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As the mesoscale eddies in oceans and semi-enclosed seas are significant in horizontal dispersion of pollutants, we
investigate the seasonal variations of these eddies in the Persian Gulf (PG) that are usually generated due to seasonal winds
and baroclinic instability. The sea surface height (SSH) data from 2010 to 2014 of AVISO are used to identify and track
eddies, using the SSH-based method. Then seasonal horizontal dispersion coefficients are estimated for the PG, using the
properties of eddies. The results show an annual mean of 78 eddies with a minimum lifetime of one week. Most of the
eddies are predominantly cyclonic (59.1%) and have longer lifetimes and higher diffusion coefficients than the anti-cyclonic
eddies. The eddy activity is higher in warm seasons, compared to that of cold seasons. As locations with high eddy diffusion
coefficients are high-risk areas by using maps of horizontal eddy diffusion coefficients, perilous times and locations of the
release of pollutants are specified to be within the longitude from 51.38◦E to 55.28◦E. The mentioned areas are located
from the Strait of Hormuz towards the northeast of the PG, closer to Iranian coast. Moreover, July can be considered as the
most dangerous time of pollution release.
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1. Introduction

The Persian Gulf (PG) is a shallow semi-enclosed area lo-
cated at 48–56◦E and 24–30◦N (Fig. 1(a)).[1] This area is ex-
tended to the delta of rivers in Iraq and Iran from the north and
to a vast desert along the coasts of Qatar, Kuwait, Saudi Ara-
bia, Bahrain, and the United Arab Emirates from the south.[2]

The PG is connected to the Oman Sea through the Strait of
Hormuz with a width of about 56 km.[3] The length of the
PG is approximately 1000 km in the NW-SE direction, and its
width varies from 56 km in the Strait of Hormuz to 338 km.[4]

The lengths of the northern and southern coasts are about
1260 km and 1740 km, respectively, and the total length of
the PG coasts is about 3000 km. The approximate area and
volume of the PG is 239000 km2 and 8780 km3.[2] The PG is
the third largest gulf in the world following the Gulf of Mex-
ico and Hudson Bay. The average depth of the PG is about
35 m, and its maximum depth has been observed to be 120 m
near the Strait of Hormuz.[4] In the offshore areas, the aver-
age depth is 50–80 m. The typical depth in the coastal areas
is 18–20 m, and depths of more than 40 m can be observed
in some areas, especially on the Iranian coasts.[3] The depth
of the PG increases from west to east and suddenly increases
from the Strait of Hormuz onwards and creates depths of 200–
300 m.[4] The PG bed in the north has a relatively steep slope
(175 cm/km), while its slope is lower (35 cm/km) in the south.

Trough line minimum of the PG is near the Iranian coasts and
extends to the coasts of the Musandam Peninsula after pass-
ing through the Tonb and Faroe islands in the Strait of Hor-
muz. Circulation in the PG is firstly the result of the prevail-
ing northwesterly winds, buoyancy forcing due to high evap-
oration (relative to water inputs from rivers and precipitation),
and the effect of tides.[5] In the first half of the year, water with
a higher level of salinity can be observed in the PG.[6,7] The
PG produces very salty water that flows through the Strait of
Hormuz to the Oman Sea.[8] Overall, water circulation in the
PG can be categorized into two main groups: (1) large-scale
circulation that is mainly anti-clockwise water circulation in
the basin, and (2) water circulation in the form of mesoscale
eddies (Fig. 1(b)).[9] It should be mentioned that transfer of
energy is from large- to small-scale motions just as the case
in the cascade process and vice versa. Figure 1(b) demon-
strates the development of a series of mesoscale eddies based
on the model results as well as model-data comparisons.[9]

The mentioned figure provides a new schematic of the PG cir-
culation over the period of August–November. The current
of Iranian coast experiences baroclinic instability after enter-
ing the PG from the Strait of Hormuz and becomes mesoscale
cyclonic eddies (CE1, CE2, CE3, CE4), which are recog-
nized as Iranian Cyclonic Eddies (ICE).[9] Blue shades also
show upwelling along the Iranian coasts.[9] The blue arrows
and streamlines indicate the flows of low salinity water en-
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tering the PG, which are mainly surface flows and often have
mesoscale eddies formed by baroclinic instability.[9] While the
red arrows and lines are the path of deep high salinity water ex-
iting the PG.[9] Hence, the two flows represented by blue and
red arrows are at two different depths.[9] According to obser-
vations and simulations in the PG, northwesterly winds usually
blow intensely and prevent further penetration of the incoming
water (blue) into the north, and as a result, saline water (red)
on the bed also moves southeastward in the region.[9] As CE4
is more confined to the northeastern part of the PG by three
coasts, it has been recognized as a weaker cyclonic eddy (a
less energetic eddy or region) in a number of studies including
Reynolds’[10] study.[9]

In a rotating fluid, eddies can be generated as a result of
a number of processes including (1) an interaction between
flows with obstacles such as oceanic flows and islands that
leads to formation of eddies behind these islands, (2) a colli-
sion between two opposite flows, and (3) instabilities such as
barotropic and baroclinic instabilities that generate mesoscale
eddies.[11] In fluid dynamics, turbulence is a chaotic state of
fluid movement. A turbulent flow is characterized by some
eddies that have a wide range of the smallest to the largest size
scales. A small-scale turbulence is three-dimensional while a
large-scale geophysical one is quasi-two-dimensional, which
mostly comprises large eddies. In such cases, flows recalcu-
lating patches of fluid have closed streamlines embodied in the
main flow. Such semi-two-dimensional eddies are found in the
geophysical flows such as large scale motions in the ocean and
atmosphere and are strongly affected by rotation.

Expansion of a cyclonic eddy leads to upwelling of wa-
ter at the center.[1] The mentioned phenomenon results in up-
welling of the cold and nutrient-rich subsurface water to the
surface of the water column, which results in an increase in the
level of phytoplankton and other tracers. Anti-cyclonic eddies
indicate a downwelling activity in their centers and are con-
sidered as eddies with a warm center as well as low biomass.
Oceanic eddies have a certain lifetime ranging from several
weeks to months, even reaching several years in some cases.
Their maximum horizontal and vertical expansions are usu-
ally about 100 and one kilometers, respectively.[11] Accord-
ingly, given such an aspect ratio, eddies usually have a two-
dimensional pattern although smaller eddies might well grow
beneath the thermocline.[11] The velocity of the expansion of
eddies resembles that of the linear baroclinic waves though
they are slower and have smaller widths.

Oceanic mesoscale eddies are not only significant from a
dynamic point of view, but they are also important in terms
of marine biochemistry and air-sea interactions.[12] Eddies are
formed as a part of the balance of cycles in nature.[12] More-
over, they are the reasons for the transfer of active and passive
tracers in the ocean.[11] The latter includes biochemical tracers

and pollutants, in which eddies can function collectively.
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Fig. 1. (a) Map of the Persian Gulf region based on ETOPO2 data,
depth in terms of meters.[4] (b) Water circulation in the Persian Gulf
from August to November.[9]

Eddies play an important role in the transfer of kinetic
energy, heat, salinity, and other tracers in the sea.[12] As warm
or cold water transferred by mesoscale eddies can change the
temperature and distribution of salinity, they can even signif-
icantly change the profile structure of sound speed, so they
also affect the propagation of sound underwater.[13] Temper-
ature, salinity, and pressure gradients generated by mesoscale
eddies can also change the structure of the sound speed in the
ocean.[13]

When eddies exchange water slantwise across a front,
they perform in an advective manner, result in the cre-
ation of baroclinic instability, and make tracers to move
convectively.[12] Physical conditions can be locally changed
by the dynamics of eddies, as a result, reactive tracers such as
phytoplankton can be directly or indirectly affected. They can
also either strengthen or restrict the environmental factors for
the growth of phytoplankton.[12]

The PG is a route of a number of oil tankers carrying oil
from this region to other parts of the world. As the release
of pollutants into the marine environment is detrimental and
can result in enormous environmental and economic damages,
it is of crucial significance to analyze the role of factors such
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as mesoscale eddies in the estimation of pollution dispersion
in the PG. Moreover, the present study can be regarded to be
significant due to the fact that there are only a few studies ad-
dressing the incidents related to phenomena such as oil pollu-
tion in the ecosystem of the PG, which is susceptible to a wide
range of oil release accidents because of the existence of sub-
stantial oil resources. Qualitative evaluation of the likelihood
of such incidences as well as the consequences of the dam-
ages in the PG has hardly ever taken into account the potential
role of eddies in this regard. Moreover, up to date, the con-
ducted studies in this respect have only revealed the nature of
cyclonic circulation in the PG.[1–3,14–17] Nonetheless, they did
not precisely take into account the details of circulation in this
semi-enclosed sea.[9] Yao and Johns[4] used satellite images
and implemented circulation model in the PG to point out the
existence of eddies in this area.

Similarly, Thoppil and Hogan[9] devoted some parts of
their study to the examination of eddies using satellite im-
ages. Likewise, in another study conducted by Torabi Azad
et al.,[5] the structure of eddies near the northern coasts of the
PG was examined by collecting data using field measurements
and observations. Sabetahd Jahromi et al.[18] explored the ef-
fect of mesoscale eddies on the distribution of temperature and
salinity gradients in the PG and Strait of Hormuz. Hegarete et
al.[8] used altimetry data to present the structure and possi-
ble recurrence of sub-mesoscale PG water fragments, in par-
ticular those embedded in mesoscale eddies. Concerning the
transport and release of oil-related pollution, tracing method
has been employed in most of the conducted studies includ-
ing Mackay et al.,[19] Huang,[20] and Lonin,[21] all of which
focused on surface motion of oil spots. In another study by
Haj Rasouli et al.,[22] the movement route of pollutants and
their distribution in the PG were examined considering the role
of physical processes such as wind and tides in this regard.
Hence, identification of the possible areas with accumulated
pollutants (high-risk areas) seems to be of great value.

In this research, eddies of the PG were studied using the
SSHA (sea surface height anomaly) method and AVISO ref-
erence series data from 2010 to 2014. Eddies with the life-
time of more than one week were identified and traced, and
their dynamic characteristics and horizontal eddy diffusion co-
efficient were examined. As compared with other methods
such as Okubo–Weiss parameter, the SSHA is more effective
in the identification of eddies and provides more precise re-
sults in shallow areas[23] such as the PG. Another advantage
of the SSH-based method is the elimination of the problematic
noise from the second derivatives of SSH in the Okubo–Weiss
parameter.[23] Another standard method used for the identifi-
cation of eddies is the P-Delta method, which only specifies
the center position of eddies and does not provide any more

information about the eddies.[23] In the SSH-based method,
the points identified in the SSH curves as relative extremes are
identified as the center of the eddy, and the largest SSH closed
contour in the periphery of extremum point is regarded as the
external eddy boundary. To analyze eddy dynamics, it is as-
sumed that the geostrophic approximation is applicable, and
eddies are assumed to have a Gaussian symmetric structure.
Then, the tracking operation can be performed. The mentioned
method is very identical to the SSH method that was used by
Fong and Morrow[24] and Chaigneau and Pizzaro,[25] with the
exception that there is no need to set a threshold contour.[23]

It is noteworthy that the periods over which powerful eddies
appear have been identified as risky time intervals. Moreover,
the distribution map of the horizontal eddy diffusion coeffi-
cient in the PG in different seasons was plotted using ArcGIS
software. The areas with the highest eddy diffusion coeffi-
cientwere identified as high-risk areas. The area of the men-
tioned regions as well as the geographical location of their
center was calculated. Although previous studies using the
numerical method have already been carried out regarding the
identification of eddies in the PG, this is the first study that em-
ployed the SSHA method to precisely trace and identify eddies
and their dynamic characteristics over four seasons. For ex-
ample, Thoppil and Hogan[9] conducted an informative study
that addressed eddies over a warm season using the numerical
method and compared the obtained results with satellite im-
agery. Considering the limited number of studies carried out
in the field of mesoscale eddies and their effects on the circula-
tions of PG, the present study can provide crucial information
in this respect by examining eddies in horizontal dispersion
and consequently can lead to optimization of the response pro-
cess regarding the spread of released pollutants in the PG. The
results of the present study revealed the optimal time and loca-
tion for installation of equipment and pollution disposal floats
given the knowledge regarding the high-risk areas, thereby re-
ducing economic and environmental problems in the PG.

2. Eddy tracking
2.1. SSH-based eddy tracking method

To date, a large number of eddies have been identified and
tracked in SSH fields of the AVISO reference series data us-
ing automated procedures.[23] In the SSH-based method, the
lines of the geostrophic flows present around eddies are con-
sidered to be approximately corresponding to the SSH closed
contours. Each pixel comprises the four nearest neighboring
pixels (north, south, east, and west). Within each region, there
is a local maximum (minimum) point, which is the largest
(smallest) of all the nearest neighboring pixels.[23] The am-
plitude of each cyclonic eddy is considered as the difference
between the highest SSH within the eddy (hmax) and the mean
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height of the outermost SSH closed contour (h0):[23]

A = hmax−h0. (1)

Similarly, the amplitude of each anti-cyclonic eddy is consid-
ered as the difference between (h0) and the lowest SSH within
the eddy (hmin):[23]

A = h0−hmin. (2)

The average geostrophic velocity around each SSH contour is
also calculated using the following equation:[23]

u =− g
f

hy, (3)

v =
g
f

hx. (4)

In the process of tracking, the size of each eddy is speci-
fied by its effective radius (Leff), which is the radius of a circle
with the same area as that of the surrounded region around the
eddy, and the eddy is considered to have a Gaussian symmetric
structure.[23] After identifying each eddy and its center as the
SSH geometrical center, the identified eddy is searched within
the outermost closed contour area at time k, and then the men-
tioned process is repeated at time k+1 to find the nearest eddy
in the search area until the tracking process is ceased and com-
pleted by disappearing of the eddy.

2.2. Eddy diffusion coefficient

As previously indicated, eddies are the result of the verti-
cal motion of fluid and are usually caused by instability of the
flows. The main characteristic of the eddy motion is the eddy
diffusion coefficient, which is used to show the mixing power
of turbulent flows.

Imagine a tracer following the equation[11]

Dϕ

Dt
= ∇ · (km∇ϕ), (5)

where km is molecular diffusion. If advection flow is decay-
free, molecular diffusion can be ignored. We have

Dϕ

Dt
= ∇ ·ϕ ′v′. (6)

If eddy transfer is parameterized by the diffusion equation,
then we will have the following equation:

𝐹 = ∇ϕ ′v′ =−k∇ϕ, (7)

where k stands for diffusion coefficient. If the focus is turned
to the horizontal transfer of a tracer in y, then we can reach the
equation

ϕ ′v′ = kxy ∂ϕ

∂y
, (8)

where kxy denotes eddy diffusion tensor components.[11]

Assuming that eddies are the result of baroclinic instabil-
ity, it can be supposed that the mixing length provided by the
first deformation radius is the same as the horizontal length
scale of the instability characteristic. The simplest assump-
tion is that the velocity of eddy should be regarded as approx-
imately equal to the magnitude of the average flow velocity ū.
Hence,

k
xy ∼ Ldu, (9)

where Ld ∼ l′ denotes the characteristic turbulence length.[11]

2.3. Data analysis

In this study, the eddy detection process was performed
over five years using the SSH data of the 1/4◦ × 1/4◦ ver-
sion obtained from the AVISO reference series. The men-
tioned data was filtered in seven-day steps.[23] It should be
noted that the SSH and horizontal eddy diffusion coefficient
maps are plotted using ArcGIS software. The method em-
ployed to study eddies in the present research was sea sur-
face height anomaly (SSHA), which is proved to be effec-
tive in the case of using satellite data. In the SSHA curves,
points denoting relative extremum are identified as eddy cen-
ters, and the largest SSHA closed contour in the periphery of
extremum point is regarded as the external eddy boundary. To
analyze eddy dynamics in this method, it was assumed that
geostrophic approximation is applicable, through which eddy
center movement, eddy boundary points, and consequently
eddy advancement velocity were measured, thereby leading
to the eddy tracking operation. Furthermore, eddy diffusion
coefficient was measured using accessory programs.

3. Results
3.1. Mesoscale eddies

The density difference in water masses and main large-
scale flows as well as surface wind turbulence leads to inclined
isopycnal lines and baroclinic-instability in the Arvand flow,
especially in the entrance of water from the Oman Sea into the
PG, as a consequence, eddies are formed on the periphery of
the main flow. Due to the formation of the thermocline and
the flow of Arvand water and the water inlet of the Oman Sea
to the PG through the Strait of Hormuz, required conditions
are provided for the formation of mesoscale eddies, especially
on the Iranian coast.[9] The entrance of less saline water into
the PG through the Strait of Hormuz causes sloping density
field, which is prone to baroclinic instability process. The
mentioned process leads to quasi-two-dimensional turbulence
that is one of the primary mechanisms governing the forma-
tion of eddies and brings about changes in not only the general
water circulation in the PG but also the formation of eddies.[23]
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Fig. 2. Height contours in the Persian Gulf for various seasons on (a) 19 August 2014 and (b) 12 February 2014.

The results of the present study were related to eddies
from 2010 to 2014 over different seasons. Figure 2 presents
the map of height contours in the PG for one sample day of
summer and winter of 2014. Eddies are well-demonstrated
in the maps. The illustrated graphs for 2010–2014 show ed-
dies according to the SSHA. An average of 78 eddies were
observed annually (Fig. 3). It is seen that 59.1% of the ob-
served eddies were cyclonic, and the rest were anti-cyclonic
(Table 1). Given the graphs and the presented analyses, the
average number of eddies as well as their histograms in sev-
eral months of 2010–2014 are provided in Fig. 3. As shown,
the number of eddies over summer months was more than that
of the other seasons.

Table 1. Percentage of the seasonal mean of eddies considering the
polarity (2010–2014).

Spring Summer Autumn Winter Total
Cyclonic 62.10% 58.60% 55.90% 60.90% 59.10%

Anti-cyclonic 37.90% 41.40% 44.10% 39.10% 40.90%

Fig. 3. Histogram of the mean number of eddies in different months
from 2010 to 2014.

Fig. 4. Percentage of the monthly mean of eddies considering their
polarity (2010–2014) (the red and blue histograms are assigned to anti-
cyclonic and cyclonic eddies, respectively).

Numerical predominance of cyclonic eddies over anti-
cyclonic ones was observed over all seasons, especially spring

and summer. The highest percentage of cyclonic eddies was
observed in summer and July (Table 1 and Fig. 3). Since the
beginning of October and the start of the autumn, the number
of eddies decreased; however, the relative percentage of anti-
cyclonic eddies increased, continued until January, and then
decreased again (Fig. 4). As it is demonstrated, the number
of eddies from July to September was more than those of any
other seasons of the year.

The number of eddies increased in the early summer and
winter; whereas the number of eddies decreased as the end of
these seasons approached. The mentioned trends reversely oc-
curred in autumn and spring. As already mentioned, turbulent
eddies require an energy source to survive and grow. If the
energy source is large enough to create instability, eddies will
also be sufficiently active. One of the energy sources for the
creation of instability is the potential energy stored in the slop-
ing isopycnal lines, which can be released due to baroclinic
instability.[5]

3.2. Calculation of horizontal eddy diffusion coefficient

This section presents the changes of horizontal eddy dif-
fusion coefficient over different seasons within the PG area.
Table 2 provides information regarding eddies with the high-
est diffusion coefficient kxy in each season of 2014 along with
the date of occurrence, polarity, radius, and their lifetimes. In
Table 2, eddies of 2 (winter), 14, and 32 (autumn) are anti-
cyclonic while the rest are cyclonic. As shown, the former had
a lower radius and diffusion coefficient than the latter.[7]

Fig. 5. The dispersion histogram of the percentage of the mean of eddy dif-
fusion coefficient over a tensile interval (the red and blue histograms are as-
signed to the anti-cyclonic and cyclonic eddies, respectively).
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Similar trends have been observed over other years. On average, more than 67% of the anti-cyclonic eddies had a diffusion
coefficient of less than 30 (m2/s), and their maximum diffusion coefficient was 83 (m2/s). Furthermore, 42% of the cyclonic
eddies had a diffusion coefficient of less than 30 (m2/s), and their maximum diffusion coefficient was 176 (m2/s) (Fig. 5 and
Table 2).

Table 2. Eddies with the highest diffusion coefficients kxy (2014).

Season Number of eddies Leff/km kxy/(m2/s) Lifetime/week Date of event

Winter

20 102.95 76.70 1 26 February
2(AC) 105.27 54.2 1 25 December

18 65.79 53.15 3 5 March
21 73.88 52.33 1 26 February

Spring

21 48.34 87.25 3 3 June
21 85.59 82.68 3 27 May
24 52.79 69.35 1 10 June
13 49.86 62.85 1 6 May

Summer

4 53.79 116.81 4 15 July
3 95.69 108.67 2 8 July
1 102.42 108.09 2 15 July
9 60.12 107.01 6 2 September

Autumn

5 77.80 79.11 3 21 October
34 63.14 72.53 1 23 December

14(AC) 57.51 69.93 4 2 December
32(AC) 47.25 68.08 1 23 December
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Fig. 6. Maps showing the place of eddies in winter (a) and summer (b) 2014
(the cyclonic and anti-cyclonic eddies with the highest diffusion coefficient
are represented by five-pointed blue and red stars, respectively).

Hence, anti-cyclonic eddies, as compared with cyclonic
ones, had a less significant impact on pollution dispersion
(Fig. 5). In general, summer eddies were more significant in
terms of spatial and temporal distribution of pollutants. Fig-
ure 6 shows where eddies occurred in the summer and winter
of 2014. Cyclones, anti-cyclones, and eddies with the highest
diffusion coefficient can be identified by blue, red, and five-
pointed stars, respectively. In all seasons, majority of eddies
were observed in the east and north of the PG.

3.3. High-risk areas prone to oil pollution

Pollution in PG is mainly oil pollution and its products. In
areas where the diffusion coefficient is higher, the mentioned
pollutants are dispersed in larger areas of the environment in
a given time, thereby cleaning up oil pollution becomes more
difficult. Given the mentioned point, these areas can be recog-
nized as high-risk areas. The horizontal eddy diffusion coef-
ficients from 2010 to 2014 were studied in different seasons.
The interpolated map of the diffusion coefficient is observed
across the PG over five years (Fig. 7).

As it was previously mentioned, strong eddies occurred
in summer, as a result of which the interpolated maps of eddy
diffusion coefficient in summer (2010–2014) were plotted to
identify the high-risk areas (Fig. 7). In the mentioned maps,
the areas with the highest eddy diffusion coefficients are in-
dicated by dark color. The geographical area, geographical
center, and the mean value of the coefficients of these areas
were calculated (Table 3).
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Fig. 7. The contour maps showing eddy diffusion coefficients in sum-
mer (2014) (the high-risk areas are marked with a number).

The high-risk areas in Fig. 7 were identified by numbers

1–4, which were located in the east, north, and northwest of
the PG. Areas 1–3 that had the highest mean diffusion coeffi-
cient were located in the east and north of the PG, and the area
4 with the lowest mean of the diffusion coefficient was located
in the northwest of the PG. Areas 1–3 were within the lati-
tude from 25.5◦N to 27.57◦N and longitude from 51.38◦E to
55.28◦E and were identified as the high risk areas in summer.

Given the effect of eddies on the distribution of tracers
such as oil pollution, the areas with the highest eddy diffusion
coefficient can be considered as the area for accumulation of
these contaminants and can be introduced as high-risk areas,
which are more active and occur further in warm seasons as
compared with cold seasons (Fig. 7). Nonetheless, these high-
risk areas have less area in winter. The level of the diffusion
coefficient in warm seasons is higher than that of the cold sea-
sons (Table 2 and Fig. 5).

Table 3. Areas of eddy occurrence along with the mean of diffusion coefficients in summer (2014).

Number of area Area/km2 The mean of diffusion coefficient
in the target area/(m2/s)

Location
Longitude/degree Latitude/degree
from to from to

1 15220.99 78.05 25.78 27.57 51.38 53.82
2 2443.09 76.02 25.74 26.42 53.42 53.98
3 4573.55 70.08 25.51 26.1 54.37 55.28
4 3901.59 65.23 27.57 28.40 48.92 50.21

4. Discussion
The Oman Sea water flows into the PG through the east-

ern areas of the PG while the most saline body of water in
the PG sinks and exits in the southeastern area near the Strait
of Hormuz. Moreover, Arvand flows collide with those of
the PG in the northwestern areas of the PG. The mentioned
process has led to the baroclinic instability, which has con-
sequently caused the formation of eddies along the salinity
fronts.[26] The penetration of the salinity front in the PG is
more widespread in the summer and is prone to baroclinic in-
stability (with a high density stratification) in warm seasons
and formation of cyclonic and anti-cyclonic eddies with a peak
in July and August.[26]

In other studies using numerical simulations, for instance,
Thoppi and Hogan,[9] similar mesoscale eddies have also
been predicted to be along the frontal system between the in-
flow and outflow to the PG using numerical simulations. In
Figs. 8(a) and 8(b), the maps extracted from the simulation of
mesoscale eddies by Thoppi and Hogan[9] (2010) and those of
the present study are compared. As it is shown, maps relating
to 8 July 2014 provided by the present study (right) closely,
temporally, and spatially resembled the maps relating to 6 July
2005 extracted from simulations (left) provided by Thoppi and
Hogan[9] (Fig. 8(a)). Such proximity and consistency between
the two studies are also observed in the maps of 12 August
2014 (right) and 6 August 2005 (left) (Fig. 8(b)).

The study found that eddies located at the inlet of the PG
from the Strait of Hormuz and the north of the PG were the

strongest eddies having the highest activity during July and
August and were then weakened from the beginning of au-
tumn. The results of studies conducted by Pous et al.[2] and
Rahnemania et al.[26] were very close to the mentioned find-
ings. In comparison with other eddies, they contributed more
to the transmission and diffusion of pollutants because of their
high diffusion coefficient. This finding was consistent with the
results of other studies of such as Haj Rasooliha et al.[22]

The present study revealed that eddies located in the north
and south of the PG are often moving towards the west and
east of the PG, respectively. The mentioned finding is in line
with findings presented by researchers including Rasouliha et
al.[22] Thus, eddies in the north of the PG would distribute the
pollutants first along the coast of Iran, then along the southern
coasts, and finally towards the southeast of the PG. The largest
area covered by eddies was the inlet of the PG from the Strait
of Hormuz towards the coast of Iran and the northwest of the
PG. Thus, the ecosystems of the mentioned areas are at the
highest risk for distribution of pollutants in case of release.

The coastal currents from Iranian coasts to the northwest
of the PG that are caused due to the existence of stronger winds
during July and August can also spread oil slicks along the
coasts of Iran.[26] The areas with the highest risk of spreading
pollutants were within the latitude from 25.5◦N to 27.57◦N
and the longitude from 51.38◦E to 55.28◦E. The contaminated
areas develop fast, especially by the oil industry that makes
them more prone to oil pollution.
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Fig. 8. (a) and (b) Maps extracted from simulations provided by Thoppil and Hugan[8] (left) and SSH maps plotted based on AVISO data (right).

Meandering currents in the circulation along the coast
can also spread the oil slicks in a wider band of the Iranian
coastline.[27]

5. Conclusions
Averagely 78 eddies per year, of which 59.1% were cy-

clonic, were observed throughout 2010–2014. The predomi-
nance of the number of cyclonic eddies was observed through-
out the year, especially during the warm seasons. Moreover,
although the anti-cyclonic eddies strengthened over the cold
seasons, the mentioned trend was maintained. The horizon-
tal eddy diffusion coefficient was also higher in summer as
compared with cold seasons. The highest coefficient with the
value of 176 m2/s was observed in July. The highest eddy
diffusion coefficients in these seasons were related to cyclonic
eddies; however, the cyclonic eddies weakened with the on-
set of autumn, and the anti-cyclic eddies indicated the highest
diffusion coefficient in December. As the cyclonic eddies of
the region, as compared with the anti-cyclonic eddies, mainly
have a longer lifetime and higher horizontal eddy diffusion co-
efficient, they play a more significant role in the distribution of
pollutants in the PG.

The present study also indicates that July and August
were the highest-risk months concerning the time of eddy oc-
currence and distribution of pollutants. The findings also show
that the eastern and northern parts of the PG have the high-
est eddy diffusion coefficient in the longitude from 51.38◦E to
55.28◦E over these months and are identified as the most risky

areas in terms of the distribution of pollutants.
Likewise, the maximum number of eddies was observed

in July, whereas the minimum number of eddies in the PG was
observed in May and November. The maximum number of
eddies was observed in the first months of summer and win-
ter, while the minimum number of eddies was observed in the
first months of spring and autumn. Although more higher res-
olution measurements are required to get a more comprehen-
sive insight regarding the distribution of mesoscale and sub-
mesoscale eddies in the PG and the impacts of eddies on ma-
rine pollutant dispersion, the results of the present study can
be used as a guide to prioritize the skimming processes and
estimate the possible damages to this unique marine ecosys-
tem considering the likelihood of the occurrence of various
scenarios of pollution release and their consequences.
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