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Abstract
The western Arabian Sea is known for its intensive upwelling developed
seasonally along the Omani coast as well as for numerous mesoscale eddies
originating in and passing through waters with seasonally high or low primary
productivity. The frequency of cyclonic and anticyclonic eddy occurrence for
the 13 year period (from 2002 to 2015) retrieved with 4-km spatial resolution
from MODIS-Aqua sea surface height anomalies, and data on wind speed,
atmospheric anomalies, geostrophic currents and landings of large pelagic
species (Yellowfin tuna, Kingfish and others) were analyzed, in order to
elucidate the interannual variability and statistical linkages between
parameters. The linear increase of eddy occurrence over years was observed
during intermonsoon seasons, against the background of decreasing wind
speed and the kinetic energy of the main geostrophic flow. Along with that, a
positive correlation between the number of eddies and the variation of fish
catches was elucidated. Presumably, the increasing number of cyclonic eddies
could mediate the variance of fish catches, making them less predictable over
years. The mechanism of this link could be based on the impact of cyclonic
eddies on the oxycline depth. Concentrations of dissolved oxygen less than
1.5-2.5 ml L-1 reportedly act as the hypoxic threshold for the Yellowfin tuna.
An enhanced number of cyclonic eddies could generate more heterogeneous
spatial distribution of threshold concentrations- by lifting them to the upper
layers and creating an unfavorable environment for populations of large
pelagic species.
Keywords: Mesoscale eddies, Arabian Sea, fish landings, remote sensing,
dissolved oxygen concentration
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INTRODUCTION
Mesoscale eddies are characteristic constituents of a regional and global scale
circulation in the ocean. Numerous publications have tackled various aspects of eddy
dynamics and structure. In this regard, a special reference might be given to the
papers summarizing regional and global scale patterns; in particular, the frequency of
occurrence, size, track directions, life span and origin [1, 2, 3]. In terms of spatial
distribution, the density of eddy packaging varies gradually over the World Ocean [1].
As far as the temporal pattern is concerned, the issue of interannual variability of eddy
occurrence has been poorly addressed. Chaigneau et al. [4] have examined the number
of remotely sensed eddies, their genesis and propagation over four upwelling systems
of the Atlantic and Pacific oceans. They found declining trends for the number of
generated eddies over the 12-year time period, for the Peru-Chile and Benguela
upwelling systems but no significant trends for the California and Canary upwellings,
in the time period from 1995 to 2007.
The western Arabian Sea shelf is known for its intensive upwelling developed
seasonally along the Omani coast [5, 6]. This is an interesting region to study, due to
numerous eddies originating in and passing through shelf waters, periodically
exhibiting high or low biological productivity. The baroclinic and barotropic
instability of currents (enhanced by coastal and topographic irregularities) are
common mechanisms inducing the generation of mesoscale eddies along geostrophic
flows, in particular along the Oman Coastal Current; the main one in the region.
During the South-west Monsoon, the Oman Coastal Current (as it was cited by Cutler
and Swallow [7], or the East Arabian Current-as it was cited by Shi et al. [5] and
Schott and McCreary [8], is an extension of the Somali Current coming from the
south. With speeds up to 300 cm s-1, the Somali Current is believed to be the strongest
in the World Ocean [9]. Hydrographic surveys carried out over the continental shelf
and slope of Somalia pointed out the northward water mass transport to be about 37
sverdrups during the time of the South-west Monsoon [10]. The Oman Coastal
Current inherits a part of this strength; the Somali Current transforms to the Oman
Coastal Current with a maximum velocity of 52.3 cm s-1 [11]. Numeric simulations
featuring the South-west Monsoon imply the current width of ~ 150km and velocity
of up to 0.7 m s-1 near the strongest eddies [12]. During the North-east Monsoon, the
Oman Coastal Current reverses its direction and becomes a southwest directed flow.
A number of publications based on data on remotely sensed sea surface height
anomalies as well as numeric simulations have addressed the issue of origination,
seasonality, life span and passage of cyclonic and anticyclonic eddies in the region [6,
12, 13, 14]. In extending these studies, we have attempted to seek the interannual
trend in eddy occurrence applicably to the western Arabian Sea, with a special
reference to a regional fishery. Series of reports available from the Ministry of
Agriculture and Fisheries of Oman, characterize fish landings along the 3,240 km
coastline, with a commercial fishing area of 350,000 km 2, in which the artisanal
fishery accounts for ~96% of total landings. About 40,000 fishermen are employed
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in the fisheries sector operating ~18,000 fishing boats 90 % of which are 8-10
meters in length [15]. The total production of Omani fishery in 2012 was 192,000
tons, with a total value of 143 million OMR, in which the Tuna products dominated
the consumption [16]. In these products, the Yellowfin tuna (Thunnus albacares)
contributed markedly to the Omani catches of the past decade.
The maturity size of the Indian Ocean Yellowfin tuna is reportedly 100 cm for males
and females which tend to use equatorial and tropical waters of the western Indian
Ocean as their main spawning grounds [17, 18]. In general, the sea surface
temperatures of about 29-30oC correspond to high Yellowfin tuna catches [19].
However, the spatial gradients of temperature and the dissolved oxygen concentration
are more so restricting factors than absolute values of these parameters [20].
METHODS
Maps of sea surface height anomalies were acquired from the CCAR Global Near
Real-Time
SSH
Anomaly/Ocean
Color
Data
Viewer
(http://argo.colorado.edu/~realtime/modis). 156 daily images retrieved with 4-km
spatial resolution from MODIS-Aqua were used, to estimate the daily amounts of
cyclonic and anticyclonic eddies for the western Arabian Sea (10-23ºN, 45-65ºE), for
the 13 year period, from 2002 to 2015. In following elements of the approach proposed
by Chelton et al. [1] and Arur et al. [21], the outermost closed contour resembling a
vortex with a 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.
Data on wind speed were retrieved from the NCAR/NCEP reanalysis database
(https://www.esrl.noaa.gov/psd/cgi-bin/data/timeseries/timeseries1.pl; [22]), in which
the zonal and meridional components of the wind speed at 10 m above sea level were
extracted for the 13 year period, from 2002 to 2015, for the western Arabian Sea
region with the above given coordinates. The NOAA came up with a blended sea
winds dataset on a global 0.25° grid, with daily observations from multiple satellite
instruments. Model-simulated wind parameters were used to map the zonal and
meridional wind speed components. Maps of wind speed were generated by the
AVISO+ software which employed the averaging of multiple satellite monomission
arrays by one degree boxes.
The kinetic energy of the Oman Coastal Current was computed on the basis of
meridional and zonal current speed acquired from the “Ocean Surface Current
Analysis Real-time”-OSCAR ([23], http://www.esr.org/oscar_index.html).
The
database contains near-surface ocean current estimates, derived from quasi-linear and
steady flow momentum equations utilizing sea surface height, surface vector wind and
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sea surface temperature. The model generates a 1/3 degree gridded set of data with a 5
day resolution. Equations for kinetic energy assessments have been discussed
elsewhere [24]. ARGO floats data pertaining to the 13 year period, from 2002 to
2015, were used to characterize the thermo-haline structure of water masses and
currents in the region, with a special reference to the Oman Coastal Current.
Time series on atmospheric indices characterizing the Indian Ocean Dipole and the ElNiňo Southern Oscillation were taken from appropriate databases available online
(https://www.esrl.noaa.gov; http://www.jamstec.go.jp). The “Statistica” v.9 software
was used for the regression analysis.
In order to exemplify the interannual variation of the Somali Current velocity, the
Hybrid Coordinate Ocean Model (HYCOM) products were employed. HYCOM
performs an application of eddy-resolving basin-scale ocean hindcast, nowcast and
forecast systems with the 32 vertical layer discretization and the capability to apply
additional coordinate surfaces to the mixed layer [25]. 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, at the model resolution of 7 km. The
snapshot archive was retrieved from the GFS 3.0 image database
(www7320.nrlssc.navy.mil/GLBhycom1-12/indian.html).
Data on Yellowfin tuna and other pelagic species landings have been regularly
collected by the Department of Fisheries Statistics. These data are available from the
annual reports published by the Ministry of Agriculture and Fisheries [15], in which
landings are reported by categories entitled “Large pelagics”, “Small pelagics”,
“Demersal”, “Unidentified Fishes”, and etc. Within these categories, fish is distributed
over taxonomic groups, like:
“Yellowfin tuna”, “Barracuda”, “Kingfish”,
“Queenfish”, “Sardines”, and etc.
RESULTS AND DISCUSSION
In the western Arabian Sea, the thermo-haline structure of waters and the system of
geostrophic currents experiences seasonal changes mediated by monsoonal winds. We
will exemplify in detail the South-west Monsoon season as the major one, amplifying
the Oman Coastal Current. The surface mixed layer extends to ~30m with a
seasonally variable in depth thermocline situated below (Fig. 1). We present
characteristics of the upper 300m layer as the most important in terms of ecology of
large pelagic fishes inhabiting the shelf waters of Oman. A fragment of data comes
from CTD casts carried out by the R/V “Al Mustaqila1” expedition, which was
highlighted elsewhere [26].
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Fig. 1. Vertical profiles of temperature, salinity, density and dissolved oxygen
concentration over the Omani shelf, during the South-west monsoon (in August,
2008). Upper panel: Vertical distribution of temperature (dashed curve) and salinity.
Lower panel: Vertical distribution of the dissolved oxygen (solid line) and water
density (St.173: 18o19.78N, 57o33.43E).
The mixed layer is occupied by the Indian Ocean Water [27]. The thermocline layer is
underlied by the Persian Gulf Water (PGW) which originates in the Arabian (Persian)
Gulf and flows out through the Strait of Hormuz. The outflow is modulated by the
atmospheric pressure gradient between the Gulf and the Sea of Oman [28]. The water
mass propagates eastwards between 150 and 350m towards the western Arabian Sea.
The other high-saline water mass which can substitute PGW during the spring Intermonsoon season is the Arabian Sea Central Water (ASCW), which is characterized by
a salinity of 36.6. The Indian Central water (ICW) persists in the region from the time
of the South-west Monsoon to the beginning of the North-east Monsoon. The water
mass has a salinity range of 35.6-35.8 and follows the isopycnal surface of 26.7kg m3. [29].
Data on Argo floats pointed out that the Oman Coastal Current (East Arabian Current)
is the flow which is well pronounced, in the T-S diagram featuring currents and water
masses of the Arabian Sea (Fig. 2). In comparison to the other water masses and
currents (in particular to the Somali Current as the main generating flow), the Oman
Coastal Current has exhibited a relatively narrow range of T-S variations. The
temperature varied from 15 to 27oC. The salinity values were in the range of 35.236.1, with a maximal variation observed in the upper layers, along the isopycnal
surface of 23kg m-3.
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Fig. 2. Temperature-salinity diagrams of the Arabian Sea with superimposed
isopycnals generated from Argo floats data. Upper panel: T-S diagrams divided into
six regions: The Arabian Sea (5oN-20oN, 54oE-70oE), the Somali Current (0o-10oN,
42oE-52oE), the Oman Coastal Current/East Arabian Current (17oN-22oN, 53oE60oE), the Gulf of Aden (10oN-16oN, 42oE-53oE), the Sea of Oman (22oN-26oN,
56oE-60oE), and the North-east/South-west Monsoon Current (3oN-15oN, 67oE-80oE;
[37]). Lower panel: the T-S diagram featuring the South-west monsoon season (JuneAugust, 2013; n=478).
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The Omani coast overlooking the western Arabian Sea has a series of well
pronounced capes (namely Ras-Mirbat, Ras Sharbatat, Ras Madrakah and Ras al
Hadd) which act as geomorphologic structures favoring the generation of eddies by
the main geostrophic flow passing by and interacting with capes. The persistence of
cyclonic and anticyclonic eddies throughout the year is characteristic for the western
Arabian Sea. In order to exemplify the phenomenon, we present the fragment of eddy
field based on remotely sensed sea surface height anomalies retrieved for the time
period of North-east monsoon (January -2013), and fall Inter-monsoon period
(October-2013) (Fig. 3). The region shown is larger than the one we framed for eddy
occurrence counting over years.

Fig. 3. Fragments of eddy field exemplified by sea surface height anomalies for the
27th of January, and 27th of October, 2013. Color scale stands for sea surface height
anomalies (cm). Maps were acquired from the CCAR Global Near Real-Time SSH
Anomaly/Ocean Color Data Viewer.

8

Sergey A. Piontkovski et al

Along with examples featuring the persistence of eddies throughout seasons, the given
images of surface altimetry imply the process of separation or confluence of eddies of
the same rotation sign. The statistics of all sea surface height anomalies observed in
the region pointed out their distribution as being close to the normal (Fig. 4, upper
panel). On the other hand, one can notice the negative anomalies of high magnitudes
(> 10 cm) to be less frequent. The diagram characterized the distribution of all sea
surface height anomalies observed in the region, indicating that not only eddies were
counted, but all other sea surface anomalies as well.

Fig. 4. Basic characteristics of sea surface altimetry. Upper panel: the histogram of
sea surface anomalies distribution (2002-2015). The bold curve stands for the normal
distribution model (Mean: 4.61; Skewness= 0.085; Kurtosis= -0.31). Lower panel:
interannual trends of cyclonic eddy occurrence in the western Arabian Sea and their
statistical characteristics. Dashed lines stand for the 95% confidence limit.
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The remotely sensed time series of images of sea surface heights enabled us to
analyze the frequency of eddy occurrence more accurately. The time period of 13
years, from 2002 to 2015 was selected for and associated with the time period of most
reliable assessments of large pelagic fish catches along the Omani shelf.
In the analysis, the seasonality of eddy occurrence was taken into account. The
seasonality (characterized in detail in our previous study [30]) has pointed out the
bimodal pattern observed in the western Arabian Sea; eddies were most numerous
during spring and fall intermonsoon seasons in which the number of eddies was ~
30% higher than that of the South-west (summer) and North-east (winter) monsoons.
Presumably, the bimodal seasonal pattern of eddy occurrence is mediated by the two
major phenomena; the first one is the meandering of the Oman Coastal Current (the
East Arabian Current) which is the main constituent of regional circulation. The
current periodically reverses its direction (under the influence of south-west and
north-east monsoonal winds) and deteriorates during inter-monsoon periods. The
deterioration generates enhanced amount of eddies which is footprinted in their
seasonal occurrence. The two-fold seasonal decline of the current speed underlies this
reverse [24].The second phenomenon is the propagation of eddies from the Arabian
Sea interior towards the Omani shelf. These eddies are believed to be formed by
baroclinic Rossby waves travelling westward [1, 31, 32] at a wave speed of ~ 21 cm
s-1 and a wave-length of ~ 210 km [12]. Numeric (ROMS) modeling implied a ~ 1.5
month lag between the peaks in upwelling-favorable wind and the corresponding sea
surface height and sea surface temperature anomalies, which result from the onshore
propagation of Rossby waves [6]. The impact of annual Rossby waves on sea surface
heights and surface currents of the Arabian Sea is mostly significant between the
summer and winter monsoons [33].
We plotted interannual changes of eddy occurrence for both intermonsoon seasons,
exemplified by March and April (for the spring intermonsoon) and October and
November (for the fall intermonsoon). Statistically significant positive linear trends of
the eddy occurrence were observed in all 4 cases (Fig. 4). Interestingly, no significant
trends were found for the time of the southwest and northeast monsoon periods.
The kinetic energy of a geostrophic flow is one of its profound characteristics. We
computed the kinetic energy of the Oman Coastal Current for the duration of the
South-west monsoon and two inter-monsoon seasons (Fig. 5). A general decline of
kinetic energy was pronounced for all three cases. Figures 3 and 4-both implied that
over the studied time range, the number of eddies has been increasing against the
backdrop of declining kinetic energy of the flow generating part of these eddies.
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Fig. 5. Interannual changes of the kinetic energy of Oman Coastal Current. Black
circles: August (17oN, 56oE); crosses: November (17oN, 60oE);
squares: April (19oN, 58oE).
One can assume that characteristics of the Oman Coastal Current are modulated in
part by the Somali Current. With this regard, we addressed the Hybrid Coordinate
Ocean Model (HYCOM) connecting both flows. The velocity fields compiled over
years for the month of September exemplify the fragment of interannual variation of
the Somali current velocity at the end of south-west monsoon (Fig. 6).
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Fig. 6. The HYCOM products: interannual changes of the velocity field at surface, in
September 2010, 2011, 2014, and 2015.
The phenomenon of interannual variation is important, because the northward
directed limb of the Somali Current feeds the Oman Coastal Current. Plots point out
that periodic interannual weakening of the current should result in an enhanced
meandering of the flow and hence in an increased number of eddies generated by
this current. In the Arabian Sea, the variability of the intensity and direction of
surface currents is directly related to the variability of monsoonal winds. In particular,
the wind stress is the main driving force of the Oman Coastal Current. Here we
exemplify interannual changes of the wind speed in July, which characterizes the
peak of the South-west Monsoon.

12

Sergey A. Piontkovski et al

Both (zonal and meridional) components of the wind speed have exhibited a declining
trend (Fig. 7, upper pannel). The later one has pointed out that a fading southwest
monsoonal wind sets up the basis for extended fall intermonsoon periods as well as
for favorable conditions for the main geostrophic current (the Oman Coastal Current)
to fade and generate an enhanced number of eddies during this period. Spatially
heterogeneous wind speed field (shown on the lower panel of the Fig. 7) should
stimulate the eddy generation.

Fig. 7. Spatial-temporal variability of the wind field. Upper panel: Interannual
changes of the zonal (ZJul) and meridional (MJul) components of the wind speed in
July. Curves are smoothed by cubic spline. Lower panel: fragments of the spatial
pattern of the zonal and meridional velocity in April-2014. The west wind has a
positive zonal component and the east wind is featured by negative zonal component.
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In fact, long-term declining trends of the wind stress and Omani costal upwelling
strength was reported before, for the time range from 1982 to 2010 [34]. Elsewhere,
Pearce and Griffiths [35] and Penton [36] studied the Leeuwin Current flow along the
western Australia shelf. They showed the progression of the flow from a jet along the
shelf break through to meanders which transformed into mesoscale eddies, later on.
These eddies were mainly wind-driven features.
Overall, the interannual variability of eddy occurrence in the western Arabian Sea
(estimated by the variation coefficient) is approximately the same as its seasonal
variability. The observed ratio (which is equal to 1.2) is 2-5 times lower than the
interannual versus seasonal ratio reported for the mixed layer depth in the tropical
Indian Ocean. However, the later ratio came up from a long-term (1960–2007) eddy
permitting numerical simulation and an observational dataset built from in situ data
including Argo floats analyzed for the time period from 1969 to 2008 [38].
The interannual trend elucidated in eddy occurrence (Fig. 4) has encouraged us to test
the hypothesis that the occurrence of eddies (which have increased over years) should
affect the spatial-temporal variability of some other remotely sensed physical and
biological characteristics of the ocean. For instance, footprints of mesoscale eddies
were reported in the spatial distribution of sea surface temperature and the
chlorophyll-a concentration [13, 39]. In particular, we hypothesized that once the
occurrence of eddies has increased, this phenomenon should affect the variance of the
above two characteristics within their annual cycles over years.

Fig. 8. An interannual trend of the sea surface temperature annual variance in the
western Arabian Sea. CV-SST: variation coefficient of sea surface temperature in the
annual cycle (%). Dashed lines stand for the 95% confidence limit.
The Figure 8 points out that the variation coefficient of sea surface temperature in the
annual cycle has increased linearly over the 13 year time range (from 2002 to 2015).
The same tendency was observed for the chlorophyll-a concentration (Fig. 9, lower
panel). The image allows one to notice the 10 fold difference in chlorophyll-a
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concentration inside versus the outside part of an eddy. It should be emphasized that
in the lower panel of figure 7, the variation coefficient has characterized the spatialtemporal variability of each parameter, because the variance was estimated for the
time series of spatially averaged images.

Fig. 9. Spatial-temporal variability of the chlorophyll-a concentration. Upper panel: a
Level-2 MODIS-Aqua scanner image (provided by the ROPME Remote Sensing
Group) featuring the chlorophyll-a distribution on December 14, 2010. Black zones
denote the absence of data. Lower panel: an interannual trend of annual variance of
the chlorophyll-a concentration in the western Arabian Sea. CV chl-a: variation
coefficient of the chlorophyll-a concentration in the annual cycle (%). Dashed lines
stand for the 95% confidence limit.
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Both plots enabled us to believe that mesoscale eddies (most numerous during
intermonsoon seasons ) became more frequent over years, so their increased
occurrence has affected the spatial-temporal variance of the other remotely sensed
physical-biological features, like the sea surface temperature and chlorophyll-a
concentration. The later one is an object of special interest for marine biologists,
because it acts as the indicator of phytoplankton biomass in the ocean. In our case,
maps of spatial distribution of chlorophyll concentration bear the footprints of eddy
and cape impact –all combined in one image (Fig. 9, upper panel).
In the northeast Indian Ocean (in the Bay of Bengal), interannual variability of eddy
activity has appeared to be sensitive to the baroclinic instability of the background
flow. When the instability was stronger, more energy from the mean flow has been
converted to the eddy energy, which made eddies more pronounced and stable but
fewer in number [40]. In the southeast Indian Ocean, the interannual variability of
eddy occurrence was associated with the variation of the kinetic energy of eddies
mediated by fluctuations of regional currents, the intensity of which in turn was
modulated by large-scale atmospheric anomalies, namely the Indian Ocean Dipole,
the Southern Annular Mode, and the El-Niňo Southern Oscillation [41].
The El-Niňo phenomenon is the most powerful event affecting interannual changes of
the World Ocean circulation, including the Indian Ocean region [42]. The long-term
monitoring of El-Niňo events is often based on the Multivariate El-Niňo Southern
Oscillation index (MEI) calculated as the first unrotated Principal Component of six
parameters (namely, surface air temperature, sea surface temperature, sea-level
pressure, total cloudiness fraction of the sky, zonal, and meridional components of the
surface wind). The role the El-Niňo and the Indian Ocean Dipole play in long-term
changes of sea surface temperature in the region is believed to be significant- ~30%
and 12% correspondently [43]. As for the other geographical regions, El-Niňo events
have destabilized the Alaska Current by enhancement of the velocity shear in the
vertical, which resulted in the formation of numerous anticyclonic eddies, while LaNiňa events reduced eddy formation [44].
Presumably, a positive linear trend of eddy occurrence (Fig. 4) should be treated as
the fragment of their long-term fluctuations in the western Arabian Sea. In other
words, the observed trend could change its sign or could deteriorate, depending on the
current phase of the decadal oscillation of the processes modulating eddy occurrence.
A number of decadal trends were reported for basic physical, chemical and biological
parameters featuring the past 60 years of observations in the region [45]. It was shown
for instance, that during the southwest monsoon, the maximal gradient of temperature
between the “oldest” mean vertical profile (averaged for the 1960-1970 time period)
and the newest one (averaged for the 2001-2010 period) was observed in the upper
mixed layer, whereas during the northeast monsoon, the maximal gradient of
temperature was located at 150-300m. A different rate of warming of the upper mixed
layer versus the layer beneath the seasonal thermocline could strengthen the thermal
stratification of the water column over decades [46].
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Interestingly, the observed interdecadal strengthening of thermal stratification
confirms, in part, the derivations coming from climate-related studies. A detailed
analysis of the fossil shells record from the northwestern Arabian Sea has pointed out
that in the past, the multidecade to century scale variations in the monsoonal winds
were much larger (in the early Holocene), coincident with increased sunspot numbers
[47].
The study of interannual variability of mesoscale eddies might have applicable
aspects associated with the variability of fish catches of small and large pelagic
species. In the Gulf of Mexico for example, the Atlantic Bluefin tuna catches were
significantly higher in areas with negative sea surface height anomalies and cooler sea
surface temperatures, which were characteristic of mesoscale cyclonic eddies [48].
With this regard, we hypothesized that the Yellowfin tuna along with a couple of
other pelagic species (the landings of which contribute gradually to Omani artisanal
fishery) could be susceptible to interannual changes of cyclonic eddy occurrence as
well. We seek the relationship between the annual number of cyclonic eddies
observed in the region and the annual variance of landings in the western Arabian Sea
over years. The annual variance was estimated by the variation coefficient of landings
computed for 12 months of the annual cycle, for each year from 2002 to 2013. All
trends appeared to be linear and positive. The multiple regression computed for
landings of Yellowfin tuna, Kingfish and mullets versus eddy occurrence has implied
their positive values and a statistical significance (Table 1). This means that the
number of cyclonic eddies (increasing over years) could modulate the increasing
variance of fish catches. Presumably, this could make them less predictable over
years.
Table 1: Summary for the multiple regression and correlation analysis.
R: correlation coefficient of single and multiple regression models.
Variables, multiple regressions
and correlations
Yellowfin Tuna+Kingfish+Mullet
landings versus the number of
eddies
Number of eddies +Yellowfin
Tuna+Kingfish+Mullet landings
versus years
Number of eddies over years
Variation of Yellowfin Tuna
landings over years
Variation of Kingfish landings
over years
Variation of Mullet landings over
years

R

p-value Multiple Multiple Coefficient Standard
R
R2
b
error of
b
0.03
0.7
0.51
15.84
5.92
0.01

0.8
0.7

0.02
0.04

0.6

0.09

0.7

0.04

0.8

0.57

0.47

0.15
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The mechanism of the link between eddies and fish catches could be based on the
impact of cyclonic eddies on the oxycline depth. Concentrations of dissolved oxygen
less than 3.5 ml L-1 induce symptoms of stress for many tropical pelagic fishes;
therefore, this concentration is interpreted as the hypoxic threshold [49, 50]. The
threshold concentration reported for the Yellowfin tuna lies in the region of 1.5-2.5 ml
L-1 [51]. Over the Omani shelf, threshold concentrations of the dissolved oxygen are
located in the range of depths from 60 to 65 m during the South-west monsoon period
(Fig. 1). An enhanced number of cyclonic eddies could generate more heterogeneous
spatial distribution of these concentrations- by lifting them to the upper layers and
creating an unfavorable environment for the Yellowfin tuna and other species in their
pelagic realm. In the western Arabian Sea, the observed eddies could extend their
impact on physical characteristics of the water column from the surface down to the
depth of 1000 meters [12].
Overall, we assume the relationship between the number of eddies and large pelagic
fish catches to persist in the form of a periodic event modulated by the decadal
variability of atmospheric anomalies mediating regional circulation. In the future, due
to ecological importance, the reported relationship should be nested by the eddyresolving climate change models aimed to predict fish catches. As far as the whole
basin is concerned, we could assume the frequency of eddy occurrence to be
influential in mediating interannual fluctuations of tuna catches contributed by the
international industrial fishery in the western and central Arabian Sea regions.
Historical data and climate-related models -both point out these catches to be huge
(Fig. 10). On the other hand, both imply negative trends, with an averaged ~2.5 fold
decline, from the present time to the end of the century.
However, the models we referred to are yet to become the eddy resolving ones. It has
been shown that when ocean-atmosphere models are run in a configuration which
explicitly resolves mesoscale eddies, they show better agreement with field
observations [52]. The limitations are still the issue, due to high computational costs,
so the researchers are still away from the climate related models routinely resolving
mesoscale eddies, especially in the regions where the role of these eddies is high.
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Fig. 10. Yellowfin tuna landings and climate change. Upper panel: distributions of
adult Yellowfin tuna (mt/km2) predicted by the INTERIM and SEAPODYM models
for the historical decade 2001-2010 and climate forcing from 3 Earth Models for the
decade 2045-2056 under IPCC RCP8.5 scenario [53, 54, 55]. Lower panel:
projections of the biomass of adult Yellowfin tuna in Oman Exclusive Economic
Zone under IPCC RCP8.5 scenario using climate forcing from 3 Earth Models. IPSL
(red): developed by Institut Pierre Simon Laplace, France. GFDL (green): developed
by Geophysical Fluid Dynamics Laboratory, USA. NorESM (blue): the Norwegian
Earth System Model, Norway (Courtesy of P. Lehodey).
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CONCLUSIONS
In conclusion, we would like to stress the linear increase of eddy occurrence over
years, which was observed during intermonsoon seasons, against the backdrop of
decreasing wind speed. Along with that, a positive correlation between the number of
eddies and the variation of landings was elucidated. It is proposed that the increasing
number of cyclonic eddies could mediate the variance of large pelagic fish catches
(exemplified by Yellowfin tuna and Kingfish) making them less predictable over
time. The mechanism of this link could be based on the impact of cyclonic eddies on
the oxycline depth. Concentrations of dissolved oxygen less than 1.5-2.5 ml L-1
reportedly act as the hypoxic threshold for Yellowfin tuna. An enhanced number of
cyclonic eddies could generate more heterogeneous spatial distribution of threshold
concentrations- by lifting them to the upper layers and creating an unfavorable
environment for populations of large pelagic species.
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