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ABSTRACT
In this study, annual variation of the mixed layer depth (MLD) in the Oman Sea is
investigated by using GOTM (General Ocean Turbulence model). Oman Sea is located
between latitude 22.5N-26.5N, which is limited from east to the north of Indian Ocean
and from west to the Persian Gulf. ECMWF meteorological data and ETPO1
bathymetry data have been used. MLD annually variability simulated in sixteen stations
in study region. In any station TKE (Turbulent Kinematic Energy) has been computed
using K-ε and M-Y (Mellor-Yamada) turbulent models. Results shows that wind stress
plays the main role for OML variations .Summer monsoon makes a considerable OML
deepening between July to late September. From December to February though cooling
try to weakening the thermocline and OML depth in turn, but strengthening the wind
field caused by winter monsoon, makes a deepening in OML mostly in north-western
coasts of Oman Sea. Maximum depth of OML is 38 meter in mid of August and
minimum depth happens in April. Both K-ε and M-Y (Mellor-Yamada) turbulent
models show same trends in OML depth variation.
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INTRODUCTION
Oceanic Mixed Layer:
Almost any ocean proﬁle displays homogeneous temperature, salinity and density in the upper oceanic
layer. This homogeneous layer which is called OML (Oceanic Mixed Layer) causes by vertical mixing near the
surface, promoted by various processes like wind stirring, waves, and turbulence generation by vertical shear or
convective mixing. The mixed layer is extremely important in establishing the world ocean’s mean state and
variability, as it acts as an interface between the atmosphere and Interior Ocean. Water masses acquire their
properties within the mixed layer in deep-water. The mixed layer thickness also modulates its heat capacity, and
hence its propensity to be heated or cooled by atmospheric forcing. In this respect, the mixed layer is an
essential parameter in air-sea interactions, because it modulates the amplitude of the sea surface temperature
(hereafter SST) response. Numerous studies have already investigated seasonal variations of the mixed layer
depth (hereafter MLD) in Oman Sea. Special attention has been paid to the northern Arabian Sea as a mouth to
Oman Sea, which exhibits a prominent MLD semi-annual cycle, associated with the seasonally reversing
monsoon circulation which plays the main role in Oman Sea and generally in Indian Ocean.
Oman Sea:
Oman Sea is located in the range of longitude 56.5E-59.8 E and latitude 22.5N-26.5 N, which is limited
from east to the north of Indian Ocean and from west to the Strait of Hormuz in Persian Gulf. One of the
dominant climatic characteristics which highly influences on Oman Sea is Monsoon wind in summer and
winter.
Monsoon:
A monsoon is a seasonal shift in the prevailing wind direction that usually brings with it a different kind of
weather. It almost always refers to the Asian monsoon, a large region extending from India to Southeast Asia
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where monsoon conditions prevail. In summer, heating of the land produces a region of intense low surface
pressure over northwestern India, Pakistan, and northern Arabia. A broad region of southwesterly winds
develops, quite different from the northeast trades found in the other oceans at the same latitudes. In response to
the Southwest Monsoon and unlike conditions in any other ocean, the surface mixed layer in the central Arabian
Sea deepens and cools during the summer. In midwinter, when the Eurasian continent cools, a high pressure
region develops on the Tibetan plateau and northeast winds persist over southern Asia and the Arabian Sea.
These winds are not as strong as during the summer, but, combined with strong surface cooling, they lead to
deepening of the mixed layer in the central and western Arabian Sea together with higher primary production
over the entire Arabian Sea. Thus, the winter monsoon brings a second cycle of mixed layer deepening and
cooling to the Arabian Sea. The mixed-layer is the layer between the ocean surface and a depth usually ranging
between 25 and 200m, where the density is about the same as at the surface. The mixed-layer owes its existence
to the mixing initiated by waves and turbulence caused by the wind stress on the sea surface. An effect of
mixing is to make both properties of water, temperature and salinity, thus density, more uniform. The
penetration of mixing to a certain depth (the mixed-layer depth) mostly depends on the stability of the sea water
and on the incoming energy from the wind. In continue, the numerically study of the seasonal variation of the
mixed layer in Oman Sea is discussed. Thus, in first step the numerical model GOTM is introduced. Then
preparation of model input and implementation of results analyzed and discussed.
The General Ocean Turbulence Model:
GOTM is a 1-D ML model that calculates the vertical transport of heat, salt and momentum. The upper 250
m of the ocean was simulated using a vertical grid spacing of 1 m. Turbulence closure was based on the generic
model [13] because it has recently been adapted for oceanographic applications and has produced realistic
results at OSP (Umlauf, et al., 2003). Initial experiments were run at OSP to determine the best parameters for
calculating the MLD. The MLD was calculated according to the turbulent kinetic energy (TKE) criteria
(Umlauf, et al., 2004):
k = q2/2
Where k is TKE and q is the velocity scale of turbulence that was used to calculate the diffusivities of
momentum (v,) and heat (v;) (Umlauf, et al., 2004):

Where cu and cu’ are parameterized stability functions and I is a typical length scale whose calculation is
outlined in Umlauf and Burchard (2003). Using vt, and Vt’, the fluxes of momentum and heat were calculated as
(Umlauf, et al., 2004):
Where u and v are the horizontal velocity in the directions x and y, w is the vertical velocity in the direction
z and Ɵ is the potential temperature. The MLD was defined as the depth when the k was less than the critical
value of 1.0 x 10-5 m2s2. Note that the turbulent transport of salt was assumed to be identical to heat so that in
the salinity equation, the sum of the turbulent transport terms (Ds) (Umlauf, et al., 2004):
is based on the turbulent diffusivity of heat and the molecular diffusivity of salt (v s). In addition, the results
were more realistic when the internal wave model (Large, et al., 1994) was implemented and when the
background diffusivity was set at 10-5 m2s-1 (as suggested by Yamada, 1974).
Model Setup:
Weather data required for the preparation and implementation of the GOTM model for Oman Sea were
collected and used from set of data in ECMWF which is a well-known atmospheric model. The data relating to
2012 and with a resolution of 0.75 °, which contains the components wind speed in 10 meter elevation, air
temperature, dew point, barometric pressure, and cloud coverage percentage. The geographical location of
Oman Sea and the ECMWF grid points are shown in Figure 1. In Figure 2 one of time series related to wind
speed at St.1 which has been used in model is shown.
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Station No.
ST. 1
ST. 2
ST. 3
ST. 4
ST. 5
ST. 6
ST. 7
ST. 8
ST. 9
ST. 10
ST. 11
ST. 12
ST. 13
ST. 14
ST. 15
ST. 16

Longitude
57° 0'0.00"E
57° 0'0.00"E
57° 0'0.00"E
57°45'0.00"E
57°45'0.00"E
57°45'0.00"E
58°30'0.00"E
58°30'0.00"E
58°30'0.00"E
59°15'0.00"E
59°15'0.00"E
59°15'0.00"E
60° 0'0.00"E
60° 0'0.00"E
60° 0'0.00"E
60° 0'0.00"E

Latitude
26°15'0.00"N
25°30'0.00"N
24°45'0.00"N
25°30'0.00"N
24°45'0.00"N
24° 0'0.00"N
25°30'0.00"N
24°45'0.00"N
24° 0'0.00"N
24°45'0.00"N
24° 0'0.00"N
23°15'0.00"N
24°45'0.00"N
24° 0'0.00"N
23°15'0.00"N
22°30'0.00"N

Fig. 1: geographical locations of selected stations

Fig. 2: Wind speed time series in St.1(2012)

Fig. 2: Air pressure time series in St.1(2012)
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The depths of stations shown in fig.1 which is applied in model has been extracted from set of data
ETOPO 1, which contains topography of the north half of the Earth with a resolution of one minute. In continue
after running the model for three stations (St.7, St.11, and St.16) results are discussed. After extracting the main
body of GOTM source in Linux environment and make the data set adapted with the form it needed , model run
twice for K-ε and M-Y (Mellor-Yamada) turbulent models and series as output illustrated by graphs separately.
Figure 3,4,5,and Fig. 6 show some of them (using Matlab and ODV) .

Fig. 3: Annual variation of water density (Sigma_t) in St.1
Mixed Layer Depth calculated from K-E turbulence model at Station 1
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Fig. 4: Annual variation of OML in St.1 using K-E model
Mixed Layer Depth calculated from Mellor-Yamada turbulence model at Station 1
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Fig. 5: Annual variation of OML in St.1 using Mellor-Yamada model
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Fig. 6: Monthly average of OML in St.1 by both K-E and M-Y models
With respect to what illustrated in Figures above, same trends and relatively same amounts with deviation maximum 2 meter- between K-E and M-Y models can be seen. Besides in late of spring (May) to early of fall
(Oct) regarding to summer monsoon strengthening of wind field in its continuity in blowing makes turbulent
parameters active and let the OML to be shaped and increased in depth. Same manner but with lower rate can be
seen in winter caused by winter monsoon. To achieve a global view to OML variation monthly average of all
stations results have been illustrated in Figures 7, 8 and 9.
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Fig. 7: Monthly average of OML in all stations

Fig. 8: Monthly average of OML in September (Right Fig.) and in October (Left Fig.)
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Fig. 9: Monthly average of OML in December (Right Fig.) and in November (Left Fig.)
RESULTS AND DISCUSSIONS
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As mentioned in the previous section, here, we discuss about the mixed layer variations with the seasons in
three selected stations: St.7, St.11, and St.16. These stations are roughly along a diagonal line extended from
north coasts of Iran to the extreme southeast (Cape Ras Al Hidd) in which we can see change in latitude in the
region. Initially, the monthly mean values of climatic parameters of the stations during the year 2012 are
explained. Monthly average values of wind velocity components at the stations have been shown in Figure 2. In
February, in all three stations meridional component of the wind speed is almost negligible, while the orbital
parameter of wind speed shows sudden change in direction and inverts to westward direction. In this month, the
wind field pattern on the Gulf of Oman, is almost constant, though speed of station 16 (St.16) increases. In
station 7 (St.7) which is located in adjacent to the coast of Iran, in May and April, southeast winds reinforces
that indicates an increased risk of coastal upwelling in this region.

Fig. 10: Mean monthly wind velocities at the stations studied based on ECMWF data in 2012.
By the beginning of May, a sudden and sharp increase in wind speed is observed in both components as
well as indicating the strengthening winds from south-west.The so called strengthening trend of winds speeds
from the South-West reaches to its maximum value in June and starts to reduce in September.This considerable
change in wind field is the so called well known summer monsoon which is also mentioned in the previous
section. It is worth noting that the impact of summer monsoon on wind field weakens extremely with move
toward north and entering the Gulf of Oman. In November, the change of the winds direction can be seen in all
three stations, which represents blowing winds from the north. This case is again Monsoon but in winter called
“Winter Monsoon”. The winter monsoon is relatively small in compare with the summer monsoon.Patterns of
monthly mean air temperature, cloud coverage percentage; air temperature and dew point (affecting relative
humidity) are illustrated in Fig. 3. Overall, these patterns for all three stations are relatively the same in behavior
.Meanwhile the monthly average of air temperature rises up to some degree in warm seasons by advancing to
the north and entering to the Gulf of Oman. This increase in temperature is caused by proximity to some hot and
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dry coastal regions.With the increase in air temperature in areas adjacent to the coast of Iran, forming a
relatively strong layer of thermo-cline in comparison with other regions of Oman is expected.
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Fig. 11: Mean monthly air temperature (A), the percentage of cloud coverage (B) and dew point temperature (C)
of the stations studied based on ECMWF data in 2012.
Generally, analyzing the atmospheric forcing parameters show that the main cause of the mixed layer depth
variation, in the Gulf of Oman is change in the velocity and intensity of wind field .In continue, trends of
surface mixed layer variation based on simulation results using GOTM model presents. .Results of Temperature
profile simulation, using the GOTM model in three so called stations is shown in Figure 4. It should be noted
that the water depth in the station 11 and 16 are respectively 3300 m and 1500 m. Therefore, considering that
the aim of this research is mostly behavior of surface mixed layer , in illustrating , images related to the depths
greater than 400 meters has been omitted.
In stations 11 and 16 which are located in the deep areas, a relatively permanent thermocline layer can be
seen during the whole year. With the beginning of warm season, development of seasonal thermocline starts and
its effects can be seen till to November. The wind field being weaker in the St.11 which is located
approximately in the center of Oman Sea, actually causes strengthening in stratification intensity of surface
thermocline and as a result the water temperature at a level up to more than 36 degrees increases. While in the
St.16, in the presence of strong winds caused by the summer monsoon ,mixed layer depth increases and in turn
causes reduce in the the surface temperature in compared with St.11 .
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Fig. 4: Numerical Simulation of temperature profile variation in St.7, St.11, St.16 In 2012 using K-E turbulent
model
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