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ABSTRACT

Daily maps of sea surface heights retrieved with 4-km spatial resolution from the MODIS-Aqua scanner and obtained over 13 years
of remote sensing (from 2002 to 2015) were used to quantify monthly variations of 1108 cyclonic and 1090 anti-cyclonic eddies.
The seasonal cycle of eddy occurrence has demonstrated two peaks, both corresponding to the spring and fall Inter-monsoon
seasons. The amount of eddies observed during Inter-monsoon seasons was by ~ 30% higher than those of the South-west (winter)
and North-east (summer) monsoons. Seasonal cycles of eddy occurrence were compared to Yellowfin Tuna landings. Two peaks
of landings corresponding to April and October (which are cores of the spring and fall Inter-monsoon seasons) were observed. A
positive linear correlation between the total number of cyclonic plus anti-cyclonic eddies and Yellowfin Tuna landings was
statistically significant. Also, it holds for the cyclonic and anticyclonic eddies analyzed separately. Results of the Principal
Component Analysis incorporating 12 environmental parameters (including wind speed, sea surface temperature, dissolved oxygen,
nutrients, chlorophyll-a, sardine catches, and key indices of atmospheric anomalies) demonstrated that mesoscale eddies might be
treated as ecologically important regional phenomena affecting seasonal variations of Yellowfin Tuna landings over the Omani

shelf.
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INTRODUCTION

Eddies in the ocean have been reported over multiple
spatial scales ranging from one hundred thousand
kilometers (which is the scale of subtropical oceanic
gyres) to the microscale resembling turbulent diffusion
processes (Man and Lazier 2006). Mesoscale eddies with
a typical size of 100-200km and the life span from
several weeks to months, are common elements of the
World Ocean physical dynamics. A number of reviews
have synthesized tracks, occurrence, and mechanisms
generating these eddies (Chelton et al. 2007, 2011)as
well as their role in the transport of heat, salt, and energy
(Chaigneau et al. 2011; L’Hégaret et al. 2013).
Differences in eddy rotation and their kinetic energy
impose a profound effect on biological processes. In the
northern hemisphere, cyclonic eddies, with an anti-

clockwise rotation induce the upward transport of a
water mass from the depth to the surface, which enriches
the euphotic layer with nutrients favoring high primary
production. The process is opposite in anti-cyclonic
eddies rotating clockwise. High packed fields of cyclonic
and anticyclonic eddies result in a marked spatial-
temporal variation of nutrients and primary productivity
in the upper layer of the ocean (Piontkovski and Banse
2006)and feeding habitats for higher trophic levels
(God@ et al. 2012). In the north-west Atlantic, for
instance, the longline fishery catches of bluefin tuna
(Thunnus thynnus), were higher in the anticyclonic
eddies than in the cyclonic ones, which was not the case
for some other large pelagic predators (Hsu et al. 2015).

Mesoscale eddies of the western Arabian Sea have
drawn much ofthe attention of marine biologists due to
propagation through the region with intensive seasonal
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fluctuations of primary productivity driven by a powerful
upwelling developed along the Omani shelf. Seasonal
periodicity of upwelling (mediated by monsoonal winds)
is footprinted in the thermo-haline haracteristics,
distribution of dissolved oxygen concentration, nutrients,
primary productivity, and small pelagic fish catches
Marra and Barber 2005,Piontkovski and Jufaili 2013,
Piontkovski and Al-Oufi2014, Wiggert et al. 2005).
Much less attention was devoted to how eddies affect the
upper trophic level of the pelagic ecosystem, in
particularly large pelagic fishes. For instance, the
artisanal fishery of Yellowfin Tuna in the Indian Ocean
contributes about 30% of the total catch of various
countries (Herrera et al. 2012) and dominates artisanal
fishery over the Omani shelf (Fishery Statistics Book
2012, 2015).

Our study aimed at elucidating the seasonal cycle of
cyclonic and anti-cyclonic eddy occurrence. We
hypothesized that if it exists;this cycleshould influence
the seasonality of landings of Yellowfin Tuna (Thunnus
albacares).

MATERIALS AND METHODS

156 daily images of sea surface heights (retrieved with 4-
km spatial resolution from MODIS-Aqua) were used, to
estimatethe daily amounts of cyclonic and anticyclonic
eddies for the western Arabian Sea (10-23°N, 45-65°E),
for the 13 year period, from2002 to 2015. Maps were
acquired from the CCAR Global Near Real-Time SSH
Anomaly/Ocean Color Data Viewer
(https://eddy.colorado.edu//ccar/data_viewer/index).In
following general elements of the approach used by
Cheltonet al. (2007, 2011) and Arur et al. (2014), the
outermost closed contour resembling a vortex with
minimum 5 cm amplitude, was identified as an eddy.
Cyclonic eddies (with anticlockwise rotation) were
characterized by negative sea surface height anomalies
depressed in cores of eddies, while anti-cyclonic eddies
(with clockwise rotation) have positive sea surface
height anomalies elevated in cores, within the bounding
contour.

In order to analyze spatial-temporal patterns of
regional circulation with a special reference to mesoscale
eddies, the HYCOM model hindcasts were used. This
model performs an application of eddy-resolving basin-
scale ocean hindcast, nowcast and forecast systems with
high vertical discretization and the capability to apply
additional coordinate surfaces to the mixed layer

(Chassignet et al. 2007). This allows vertical mixing
turbulence to be resembled. In being isopycnal in the
open stratified ocean, the model reverts to a terrain-
following coordinate in shallow coastal regions, and to
z-level coordinates near the surface in the mixed layer.
For the western Arabian Sea, the 32 vertical layer model
was employed, at the resolution of 7 km.

Historical data on CTD casts were taken from the
reports of the “Mustaquila 1” voyages along the Omani
shelf, in 2007-2008 (McKoy et al. 2009). Conductivity,
temperature, density, depth, and dissolved oxygen
concentration were measured using an RBR CTD probe
deployed from the vessel. The other data set used to
estimate spatial heterogeneity of the dissolved oxygen
concentration in the region was the 30" voyage of the
R/V “Professor Vodyantisky”, which carried out CTD
casts in February-March, 1990 (Piontkovski and Banse
2006).

Data on Yellowfin Tuna landings using a sampling
system established by the Oman-American USAID
project (Mathews et al. 2011) have been regularly
collected by the Department of Fisheries Statistics.
Landings were recorded by categories entitled in
archived materials as “Large Pelagics”, “Small
Pelagics”, “Demersal”, “Unidentified Fishes”, and etc.
Within these categories, fish is distributed over
taxonomic groups. These data are available from the
annual reports published by the Ministry of Agriculture
and Fisheries (Fishery Statistics Book 2012, 2015).

The “Statistica” v.9 software was used for the
regression analysis, as well as for the plots featuring a
seasonal pattern of Yellowfin Tuna landings.

In assembling data for the Principal Component
Analysis (PCA), 12 environmental parameters were
retrieved, namely the sea surface temperature, zonal
component of the wind speed, meridional component of
the wind speed, concentration of dissolved nitrates,
concentration of chlorophyll-a, the Indian Ocean Dipole
index (IOD), the North Atlantic Oscillation index
(NAO), the Multivariate E1-Nind South Oscillation index
(ME)), sardine catches (treated as the indicator of food
source for tuna), YellowfinTuna catches, frequency of
occurrence of cyclonic and anticyclonic eddies. For the
assessment of factor loadings, the Varimax normalized
matrix was applied to these environmental variables. The
Principal Component Analysis was constrained by the
extraction of two factors (principal components), which
could explain the major part of the total variance in the
system of selected variables.
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RESULTS

The Oman Coastal Current (which is a synonym of the
East Arabian Current) is the main component of regional
circulation. This current is an extension of the Somali
Current and is driven by the Southwest monsoon and
flows north-east along the Omani coast, with a velocity
of 0.5-0.8 m s (Figure 1). During the South-west
Monsoon, the confluence of the Oman Coastal Current
and the outflowing Sea of Oman current forms a frontal
zone near the most eastward land projection of Oman,
named Ras Al Hadd. The water mass transport induced
by this confluence ranges from 2 to 8 10° m* s (Bohm
et al. 1999). The other phenomenon induced by the
confluence is a dipolar system consisting of acyclonic
and anticyclonic eddies formed on front sides.

In analyzing the vertical structure of the Oman
Coastal Current, one could see warmhighly aerated salty
water occupying the upper mixed layer. High salinity is
formed by the excess of evaporation over precipitation,
as well as high saline waters coming from the Arabian
(Persian) Gulf and the Gulf of Aden. A sharp interface
with colder and fresher Arabian Sea water (at about 35m
deep) is another characteristic feature of the thermo-
haline structure (Figure 1). The increase of salinity and
density at 200-250m denotes the location of the Persian
Gulf Water Mass. The dissolved oxygen concentration
diminishes markedly, from 5 mL L™ in the upper mixed
layer, down to 1 mL L' observed at 70 m. The vertical
profiles presented, exemplify the water mass structure at
the edge of the Omani shelf.

As far as the open waters of the western Arabian
Sea are concerned, data of the R/V “Professor
Vodyanitsky” were analyzed (Figure 2). The uniqueness
of these data is contributed by direct CTD casts (with
oxygen sensor) carried out in the form of regular grid of
142 oceanographic stations which covered a huge area
and resembled the mesoscale variability from the surface
to 1000 m. Eddies with the diameter of ~100 km were
the main components inducing spatial heterogeneity of
the oxygen field and the other CTD parameters. For
instance, the mean oxygen concentration (sampled over
86 stations at 100m) was equal to 2 mL L, and
exhibited the variation coefficient of 49%.

A current setup of the HYCOM model resembled
the whole Arabian Sea basin (Figure 3, upper panel),
which in fact was bigger than the area we used, to assess
the seasonality of eddy occurrence. As far as the western
part of the Arabian Sea is concerned,maps of geostrophic
currents (lined up seasonally) implied three typical
episodes of regional circulation. For instance, in July, the

Oman Coastal Current was well pronounced and a
general water mass transport was directed to the north-
east. The fall Inter-monsoon season (exemplified by the
month of October) showed no clearly directed
geostrophic flow. However, several mesoscale eddies
were well contoured, along the Omani shelf. In
February, during the North-east Monsoon, the Oman
Coastal Current is reversed to the south-west. These
episodes implied the speed of the geostrophic current
tovary seasonally, in the range from 5 to 90 cm s™.

The model maps have elucidated a number of
eddies persisting throughout the annual cycle. In order to
acquire the seasonal occurrence of eddies more accu-
rately; a direct(remotely sensed) sea surface altimetry
was used. Daily maps of remotely sensed sea surface
heights exemplified the eddy field in the form of two
fragments featuring the South-west monsoon and spring
Inter-monsoon seasons (Figure 3, midpanel). One could
see well pronounced cyclonic and anticyclonic eddies,
occupying the western Arabian Sea, including the Omani
shelf. The interaction of cyclonic and anti-cyclonic
eddies forms frontal zones with sharp gradients of
physical and chemical parameters. For instance, for the
episode in Figure 3 (low panel), a spatial gradient of the
sea surface temperature in regions of interacting eddies
consisted of~0.1°C km™.

Daily maps of sea surface heights obtained over 13
years (2002-2015) were used to quantify monthly
variations of 1108 cyclonic and 1090 anti-cyclonic
eddies in the region (Figure 4). Positive and negative sea
surface height anomalies matching the range of 10-20 cm
were the most numerous. The seasonal cycle of monthly
eddy occurrence has demonstrated two peaks both
corresponding to the spring and fall Inter-monsoon
seasons. Magnitudes of both peaks have the same level
pointing at a fairly stable number of eddies persisting
during inter-monsoon seasons. The amount of eddies
observed during inter-monsoon seasons was by ~ 30%
higherthan those of the South-west (winter) and North-
east (summer) monsoons. Seasonal cycles of occurrence
of cyclonic and anti-cyclonic eddies were fairly similar
(r=0.6, p=0.03).

Seasonal cycles of eddy occurrence were compared
to Yellowfin Tuna landings. Two peaks of landings
corresponding to April and October (which are cores of
spring and fall inter-monsoon seasons) were observed
(Figure 5). The correlation between the total number of
cyclonic plus anti-cyclonic eddies and Yellowfin Tuna
landings was statistically significant (Figure 6; r=0.6; p=
0.04). Also, it holds for the cyclonic and anticyclonic
eddies, analyzed separately.
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Figure 1. The system of currents and fragments of the vertical structure.
Upper panel: Background image: three-dimensional bathymetric map (www.earth.google.com). Two parallel lines (1) demarcate the location
ofthe Ras Al Hadd frontal zone formed by the confluence of currents (3 and 4). Arrows (2-4) indicate direction of the main currents (in summer
through fall period). (2): inflow of the Indian Ocean Water mass, (3): outflow of the (Arabian Gulf) Persian Gulf Water mass, and (4): Oman
Coastal Current (East Arabian Current). Lower panel: The vertical structure of the Oman Coastal Current (August 2008, 18°19.8N, 57°33.4E).

To estimate the role of the other environmental
characteristics potentially affecting Yellowfin Tuna
landings, data on 12 parameters were seasonally
averaged for the region and subjected to the Principal
Component Analysis (Figure 7). In assembling data
covering 13 years of monthly measurements, a number
of data sources were used. Data on the concentration of
dissolved oxygen and nitrates were retrieved from the
SQU database on coastal monitoring. The remotely

sensed chlorophyll-a time series from 2002 to 2014 were
downloaded from the MODIS scanner website
(http://oceancolor.gsfc.nasa.gov). Time series on SST,
wind speed, MEI, NAO and IOD atmospheric indices
were downloaded from the NCAR/NCEP database-
http://www.esrl.noaa.gov/psd/data[20].

It seemed important to employ the global scale
atmospheric anomalies (like MEI and NAO) having a
profound effect on the western Arabian Sea, as well as



(http://oceancolor.gsfc.nasa.gov).
http://www.esrl.noaa.gov/psd/data
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Figure 2. Spatial heterogeneity of the dissolved oxygen concentration (R/V “Professor Vodyanitsky, February -March, 1990; Piontkovski and
Banse, 2006). Upper panel: Spatial distribution of the dissolved oxygen concentration (ml L™, at 100 m). Lower panel: Spatial grid of

oceanographic stations used to sample the dissolved oxygen concentration.

the regional ones, represented by the Indian Ocean
Dipole (IOD). The MEI index represents the first
unrotated principal component of atmospheric variables
measured over the tropical Pacific. Negative values of
the MEI stand for the cold El-Nino Southern Oscillation
(ENSO)while positive values stand for the warm EIl-Nifo
phase (Wolter and Timlin 1993). Footprints of the North
Atlantic Oscillation (NAO) and ENSO atmospheric
anomalies were reported for physical dynamics of the
Arabian Sea (Cullen et al. 2002, Kahya 2011, Reason et
al. 2000). A regional IOD is characterized by
anomalously cold sea surface temperatures in the south
eastern part of the Equatorial Indian Ocean versus the
anomalously warmed south-western part. Fluctuations of
sea surface temperature during IOD are driven by
changes to the wind field of the central equatorial Indian
Ocean. In response to anomalies of the wind field, the
thermocline rises in the eastern and deepens in the
western parts of the ocean.

The essence of the PCA is the data compression
enabling the number of variables used to describe the
variability of data to be reduced to a few Principal

Components (Factors). A statistical procedureof such a
reduction is based on a rotation of the coordinate system
of variables. In the new coordinate system,they all are
uncorrelated. The extraction of eigenvectors of the matrix
enables one to reduce the diversity of numerous variables
to a few Principal Components (Factors) in which the
component scores are standardized units based on a
correlation matrix. In fact, the eigenvectors are the
results of the projection of the original variable axes into
the space of new Principal Components. Eigenvectors
forming the principal components are based on the
similarity coefficients in linear combinations of
variables. Once the internal structure of Principal
Components is elucidated and these components are
interpreted (labeled) in some way, the relationship
between the first two leading components might be
analyzed in the form of a scatterplot (Figure 7).

The First Principal Component was contributed
mainly by atmospheric characteristics (namely MEI,
NAO, zonal and meridional components of the wind
speed). Their load was complemented by SST and
concentration of dissolved nitrates. A statistical load of
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Figure 3. Seasonal circulation in the western Arabian Sea. Upper panel: fragments of geostrophic currents over seasons retrieved from the
HYCOM model. Mid panel: examples of sea surface height anomalies resembling mesoscale eddies observed along the Omani shelf
during Spring Inter-monsoon and the Southwest Monsoon periods, in 2002. Color scale stands for sea surface height anomalies (cm).
Lower panel: color scale stands for the sea surface temperature (°C) superimposed on sea surface height anomalies given by contour lines

(cm).

the Second Principal Component was contributed by
Yellowfin Tuna catches, frequency of occurrence of
cyclonic and anticyclonic eddies and the concentration
of the dissolved oxygen. All in all, both principal
components have “explained” 66% of the total variance
of the constructed system of variables.

DISCUSSION

In fact, a biannual seasonal cycle of eddy occurrence
(with peaks corresponding to Inter-monsoon seasons)
stands in line with many other seasonal processes in
physical dynamics of the western Arabian Sea. The data
we obtained over 13 years modify our previous findings

based on the analysis period of one year (Piontkovski
and Jufaili 2013).

The Oman Coastal Current (the East Arabian
Current) is the major element of circulation in the
western Arabian Sea (Kindle 2002, Shi et al. 2000). The
maps exemplified in Figure 3 have pointed out that the
flow is meandering. A part of eddies observed in the
region is generated by the Omani Coastal Current which
periodically interacts with bottom topography
(L’Hégaret et al. 2013). Also, the current deteriorates
during inter-monsoon periods, which generates
additional eddies and influences the seasonality of their
occurrence. Moreover, the animation of weekly images
of sea surface heights we constructed (but could not
display here), clearly pointedto a propagation of eddies
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Figure 4. Seasonal changes of (a) cyclonic and (b) anti-cyclonic eddy occurrence in the western Arabian Sea.
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from the Arabian Sea interior towards the Omani shelf.
These eddies are believed to be formed by baroclinic
Rossby waves which are known to travel westward
(Chelton et al. 2007, McCreary et al. 1993, Subrah-
manyam and Robinson 2000). At the equator, for
instance, these waves propagate at a speed of 13 km d™',
which decreases from the equator to the north (Jensen et
al. 2014).

Standard deviations on plots featuring the
seasonality of eddy occurrenceimplied high variance of
the seasonal cycle, which is presumably associated with
a broad range of years averaged in our plots (2002-
2015). Indeed, a breakdown of seasonal cycles pointed
out marked shifts of peaks over months, as well as
marked variability of magnitudes of eddy occurrence
over years (Figure 8). For example, the year 2007
(which exhibited the lowest frequency of eddy
occurrence) was the year of high atmospheric anomalies
accompanied by powerful hurricane “Gonu” affecting
the western Arabian Sea and resulted in a landfall on the
Omani coast in June. On the other hand, maximal
frequency of eddy occurrence was observed in 2015
which was the most powerful EI-Nind year since 1997.
The eddy activity is known to be maximal during El-

Nind years (Chaigneau et al. 2008). One of the possible
mechanisms is that EI-Nind events destabilize the current
through enhancement of the velocity shear in the
vertical, which results in the formation of eddies
(Melsom et al. 1999). These examples point out that
inter-annual variability induced a notorious “noise” in
assessments of seasonal trends of eddy occurrence in the
region.

Interestingly, the ratio of cyclonic to anticyclonic
eddies was fairly stable over seasons. This points to an
equal number of cyclonic to anticyclonic eddies
observed in the western Arabian Sea throughout the
annual cycle. The same ratio of cyclonic to anti-cyclonic
eddies was reported for the South Indian Ocean, for
eddies with radius >100km (Zheng et al. 2015).

A vulnerability of large pelagic (including tuna)
species to mesoscale eddies and frontal zones generated
by these eddies was observed for the number of regions
(Laurs et al. 1984, Solanki et al. 2005, 2008). For
example, the Atlantic Bluefin tuna catch per unit of
efforts was significantly higher in areas with negative
sea surface height anomalies and cooler sea surface
temperatures, which were characteristic of mesoscale
cyclonic eddies in the Gulf of Mexico (Teo and Block
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Figure 8. The frequency of occurrence of cyclonic eddies: inter-annual variation of seasonal cycles.

2010). As far as a preferential range of temperatures is
concerned, Yellowfin Tuna prefers warm waters with
temperatures above 25°C (Lan et al. 2012a). In terms of
vertical stratification of habitats, tuna schools are
sensible to a shoaling of the thermocline-the pheno-
menon which could periodically increase tuna catches
(Lan et al. 2012b). In the eastern Indian Ocean, the mean
catch of large and small pelagic fish per unit of efforts
was observed to vary significantly (p<0.001) among the
different eddy zones, thus showing a strong link between
the eddy activity and performance of fishery (Arur et al.
2014).The relationship we elucidated between the
seasonality of eddy occurrence and tuna landings is
consistent with these reports.

Large pelagic predators are active swimmers
sensible to low concentrations of the dissolved oxygen
due to their high metabolism. The concentration less than
3.5 ml L induces symptoms of stress for many tropical
pelagic fishes; therefore, this concentration is interpreted

as the hypoxic threshold (Prince and Goodyear 2006,
Stramma et al. 2012). Therefore, tropical tuna species
usually remain shallower than 100 m (Matsumoto et al.
2016). In the upper 100m layer of the western Arabian
Sea, cyclonic eddies shift the seasonal oxycline upwards
and induce spatial heterogeneity in the distribution of the
oxygen concentrations which could be, regionally, below
this threshold. The map of dissolved oxygen concen-
tration based on direct sampling carried out in the form
of regular grid of oceanographic stations has exempli-
fied““patches”of low oxygen concentration associated
with eddy location (Figure 2). Presumably, these eddies
impact the spatial distribution of Yellowfin Tuna and
might be treated as constituents of the mechanism
mediating the relationship between the frequency of
eddy occurrence and magnitudes of tuna landings. Our
simple estimates point out that couple of cyclonic eddies
(with a diameter of ~100 km) passing through relatively
narrow Omani shelf would cover about 50% of its area.
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So the potential impact of eddies should be huge taking
into account that the main part of tuna landing comes
from shelf waters.

CONCLUSION

Pilot results of the PCA and regression analyseshave
demonstrated thatmesoscale cyclonic and anticyclonic
eddies might be treated as ecologically important
regional phenomena affecting seasonal variations of
Yellowfin Tuna landings over the Omani shelf.
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