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Interannual Changes in the Sea of Oman Ecosystem
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Abstract: Historical data were used to estimate interannual tendencies for the Sea of Oman over the past 50 years.
Declining trends were shown for the atmospheric surface level pressure in the region affected by the Siberian High
atmospheric anomaly, the zonal component of wind speed, concentration of nitrates, biomass of diatoms and sardine
landings. Changes in Zooplankton biomass showed no clear trend. These trends were associated with and accompanied by
rising atmospheric temperature, sea surface temperature, annual variability of the kinetic energy of mesoscale eddies,
frequency of fish kills (along with the death of other animals- dolphins, turtles, and sea birds) and harmful algal bloom
incidents. In terms of interannual coupling between physical and biological processes, the evaluated trends imply that the
weakening of the Siberian High atmospheric anomaly results in the decline of the zonal wind speed and a regional
increase of air temperature. This in turn increases the temperature in the mixed layer which strengthens thermo-haline
stratification of the water column. Increasing stratification prevents the penetration of nutrients into the mixed layer and
does not favor the interannual increase of biological productivity, although annual variation of biological productivity has

increased, from 1997 to 2008.
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INTRODUCTION

The north-western part of the Arabian Sea is connected to
the Arabian (Persian) Gulf (often just termed The Gulf [1],
by the Sea of Oman (previously known as the Gulf of
Oman). In terms of geomorphology, this semi-enclosed basin
is “the bathymetric triangle” featured by the range of depths
to 3,000 m in its oceanic part, in which a shallow Murray
Ridge extends across the mouth of the Sea of Oman (Fig. 1).

The sea is situated in the subtropical zone and has the
total area of 94,000 km®. The basin narrows down and gets
shallower towards the Strait of Hormuz- the western most
boundary of the sea, where the depths of 70-110 m separates
it from the inner part of the Gulf, with an average depth of
~35m.

After oil exports, fisheries is the next important resource
for the region, in which the Sultanate of Oman is one of the
biggest fish producers [2]. In 2009, the traditional total fish
landings were ~158,000 tonnes with a value of 268 million
US dollars [3]. The total biomass of demersal fish in the Sea
of Oman is estimated to be ~51,000 tonnes, with highest
values reported for the upper 20m layer [3, 4].

Being situated between the shallow high salinity waters
of the Arabian Gulf and the deeper Arabian Sea, the Sea of
Oman possesses a unique hydrological regime. In winter,
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during the Northeast Monsoon, the current transporting the
Arabian Sea Water mass from the oceanic regions into the
Gulf, is headed towards its inner part along the northern
(Iranian) coast. In summer, during the Southwest Monsoon,
the sea is influenced by the outflow of high saline Gulf
Water Mass. The current exits from the Gulf in the Strait of
Hormuz at a depth of ~ 100 m, cascades down to the bottom
and propagates along the Omani coast towards the open
Arabian Sea. A well pronounced density front separates high
saline deep water in the Gulf from fresher surface waters in
the Sea of Oman [5]. Strong vertical gradients and baroclinic
instability of the flow exiting the Strait results in mesoscale
eddies denoted for the central part of the Gulf.

In a simplified way, for the ecosystem analysis, the
thermo-haline structure of waters might be treated as the two
layer system with a picnoclyne and the oxycline- below ~50
m, where the oxygen concentration exhibits a two to three-
fold drop to highly depleted levels of < 1.5 mg O, 1" [6]. The
upper layer is the Indian Ocean water mass entering the sea
in the form of surface current. The high salinity dense waters
from the Arabian Gulf form the second layer in which the
maximum salinity is in a range of 40.0-40.5 psu [7, 8].

The confluence of currents (off the Arabian Gulf and the
Oman Coastal Current propagating along the Omani coast
from the Somalia region) forms the frontal zone near the
promontory of Ras Al Hadd. This zone, existing during
summer and decaying by the end of fall, serves as the liquid
boundary between the Arabian Sea and the Sea of Oman.
The front also generates cyclonic and anticyclonic eddies
which are mostly active throughout the summer and fall
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Fig. (1). The Sea of Oman region. Background image: three-dimensional bathymetric map (www.earth.google.com). Dashed and dotted
line demarcates the location of the Ras Al Hadd frontal zone (1). Dashed lines (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.

periods. The size of eddies is comparable to the width of the
sea, so they mediate the basin scale mixing. In addition to
the formation of eddies within the Sea of Oman, some of
them enter the basin from the Arabian Sea.

As far as seasonal variations are concerned, the most
prominent feature of the Sea of Oman is the seasonal
upwelling along the Iranian coast, with a peak in February-
March, although the onset of the Northeast monsoonal winds
could occur in December. During the Northeast Monsoon,
the Oman Coastal Current reverses to southeastward flow.

The atmospheric and hydrographic regimes of the region
are both subjected to gradual interannual changes associated
with an interannual variability in the strength of monsoonal
winds, in turn mediated by the strength of the atmospheric
anomalies, of which the most pronounced one is the Siberian
High [9-11]. The EIl-Nino Southern Oscillation and the
Indian Ocean Dipole also influence the region, although their
epicenters are much more distant.

Despite the numerous studies dealing with seasonal
dynamics, the interannual change of the oceanic marine
ecosystem is poorly understood for the region but historical
data enable some assessment of these changes. Early
oceanographic cruises were carried out in the 1950’s by
Japanese expeditions [12]. In 1966 24 hydrographic stations
were monitored in the cruise conducted by the Russian R/V
Mikhail Lomonosov [13]. In the next decade, the Indian R/V
Darshak (1974) and Norwegian R/V Dr. Fridtjof Nansen
(1975) continued hydrographic surveys in the region [14,

15]. From 1980 through 1997, a number of cruise stations
were analyzed by Russian, American, German, British, and
Pakistani expeditions [16-19]. The latest comprehensive
survey of the Arabian Gulf we are aware of was undertaken
in 2006 by the ROPME program, with over 100 oceano-
graphic stations over the Arabian Gulf, of which 29 were
situated in the Sea of Oman (http://www.ropme.com/
program?2.html).

By using part of these historical data available to us, for
example on remote sensing, as well as ongoing sampling and
modeling, we attempted an evaluation of interannual trends
in some basic physical, chemical and biological charac-
teristics of the Sea of Oman. This incorporates data on the
sea level pressure, wind speed, sea surface temperature,
kinetic energy of mesoscale eddies, temperature in the mixed
layer, concentration of nitrates in the mixed layer, chloro-
phyll a concentration, the biomass of diatoms, zooplankton
biomass, frequency of algal blooms and fish kill incidents,
and annual landings of sardines.

METHODS

Data on the zonal and meridianal components of wind
speed over the period 1948 - 2009 were retrieved from the
NCAR/NCEP reanalysis database [20], in which the daily
averages of wind speed at 10 m above sea level were
extracted for the Sea of Oman region with coordinates 22.5-
25.0°N; 57.5-60.0°E.
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As far as data on onboard measurements are concerned, a
number of expeditions dealt with sampling in the Sea of
Oman. The earliest accessible data on vertical profiles of
temperature go back to 1950 when oceanographic stations
were carried out in the Gulf of Oman by the Japanese
research vessel Umitaka Maru and some others [12]. Since
that time and up to 1992, Japan has deployed a series of
expeditions which analyzed 1100 oceanographic stations in
the Sea of Oman region. We used part of these data, which
were complemented by recent measurements, to estimate
interannual trend in the upper 20 m layer.

Satellite derived (9-km spatial resolution SeaWIFS and
MODIS Aqua) monthly Level-3 products for sea surface
temperature and chlorophyll @ concentration were employed,
to assemble time series (1997-2009). These products are
available from the National Aeronautics and Space Adminis-
tration (NASA) Ocean Color Group (http://oceancolor.gsfc.
nasa.gov). Monthly time series of chlorophyll a and sea
surface temperature were acquired using the GES-DISC
Interactive Online Visualization and Analysis Infrastructure
software as part of the NASA's Goddard Earth Sciences Data
and Information Services Center.

The sea surface height anomalies (required to estimate
the kinetic energy of eddies) were produced from TOPEX/
Poseidon, Jason-1 and Jason-2 altimeter data and acquired
from the Archiving, Validation and Interpretation of Satellite
Oceanographic data center website (http://www.aviso.
oceanobs.com). The assessment of the kinetic energy of
eddies was based on the altimeter—derived sea surface
heights for the western Arabian Sea (18-25°N, 58-62°E), for
the period of 1997-2009. The methodology of calculations of
eddy kinetic energy per unit mass was that used by R.
Sharma, et al. [21]. In developing the algorithm it is believed
that the mean component of the ocean current contains less
energy than the time-varying component. The meridional
component of the geostrophic current was given by

v=(g/f) (0c/0x)

where o is the sea surface height with respect to the geoid
representing the sum of the large-scale component associated
with mean circulation and the mesoscale component asso-
ciated with eddy circulation.

The mean component might be removed by subtracting it
from the average sea surface height:

c" (69 ¢9 t) =0 (ea ¢) - (69 ¢9 t)

where O, @, t is location at time t; 6 (O, ¢) is the mean sea
surface height over longer duration.

Ascending and descending tracks have been rotated by an
angle such that the tracks are parallel to latitude. The trans-
formation leads to constant longitude at each point of the
track. The slope along the transformed axis of the ascending
and descending altimeter tracks is given by

A (66" /ox) = (86" /2x) - (D6/0x),,

where x is the distance along the transformed axis, the first
term on the right-hand side is the sea surface slope of repeat
cycle i, and m is the averaging period. The eddy velocity
perpendicular to the x axis is given by

A viy = (g/f) A (66" /ox)
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The root mean square velocity variability is
w2 (vy) = (AVYy /n
where n is the number of repeat slopes. E, is approximately

the average of eddy kinetic energy —EKE/mass in the x and y
directions:
E.=0.5[n? (vy) = 1’ (vy) = p].

Monthly time series on concentration of nitrate and
mixed layer depth were retrieved from the NASA Ocean
Biogeochemical Model, which is a coupled three-dimen-
sional 14 vertical layer model incorporating general circula-
tion, biogeochemical, radiative components and assimilating
monthly global products [22]. The model is driven by wind
stress, shortwave radiation and sea surface temperature. The
assimilation process has an algorithm of constant readjust-
ment of the model parameters, based on the chlorophyll data
acquired by satellite sensors [22, 23]. It is assumed that
oceanic radiation is driven by water scattering, absorption,
dissolved organic matter, and optical properties of the phyto-
plankton groups. The estimates of the sea surface nitrates are
based on the algorithms linking the shipboard with remotely
sensed data [24].

Plankton samples were collected in the Bandar Khayran
Bay (23°31 N, 58°44 E), which is the largest semi-enclosed
bay on the northern coast; with an approximate surface area
of 4 km* and an average depth of 10 m. Samples for chloro-
phyll a (250-1000 ml) were filtered through a Whatman
GEF/F filters and the phytopigments were extracted in 10 ml
of 90% acetone solution under cold and dark conditions for
24 hours. The chlorophyll @ concentration was estimated
using a 10 AU Turner Designs Fluorometer following the
methods described by Tett [25]. The fluorometer was
calibrated using pure chlorophyll a as a standard, following
the method described in Parsons, et al. [26].

The phytoplankton samples were collected by Niskin
sampler and stored in dark glass bottles (50 to 100 ml) into
which 5 to 10 drops of acid Lugol’s solution [27] were
added. The entire sample was transferred into graduated
cylinders and allowed to settle overnight. The upper layer of
seawater in the measuring cylinder was siphoned off using a
tube, one tip of which was covered with a 15 pm mesh net to
concentrate the sample to 20 ml. The concentrated subsam-
ple was then transferred into sedimentation chambers to
settle overnight before counting using inverted microscopy
[28]. Cell density was counted by transferring 1 ml replicates
of the concentrated sample onto a Sedgewick Rafter count-
ing chamber and identification was based on standard keys
in most cases to the species level.

In collecting zooplankton, Bongo nets (mesh size:
150pum) were equipped with a Hydrobios® digital flowmeter)
towed obliquely at a speed of one knot from near the bottom
to the surface. Samples were transferred to 0.51 bottles and
preserved in 5% borate-buffered formaldehyde. Back in the
laboratory, subsamples were processed to the lowest taxa
possible and counted under a stereomicroscope.

Oceanographic data were complemented by data on fish
kills along the Omani coast, available from the archives of
the Marine Science and Fisheries Research Center (Muscat,
Oman). The early records on fish kill incidents were dated
by mid 1970’s. Since then, the monitoring of algal blooms
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and fish kill incidents was set up by the Ministry of
Agriculture and Fisheries in over 15 regions along the 1,700
km of the coast.

Data on industrial and traditional landings for Omani
fisheries using a sampling system established by the Oman-
American USAID project [29] have been regularly collected
by the Department of Fisheries Statistics. Data on annual
landings of sardines in the Sea of Oman were taken from the
annual reports published by the Ministry of Agriculture and
Fisheries [3].

RESULTS

In being positioned at the edge of the northern sub-
tropical zone, the western Arabian Sea (including the Sea of
Oman) is subjected to a multilateral impact of atmospheric
pressure systems exhibiting pronounced interannual and
decadal oscillations. For instance, the region is exposed to
the impact of the Siberian High pressure system, the El Nino
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Southern Oscillation, the North Atlantic Oscillation, and the
Indian Ocean Dipole [11, 30, 31].

Regional orography (ranged from deserts to mountains
over 2000 m) makes the sea-ocean interactions even more
complicated. The above atmospheric phenomena impact the
long-term changes of the ecosystem of the western Arabian
Sea [30], although we are at the initial state of understanding
of this coupling. In the current study we confined our ana-
lysis to consideration of the Siberian High which is believed
to be one of the powerful anomalies affecting almost the
whole Asia and the northern Indian Ocean in winter. The
Siberian High is defined by the value above 1028 hPa over
the middle to higher Asia continent [32]. In terms of inter-
annual changes, the historical records we found in literature
[9, 33] and used for regression analysis imply that the
Siberian High has a general negative trend from the available
data set from 1922 to 2000 (Fig. 2). In order to assess any
evidence for the footprints of this trend in the wind field, the
zonal component of the wind speed was analyzed.
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Fig. (2). Interannual trend of the normalized sea level pressure (December-January-February) in the region of the Siberian High (data from
[34]). Regression parameters: r=-0.61, p=0.00002. Dashed lines -95% confidence limit.
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Fig. (3). Interannual changes of the zonal component of wind (U) during winter (a) and summer (b) monsoons. Values are positive when the
wind blows from west to east: west wind has a positive zonal component and the east wind is featured by negative zonal component. Curves
were smoothed by cubic spline.

The historical NCEP Reanalysis data on the zonal wind The decline is mostly pronounced for the winter months,
speed in the region have exhibited a declining trend, from experiencing the Northeast Monsoon. By 2010, the wind
late 1950s to 2010 (Fig. 3). speed has declined by ~ 50%, whereas the sea surface
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Fig. (4). Interannual changes of sea surface temperature during summer (a) and winter (b) months. Curves were smoothed by cubic spline.
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temperature has increased. This increase was associated with
the summer temperatures mainly, from the mid-1970’s to the
present (Fig. 4a), whereas the winter temperature did not
exhibit any pronounced trend in the past 50 years (Fig. 4b).
This resulted in general growth of the SST variation within
the annual cycle, due to changes in summer temperatures.

The above results on NCEP database analysis were
complemented by historical data on vertical profiles of
temperature from the onboard measurements (Fig. 5). These
data (picked up for January and February, for the day time
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casts carried out in the central part of the sea: 57-59°E, 24.5-
25.5°N) did not reveal a uniform distribution of temperature
vertical profiles over years. However, a general tendency of
temperature increase in the upper 20 m layer was noticed,
which fits the trend evaluated for the NCEP data on summer
sea surface temperatures (Fig. 4).

The vertical distribution of dissolved oxygen has showed
a gradual (two fold) decrease of concentration from the
surface to the depth of about 60 m in summer and 100 m in
winter (Table 1). Below the depth of 120 m in summer and
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Fig. (5). Annually averaged onboard measurements of temperature in the upper 20m layer in the Sea of Oman (central part), in February

through March.
Table 1. An Averaged Vertical Profile of Dissolved Oxygen Concentration in the Sea of Oman (Summer: July-August, 1994;
Winter: January-February, 1994. Coordinates: 23-26°N, 57-60°E)
Depth, m Dissolved oxygen, mg I Yariation coefficient of the Dissolved oxygen, mg I'" .Variation coefficient of the
(winter) dissolved oxygen, % (winter) (summer) dissolved oxygen, % (summer)

0 4.77 5 4.15 6

20 481 3 3.88 18

40 4.82 2 2.58 42

60 4.80 2 1.96 54

80 3.38 44 1.65 77
100 2.02 82 0.96 88
120 0.77 79 0.46 74
140 0.34 57
160 0.32 73 0.31 66
180 0.33 88
200 0.07 56 0.36 83
220 0.30 63
240 0.30 62
260 0.19 34 0.30 76
280 0.27 86
300 0.27 47 0.18 60
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Fig. (6). Interannual changes of the coefficient of variation of chlorophyll @ in an annual cycle in the Sea of Oman. R=0.48, p=0.14. Dashed

line -95% confidence limit.

150m in winter, the concentration was in a region of 0.5
mg 1" and less, which is the lethal concentration for the
pelagic fish in the Sea of Oman [35]. However, the variation
coefficient in the Table 1 implies that this level might be
reached at a shallower depth as well.

The range of depths from 200 m and below corresponds
to the location of the Persian Gulf Water Mass, known for its
extremely high salinity and low oxygen concentration. The
historical data on dissolved oxygen concentration are scarce
for the region, which did not allow us a full assessment of
interannual trends in this parameter.

In order to make sure the SeaWIFS chlorophyll data
retrieved for the Sea of Oman adequately resemble the actual
chlorophyll a concentration, we have compared the coastal

chlorophyll @ sampled at surface in two regions (in Bandar
Khayran Bay and Fahal Island, 20 km apart) with the
SeaWIFS monthly chlorophyll a time series retrieved for this
region. The days of exact match between daily remotely
sensed and onboard chlorophyll measurements were ana-
lyzed for the time range from February 2004 to February
2008. The correlation between the onboard and remotely
sensed chlorophyll was statistically significant (r =0.7,
p=0.0015; Y= 0.317 + 3.042X, where Y is remotely sensed
and X is onboard measured chlorophyll a, mg m'3).

The remotely sensed chlorophyll a concentration has not
exhibited any pronounced interannual trends. However, a
tendency of the annual variation coefficient to increase over
years was noticed (Fig. 6).
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Fig. (7). Interannual changes of nitrates in the Sea of Oman (from NASA Ocean Biogeochemical Model). Dashed line -95% confidence

limit.



Interannual Changes of the Sea of Oman Ecosystem

The variation coefficient, which is the variance to mean
ratio, has shown that the fluctuation of chlorophyll within its
annual cycle has increased. In order to understand physico-
chemical dynamics underlying this increase, the NASA
Ocean Biogeochemical Model was employed. The model
was based on the assimilation of wind stress, shortwave
radiation and SST. The model resembles 14 vertical layers, 4
groups of phytoplankton, nutrients (nitrate, regenerated
ammonium, silica, and iron), 3 pools of detritus, and a group
of herbivores. The assimilation process has an algorithm of
constant readjustment of the model parameters, based on the
chlorophyll data acquired by satellite sensors [23]. It is
assumed that oceanic radiation is driven by water scattering,
absorption, dissolved organic matter, and optical properties

0.12
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of the phytoplankton groups. The estimates of the sea surface
nitrates were based on the algorithms linking the shipboard
data with remotely sensed data [24]. Interannual changes of
nitrate concentration retrieved from the model exhibited a
general decline from 1999 and onwards (Fig. 7).

Along with that, interannual changes of diatoms showed
a declining trend. The biomass of this group decreased four
fold, from 2000 to 2006 (Fig. 8). The general decrease of
biomass has been accompanied by a declining variability
within an annual cycle.

To a certain extent, the modeled declining trend was
confirmed by actual data on diatom abundance obtained by
coastal sampling, in which; from 2004 to 20010, a monthly
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Fig. (8). Interannual changes of diatom biomass in the Sea of Oman (NASA Ocean Biogeochemical Model).
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Fig. (9). Monthly changes of diatom total abundance in the Bandar Khayran Bay (1m depth).
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sampling of phytoplankton was carried out near Muscat. The
samples processed to the species level covered the period
from February 2004 to December 2008 (Fig. 9).

In this plot, the curve linking data points was smoothed
by the cubic spline [36]. It appeared that the total abundance
of diatoms showed a tendency to decline. A general decrease
of diatom abundance has been accompanied by a declining
variability within an annual cycle. The genera mostly contri-
buting to the total diatom abundance were Prorocentrum,
Nitzschia, Rhizosolenia, Scripsiella, and the Pennate
diatoms.

We hypothesized that the other factor inducing a rising
trend of chlorophyll annual variability might be a powerful
field of mesoscale eddies. These eddies are fairly numerous

Piontkovski et al.

in the Sea of Oman. A number of them are generated by the
confluence of the Oman Coastal Current (fed by the Somali
current coming from the south) and the current flowing out
of the Arabian Gulf eastward, along the southern coast of the
Sea of Oman. Our assessments have shown that in the Sea of
Oman, the variation coefficient of the kinetic energy of
eddies has linearly increased from 1996 to 2008 (Fig. 10).

From the ecological point of view, this means that the
diversity of situations with mesoscale convergences and
divergences has increased. Indirectly, this has resulted in a
more variable annual cycle of chlorophyll a over years (Fig.
6). The absence of any pronounced trend of chlorophyll a in
the Sea of Oman lead us to undertake similar research for the
adjacent area. The western Arabian Sea bounded by 54 -60°
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Fig. (10). Interannual changes of the variation of kinetic energy of eddies in an annual cycle. Dashed line -95% confidence limit.
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covers the upper part of this area (15-25°N). The background isolines: sea surface heights (¢cm) exemplifying gradients of surface currents
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E and 10-25° N was divided into 28 2-degrees squares (Fig.
11 b).

For each square, over the period 1997-2009, satellite
derived (9-km spatial resolution SeaWIFS) monthly average
time series for chlorophyll were used [37]. This time series
indicated no pronounced tendencies of chlorophyll a to
increase over the past 12 years. Some of 2-degrees regions
(located close to the Omani coastal upwelling) exhibited
huge variation within an annual cycle whereas others did not.
Overall, the fluctuations observed seem to reflect the
seasonal variability with no pronounced interannual trend,
which we illustrate with an averaged plot (Fig. 11a) covering
the upper 14 2-degrees squares (15-25°N).

We did not find sufficient data on zooplankton to allow
statistically reliable evaluation of long-term changes in the
Sea of Oman over the past 60 years. There are fragmented
reports on zooplankton sampling available for assessment
from a number of expeditions carried out by Russian,
American, and Pakistani scientists in the period 1960’s, to
the 1990’s. However, these data were collected mostly by
different type of nets equipped with different mesh size,
which made it hard to compare.

Along the Omani coast, data from comparable sampling
accounts were analyzed over the period 2005-2008.
Taxonomical processing of these samples has indicated no
marked changes in species composition over years. Oncaea
sp, Penilia avirostris, Microsetella rosea Parvocalanus
elegans, Oithona nana, O.brevicornis, and Temora turbinata
were the most abundant zooplankton species in the sampled
period. These species are the small-size organisms with a
dominant body length of 0.5mm (0.7-0.9mm in case of T.
turbinata).

The above mentioned scarcity of zooplankton data
available for the Sea of Oman has forced us to seek for
historical data for the adjacent region- which is the north-
western Arabian Sea (Table 2).

Table2. Estimates of Zooplankton Biomass during the
Northeast Monsoon Period for the North-Western

Arabian Sea from the Layer of 0-100 m

Year | Zooplankton mg m” Mesh Size pm References
1960 100-150 112-142 [38]
1980 128 112-142 [39]
1990 180-200 142 [40]

[41]: S7, TNO4S5,
1997 135 153 US JGOFS

We selected data collected by nets with more or less
comparable mesh size for the NE monsoon period. We
calculated (where necessary) the values of zooplankton wet
biomass by using the ratio of mesozooplankton carbon to
wet weight, or displacement volume to wet weight- both
reported for the tropical ocean [42]. The data, obtained over
a period of almost 40 years, showed no pronounced trend in
changes of zooplankton biomass.

In the Sea of Oman, the sardine population is one of the
major consumers of mesozooplankton. The annual landing of
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sardines in Oman ranges between 7000 and 18000 metric
tones. This comprises ~ 49% of total landings in the Muscat
region. The analysis of data over the years has indicated an
approximate 40 % decline of sardine landing (Fig. 12).
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Fig. (12). Annual landing of sardines in the Muscat region. Data
from [3].

It should be noted that the number of fishermen’s boats
in the region did not show any increase, with the reported
number of 1858 boats in 2004 and1624 boats in 2008, for the
Muscat region [3].

The monitoring of the fish kill incidents along the Omani
coast, carried out by the Ministry of Agriculture and
Fisheries, from 1970s through the present time, has resulted
in historical data with the most data available for the Muscat
region. These data were complemented by records on algal
bloom occurrence. A number of algal blooms along the coast
has developed into a harmful phase at times, resulting in fish
kill incidents. From the mid 1970’s to 2010, approximately
70 algal blooms were recorded along the Omani coast, and
some 40% of these blooms reached the harmful algal bloom
category (HAB) accompanied by mass mortality of fish and
other marine organisms. Thus in November-December 2001,
in Al Sharqiya and Al Wusta regions, 40 tons of fish and at
least 250 individual green turtles Chelonia mydas as well as
dolphins and birds were found dead. High concentrations of
the toxic dinoflagellate Karenia selliformis with over 2 x 10°
cells per liter were found. This apparently was the first time
that sea turtle or dolphin mortalities were associated with
such a bloom.

In April 2004, 100 tons of sardines were reportedly killed
by a HAB event progressing along the coast of Dugqm. In one
of the recent incidents, 70 tons of fish (Sparus aurata)
perished in aquaculture cages. This HAB (with the core near
Qurayat), took place in November 2008 and was accom-
panied by a gradual depletion of oxygen (from 7.0 to 0.1
mg 1) that caused mass mortality. In order to estimate any
interannual changes, data on fish kill and HAB incidents
were averaged over decades (Fig. 13).

It appeared that the tendency to increase was well pro-
nounced for both characteristics. A significant feature imp-
lied by this plot was the ratio between HABs and fish kills
incidents. Throughout four decades, the frequency of HABs
has exceeded the frequency of fish kills. This means that not
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Fig. (13). Interannual changes of fish kill and harmful algal bloom incidents in the Sea of Oman.

all HABs had caused fish kills. Nevertheless, the causal
pattern of this relationship is apparent throughout decades of
observations; in the latest decade, more algal blooms had
reached the HAB category and the number of fish kills had
increased and became more associated with HABs,
compared to the three previous decades.

DISCUSSION

In analyzing "a big picture of the ocean" based on
historical data, Levitus, et al. [43] reported a positive linear
trend in heat content over the period 1955-2008. For the 0-
700m layer of the world ocean, the percent variance
accounted for by the linear trend was 85%.

In the case of regional scales, the situations and rates
might be different. The warming trend in atmospheric
temperature across the Middle East has shown an increase of
0.07 °C per decade over the period 1951-1990 [44]. The
atmospheric temperature over the Arabian Gulf, including
the Sea of Oman, is rising as well [45-48] with an averaged
projected increase of up to 4 °C by the end of the century
[49]. Regionally, the warming trend of the dry-season
temperatures has shown an increase of 0.17 °C per decade
for the Bahrain region [50]. Interesting differences were
reported seasonally within this trend, for the dry versus wet
seasons. While the warming rate for the dry summer season
was up to 0.24 °C per decade, there was a cooling tendency
for the wet season months.

It appears from the present study that similar seasonal
differences are seen in changes of the sea surface tempe-
rature in the Sea of Oman (Fig. 4). We have shown a positive

trend of increasing summer temperatures versus a lack of
such a trend for the winter data. This should lead to an
increase of the variation of the sea surface temperature
within the annual cycle. The widening of the variation within
the annual cycle over the years was evaluated for the
chlorophyll a and variability of the kinetic energy of eddies
(Figs. 6 and 10), which is fairly high for the region; the
ADCP data showed that in the Omani waters, over 90% of
the total kinetic energy was associated with the eddy field
[51]. It is possible that the variance in eddies (cyclonic
versus anticyclonic ones) originating in or entering the Sea
of Oman has increased over the years. This would influence
the variation of sea surface temperature, kinetic energy, and
chlorophyll a, with all three exhibiting rising trends.

A declining trend was observed for a number of major
parameters in the Sea of Oman ecosystem. Thus decline was
seen in the availability of nitrates, the variability and bio-
mass of diatoms, zooplankton biomass (not well confirmed),
and sardine landings. These declining trends were associated
with and accompanied by rising atmospheric temperature,
sea surface temperature, variability of the kinetic energy of
eddies, frequency of fish kills and harmful algal bloom
incidents.

As far as the Omani algal blooms are concerned, the
dinoflagellate Noctiluca scintillans dominates in the
historical records of the species causing blooms [52]. We
pointed out that the causal relationship between HABs and
fish kill in Omani waters has increased over recent decades
(Fig. 13). In part, this might be associated with toxic impacts
from HABs. Many dinoflagellate species are reportedly
toxic. Toxins such as okadaic acid, domoic acid, palytoxin,



Interannual Changes of the Sea of Oman Ecosystem

saxitoxins, and tetrodotoxin, may be produced in large
amounts by these species and transferred along food chains
[53, 54].

The other species (i.e. Noctiluca scintillans) could cause
fish kills indirectly, through the toxicity of excreted
ammonium [55]. Furthermore, being heterotrophic, this
species is capable to consume diatoms (Thelassiosira rotula,
Pseudonitzchia sp), dinoflagellates (Dinophysis  sp,
Prorocentrum sp.) and green algae (Dunaliella tertiolecta) —
all found in the food vacuoles of Noctiluca [56]. These
consumed species may then produce toxins causing fish kill
incidents.

In terms of key components of phytoplankton com-
munity, the decline of diatom biomass (Fig. 8) is accom-
panied by the increasing role of dinoflagellates in seasonal
blooms over years — the event reported for the northern
Arabian Sea [57]. Perhaps, a similar trend is taking place in
the Sea of Oman. The declining availability of nitrates (Fig.
7), associated with rising temperatures and thermo-haline
stratification, favors the dinoflagellate populations more than
the diatoms. Through the property of being less heavy but
more abundant, the dinoflagellates might contribute to the
increased amplitude of the chlorophyll annual variability
over the years (Fig. 6). The other (dynamical) mechanism
affecting this increase is a rising activity of mesoscale eddies
in the western Arabian Sea (Fig. 10).

Due to "semi-inland location" and complex bathymetry,
the trends reported for the Sea of Oman might be quite
different from what is observed in the western Arabian Sea,
in particular in the region of "classical" Omani upwelling
developed along the coast during summer Southwest
Monsoon. This means that a shift of dominant scales of
variability takes place along the coast. In the Sea of Oman
and the north-western Arabian Sea, the annual cycle
mediated by the winter Northeast Monsoon is the dominant
one. Southward along the coast, as well as in the western
Arabian Sea, the biannual cycle of chlorophyll ¢ and sea
surface temperature is getting more pronounced, due to
combined effect of Southwest and Northeast Monsoons [58].

Mesoscale eddies are just one of the forms of dynamic
events taking place in Omani waters. The mesoscale plumes
of productive waters and spatial displacements of currents
(offshore and onshore) might have significant ecological
footprints as well. The mesoscale variation of oxygen deple-
tion and the issue of existence of the interannual trend in this
event are among the most important ones for the ecology of
the sea. In the Sea of Oman, the time of coastal hypoxia
reaching the upper mixed layer could last from hours to
weeks [59, 60].

In terms of the “big picture”, a trend in salinity increase
was reported for the period 1950-2008 for the poorly
ventilated deep north Indian Ocean in the range of densities
driven by the Red Sea Water mass and the Gulf Water mass
[61, 62]. Salinization might be one of the processes forcing
the oxygen minimum zone to expand in size, from 1960s to
the present time [63].

It seems that the oxygen minimum zone reported for the
central Arabian Sea has a much larger scale. This zone
impinges on the Omani shelf and results in a rapid decline of
oxygen below the euphotic zone [64-66]. An interesting fact
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is a heterogeneous spatial distribution of the oxygen
minimum layer (off the shelf), which showed an increase of
oxygen values from west to east, in the opposite direction to
basin scale trends in the northern Indian Ocean [66].

On a mesoscale, due to impact of wind stress, the shoal-
ing of the upper boundary of the oxygen minimum zone
along the shelf extending from ~ 50 m to the surface, could
cause massive fish kills along the Omani coast [60, 67, 68].
Is the shoaling of the oxygen minimum zone taking place on
the interannual scale? Intensifying anoxia was reported for
the eastern side of the basin- the continental shelf of India,
for instance [69]; this issue needs to be investigated for the
Oman shelf as well.

As for the interannual scale of salinity increase, any
general strengthening of thermo-haline stratification and
oxygen depletion should lead to an increase in the incidence
of fish kills; this, indeed, has been observed over the past
four decades (Fig. 13).

The other source of rising salinity of the Persian Gulf
Water mass outflow deals with the anthropogenic impact
caused by numerous desalination plants in the Arabian Gulf.
The total desalination capacity of these plants contributes
45% of the world capacity [70]. Values are comparable to a
naturally induced variation of salinity in the Gulf, due to
evaporation and precipitation [1].

Goes, et al. [71] reported and interannual escalation in
the intensity of summer monsoonal winds accompanied by
enhanced upwelling along the Omani coast and a > 350%
increase in average summer time phytoplankton biomass
(which was assessed by remotely sensed chlorophyll a, from
1994 to 2004). This raised the issue of current warming trend
in the Northern Hemisphere which could make the Arabian
Sea more productive.

The region selected by Goes, et al. [71] for the analysis
(52-57°E, 5-10°N) has covered about 1% of the Arabian Sea.
Our recent studies do not fit the concept of rising produc-
tivity [72]; in this cited paper, we analyzed wind speed, sea
surface temperature and chlorophyll a, on a scale of the
whole Arabian Sea, which was divided into 61 2-degrees
regions between 54 -76° E and 10-25° N (Fig. 9, low panel),
of which we show the western part only. Trend analysis was
performed on temperature and chlorophyll a time series
using the Mann-Kendall test. No positive trends were
evaluated, in the SeaWIFS monthly chlorophyll time series
for the western Arabian Sea. This means that the Arabian
Sea is not getting more productive (as far as the chlorophyll
a is concerned as the indicator of biological productivity),
and neither has the Sea of Oman. As it has been emphasized
above, the productivity of the sea is markedly influenced by
the Northeast Monsoon, in which the intensity of the
Siberian High plays the major role. The Siberian High has
demonstrated a steady decline, in the past five decades [73].

Further investigations of this phenomenon revealed a
dramatic trend of —2.5 hPa per decade in the Siberian High
index between 1978 and 2001 with unprecedented (since
1871) low values. The weakening has been confirmed by
analyzing different historical gridded data and individual
station observations of sea level pressure [33]. The authors
also report a statistically significant positive correlation
between Siberian High and upper air zonal wind. Overall,
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the weakening of the Siberian High results in the decline of
the zonal wind speed and regional increase of air tempe-
rature. This in turn increases the temperature in the mixed
layer which strengthens thermo-haline stratification of the
water column. Increasing stratification prevents the penetra-
tion of nutrients into the mixed layer and does not favor the
interannual increase of biological productivity. In a light of
discussion dealing with current trends of productivity [71]
this means that the western Arabian Sea is not getting more
productive (as far as the chlorophyll a is concerned as the
indicator of biological productivity), and neither is the Sea of
Oman.

CONCLUSION

Historical data were used to estimate interannual tenden-
cies for the Sea of Oman over the past 50 years. Declining
trends were evaluated for the atmospheric surface level
pressure (in the region affected by the Siberian High atmos-
pheric anomaly), the zonal component of wind speed, con-
centration of nitrates, biomass of diatoms, zooplankton
biomass (not well confirmed), and sardine landings. These
trends were associated with and accompanied by rising
atmospheric temperature, sea surface temperature, annual
variability of the kinetic energy of mesoscale eddies,
frequency of fish kills and harmful algal bloom incidents. In
terms of interannual coupling between physical and bio-
logical processes, the trends analyzed imply that the
weakening of the Siberian High atmospheric anomaly results
in the decline of the zonal wind speed and regional increase
of air temperature. This in turn increases the temperature in
the mixed layer which strengthens thermo-haline stratifica-
tion of the water column. Increasing stratification prevents
the penetration of nutrients into the mixed layer and does not
favor the interannual increase of biological productivity,
although annual variation of biological productivity has
increased, from 1997 to 2008.
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