of the possible bloom impact,

which will assist the plants in making decisions to avoid

bloom impacts.. Coupling a hydrodynamic model of the Gulf

with remote sensing of the initiation of bloom aggregation

can provide a warning system for desalination plants with

anticipated magnitude and arrival time of blooms.

Despite having the ability of near real-time monitoring

and vast spatial coverage, two key challenges remain in uti-

lizing remotely sensed data to monitor bloom change: cloud

coverage can prevent daily monitoring; and limited in situ
om http://iwa.silverchair.com/ws/article-pdf/19/7/2123/661824/ws019072123.pdf
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measurements for calibrating and validating remote sensing

analysis are available.
CONCLUSION

HAB events have been a recurring phenomenon in the Gulf

region as well as other parts of the world. This study focused

on the impact of HAB events on desalination plants. The

extent of the HAB event and major hotspots determined

from time-series satellite imagery as introduced in this

study is useful for predicting movement patterns of the

observed blooms: (1) by identifying horizontal movement

and/or vertical migration and (2) by calculating anticipating

travel velocity and trajectory of the bloom movement. This

can be used for developing a warning system to assist RO

desalination plants and regional water utilities in determin-

ing operation strategies to minimize the bloom impact in a

short-term perspective, and location of intakes to avoid unfa-

vorable intake conditions in a long-term perspective. This

study shows that satellite remote sensing can be used to

construct a region-wide monitoring program for all RO

desalination plants and future water utilities in the region.
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Simple remote sensing using chlorophyll-a concen-

trations as proxy for HABs is useful because both toxic

and non-toxic algal blooms pose serious threats to RO desa-

lination plants, which is the current dominating desalination

mechanism. This study will be highly useful in locations

where RO desalination is an important source of water

supply. Information from this study should be used to

inform desalination plants and water utilities in modifying

construction plans and locations, as well as modifying

current systems in response to predicted patterns, occur-

rences, distribution, and forecast trajectory and velocity of

movement.

This study showed the practice of using a low spatial res-

olution, high temporal resolution satellite as a monitoring

system. The high temporal resolution (bi-daily) enables

rapid detection of horizontal movement and vertical

migration of HABs to establish a forewarning system in

near real time with large spatial coverage. Future directions

are suggested to establish geostationary satellites such as the

Geostationary Ocean Color Imager (GOCI) launched over

the Korean peninsula, which will give frequent and constant

coverage of the area of interest, and which will be a valuable

asset in establishing an HAB monitoring system in real time.

The use of unmanned aerial vehicles with frequent monitor-

ing can also be an alternative. Future application of this

study can be improved using more frequent monitoring of

water that can improve our understanding of the dynamics

of HABs and development of early warning systems.
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