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Abstract: A combination of multiple data sources has been used to study the characteristics of in-
ternal solitary waves (ISWs) in the Gulf of Oman (GoO). Water column stratification in the Gulf has
been examined using field observations and World Ocean Atlas 2018 datasets. The spatiotemporal
distribution of ISWs has been obtained from satellite images obtained by means of Synthetic Ap-
erture Radar (SAR) and optical sensors taken from 2018 to 2020. The mechanisms of ISW genera-
tion in the GoO have been studied using the data revealed from different available sources. The
results show that there are annually two major typical stratifications in the GoO throughout the
year, strong stratification in May through September and weak stratification during other months.
Dispersion relations corresponding to these types of stratification have been obtained with ac-
ceptable accuracy for both deep and shallow regions. The spatiotemporal distribution of ISWs
demonstrates that the western and southern regions of the GoO are the hotspots for generation of
ISWs in this basin. Several mechanisms of ISW generation in the GoO are discussed including tide,
eddies, lee waves, and atmospheric perturbation; the latter one is, apparently, responsible for the
appearance of large-amplitude ISWs.

Keywords: Gulf of Oman; internal solitary waves; SAR; optical image; mechanisms of internal
wave generation

1. Introduction

Internal solitary waves (ISWs) attract the interest of many researchers as they play
an important role in oceanic processes such as the transport of mass, momentum, nutri-
ents, heat, and sediment. They also contribute to the mixing processes and onset of tur-
bulence. Great progress has been achieved in past decades in the theoretical and numer-
ical studies of internal waves; new computational models have been developed to allow
researchers to simulate oceanic processes using the primitive set of hydrodynamic equa-
tions. In the meantime, the number of field expeditions has been reduced in comparison
with 1970-1980 when many countries conducted instrumental measurements of internal
waves and other oceanic processes in different areas of the world ocean. In such a situa-
tion, great value acquires the study of internal waves through satellite observations and
analysis of images taken from aircraft and obtained by means of Synthetic Aperture Ra-
dars (SAR) and optical instruments. Nowadays there is a vast number of publications
reporting of ISWs detections in various basins all over the globe, see, for example, [1-11].
The results obtained from the data processing are basically in good agreement with the
theoretical models including the rather simplified Korteweg-de Vries (KdV) model.
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A few studies have been also carried out on the ISWs in the Gulf of Oman (GoO)
majorly using numerical models and field observations (see the references below). The
GoO is a basin with one of the most intense ship traffic in the world. This makes the study
of internal wave dynamics in this region imperative. Small and Martin, using two SAR
images detected nonlinear internal waves generated by a tide in the GoO [12]. They also
developed a numerical model to evaluate the tidal currents and the mechanism of wave
generation in a spring tide which supported their interpretation of satellite images.
Moreover, their numerical study revealed that similar ISWs can be generated in other
times throughout the year if the thickness of the near-surface layer containing less dense
water is sufficiently small (about 10 m). Other researchers deployed field measurements
and numerical analysis to study ISWs in the GoO (see [13] and references therein). Tide is
known as the most common driving force of ISW generation in the ocean, although,
several other mechanisms can also contribute in generation of internal waves. One of
them is the well-known mechanism of generating ISWs by the interaction of strong flows
with underwater sills leading to the generation of so-called lee waves. A number of
studies distinguish this mechanism using theoretical, numerical, and observational
measurements [14].

Unlike the mentioned two mechanisms, there are other driving mechanisms in
which details of their progress have remained obscure. Atmospheric perturbations, in-
cluding wind and pressure fields, are the important exciting mechanisms that are be-
lieved to generate ISWs in the ocean. As foratmospheric pressure, a majority of theoreti-
cal studies have considered the resonant effects of pressure fields through which the en-
ergy is transferred from the atmosphere to the oceanic thermocline. Leonov and
Miropolsky introduced a more general model in which the characteristics of generated
ISWs are determined by the atmospheric pressure spectrum [15]. Studies showed that an
atmospheric pressure field traveling at a low speed can generate internal waves like a
moving vessel but on a much larger scale [16]. Several studies have been also performed
to describe wind-driven IWs. Through these studies, it has been demonstrated that the
divergence and convergence of wind velocity, as well as time-space varying wind fields,
can excite baroclinic instabilities [16-18].

Another mechanism whose details have not been well-understood yet despite the-
oretical attempts is generation by ocean eddies. In several studies, the generation of IW
fields by mesoscale and sub-mesoscale eddies was evaluated using theoretical numerical,
and observational approaches. Internal waves can be directly produced by eddies or in-
directly through various phenomena associated with eddies including drained energy,
eddy-topography interaction, breaking of eddies, etc. The earliest report of the coexist-
ence of internal waves with mesoscale eddies as observed by SAR images was presented
by Fu and Holt but the authors did not relate IWs to the eddies [19]. Such waves were
then observed in SAR images and pointed out by other researchers [20,21]. Additionally,
Sandven and Johannessen, and Johannessen et al. presented a SAR image showing a
small eddy with the characteristic scale of 5 km where IWs with wavelengths of a few
hundred meters up to 1000 m were radiating out of the center of the eddy [22,23]. This
mechanism can be substantially important in the GoO owing to the well-documented
persistent existence of mesoscale and sub-mesoscale eddies in this basin [24,25].

It has been also demonstrated that, under specific hydraulic conditions, the interac-
tion of a strong flow with a Kelvin wave enhances the progress through which IWs are
generated [26]. Because of Kelvin waves, originating from the Arabian Sea and occa-
sionally entering the GoO , this mechanism can play an important role in certain regions
of the GoO where favorable hydraulic conditions are satisfied (e.g., east of the Strait of
Hormuz) [27-29]. More descriptions and references on the mechanisms of IWs genera-
tion can be found in [30].

In this paper, we focus on the main mechanisms of internal wave generation in the
GoO. Precise determining of ISW characteristics usually needs field measurements that
are expensive. Besides, such measurements enable us to examine only limited cases that
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occur at certain places and at a certain time of observation. Hence, it would be extremely
usefulto use freely available global datasets for studying ISWs with an acceptable accu-
racy over the entire basin. The primary goal of this study is to pinpoint the spatiotem-
poral distribution of ISWs in the GoO, reveal mechanisms of their generation, and de-
termine the characteristics of such waves. To this end, we use satellite images of ISWs
from January 2018 to November 2020, as well as SAR and optical images. The data ob-
tained from the analysis of images are utilized in conjunction with other sources of
physical, hydrological, and atmospheric datasets. The results then serve as information to
infer the characteristics of ISWs using theoretical models.

The paper is organized as follows. In Section 2 we describe the study area, present
data on wind and atmospheric pressure in the GoO, the utilized datasets, and the theo-
retical models widely used for the description of long internal waves in the oceans. In
Section 3 we present the results of our analysis including spatiotemporal distributions
and characteristics of ISWs in the GoO. In Section 4 the results obtained are discussed and
the mechanisms of ISW generation in the GoO are evaluated. Furthermore, a general
zonation regarding the activity and driving forces of ISWs in the GoO is suggested.
Lastly, in the conclusion, we summarize the results and discuss perspectives of further
studies of ISW in the GoO.

2. Study Areaand Theoretical Models
2.1. Study Area

The study area encompasses the GoO which joins the Persian Gulf (PG) in the west
through the Strait of Hormuz to the Arabian Sea (AS) in the east (see Figure 1). Therefore,
the oceanography and hydrodynamics of the study area is affected by both PG and AS.
The length of the GoO basin is about 560 km and the width changes from roughly 50 km
at the Strait of Hormuz to 320 km in the eastern mouth in the vicinity of the AS. The
depth in the GoO varies significantly from 100 meters and less on the shelves to about
3500 m in the deepest parts. GoO represents a transient zone between the PG as an ex-
tremely saline marginal sea and oceanic water in the AS. PG water experiences an initial
mixing in the GoO prior to entering the AS. A number of oceanographic phenomena
(such as tidal currents, mesoscale and sub-mesoscale eddies, Kelvin waves, etc.) occur in
this limited semi-closed basin resulting in intricate hydrodynamics. Despite the im-
portant role of ISWs in water mixing in this region, only a few studies have been carried
out thus far on this issue.
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Figure 1. Location (a) and bathymetry (b) of the Gulf of Oman. Dashed line AB shows the
cross-section along which water stratification will be shown in Figure 2.
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Figure 2. Vertical profiles of Brunt-Vaisald squared frequency, N2 [1/s?], from April (a) to Novem-
ber (h) along the AB line shown in Figure 1. In each figure, as labeled, the points A and B on line AB
are located on the left and right side of the plot, respectively.
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In the meantime, the GoO is rarely affected by extreme events such as cyclones
which can drastically change the stratification [25,31] and, therefore, a distinct seasonally
stratification exists in this basin. Nevertheless, there are some factors that may regionally
modify the depth of the thermocline, solely or by their interactions, including mesoscale
and submesoscale eddies, upwelling, and intrusion of PG water. However, as will be
demonstrated, long time-averaged data can properly represent the stratification in the
GoO providing the results with reasonable accuracy.

2.2. World Ocean Atlas 2018

In this paper, we make use of the data on temperature and salinity profiles from the
World Ocean Atlas (WOA 2018; [32]) in order to calculate monthly averaged characteris-
tics of stratification in the GoO. The dataset has a horizontal resolution of 0.25 degrees
and provides the temperature and salinity profiles in 57 depth levels from the surface
down to 1500 m, distributed in 5-m intervals for the depth range from 0 m to 100 m, in
25-m intervals for the depth range from 100 m to 500 m, and in 50-m intervals for the
depth range from 500 m to 1500 m.

2.3. Wind and Atmospheric Pressure

Wind and pressure fields are used to evaluate the forces generating ISWs. In this
study, the fifth-generation ECMWEF reanalysis (ERA5) [33] from the Copernicus program
is utilized. This product has been derived from the full ERA5 dataset on the native reso-
lution and regridded to a regular latitude—longitude grid of 0.25 degrees.

2.4. Theoretical Models Describing Long ISWs in the GoO

The stratification in the GoO in the spring—summer seasons is close to a two-layer
system with a well-pronounced maximum of the Brunt-Vaiséla frequency (it will be
presented in the next section in Figure 2). Propagation of long nonlinear waves in a
two-layer model of a finite depth ocean can be described by the Joseph—-Kubota—Ko-
Dobbs (JKKD) equation [34,35]:

on on on & = n(x'/hyt)

—+C—+an—-f—p] dx'=0,
oo e T a S tann (52 @

where 7 (x, t) stands for the deviation of the interface between the layers from its equi-
librium position, k1 and h2 are thicknesses of the upper and lower layers, respectively,

’A h.h
Cc= _’DgL ()
p ~ h+h,

is the speed of long linear waves, Ap is the density difference between the layers, p is the

average density of water, g is the acceleration due to gravity, & =—3C/ 2h, is the non-

linear coefficient, and f=ch / 4h, is the dispersion coefficient; the symbol g stands for

the principal value of the integral. Here we use the Boussinesq approximation which
formally corresponds to the limit when Ap — 0, § — o, but Apg = const.

Equation (1) reduces to the well-known KdV equation in the case when the charac-
teristic wavelength A of the interface perturbation is much greater than the thicknesses of
both layers, A >> h1, h2:

on 0on on &*n

—+C—+o—+ 5, —==0 3

at 5X aoﬂ 6X IBO axg ’ ( )
hl_hZ Chth

where c is as above, and @, = EC hlhz , Bo= 6
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In another limiting case of infinitely deep ocean with a relatively shallow upper
layer, the JKKD equation reduces to another popular model, the Benjamin—-Ono (BO)
equation:

M O, O B & () g

= 4
ot ox X 1 ox? L x=x' ’ )

where the coefficients are ¢, =,/Apgh,/p, @ is the same as in the JKKD equation, and
B, =ch /2.

The dispersion relation for the JKKD equation is:

kh,
@=ck [1_ 2tanh(kh2):|' ©)

where k is the wavenumber and w is the wave frequency. In the asymptotic limits when
the JKKD equation reduces to the KdV and BO equations, the dispersion relation (5),
becomes, respectively [34,35]:

o=ck —fk* (khy << 1; khy << 1), (6)

o=Cck —fk? (khy << 1; khy >> 1), (7)

As one can see, the coefficients of these equations depend on the hydrological and
physical properties of the basin. In order to understand the baroclinic properties of the
GoO, the coefficients of the JKKD equation (¢, @, and 8) were estimated throughout the
basin using WOA climatological profiles. This provides a better understanding of the
characteristics of internal waves in various parts of the GoO. Thus, depending on the
characteristic width of a particular ISW and the local depth where the ISW is observed,
the appropriate model, the KdV, JKKD, or BO can be used for the description of ISW
propagation and evolution. An important remark should be made regarding the irregu-
lar geometry and bathymetry of the GoO and the non-constant location of the pycnocline
across the water column. Such inhomogeneity of the basin leads to the necessity to aug-
ment the basic equation by the additional term which accounts for both the depth varia-
tion and variation of a pycnocline position. In this paper, we will not consider the
long-term propagation of IWS, this will be conducted elsewhere later.

3. Results
3.1. Stratification in the GoO

Figure 2 illustrates the 2D profiles of squared Brunt-Viisald frequency, N?, in the
GoO along the line AB shown in Figure 1. As one can see, the thermocline depth along
the cross-section AB is notuniform; it sinks deeper in the western part of the basin com-
pared to the middle part. The stratification commences forming in April and reaches its
maximum strength in August. Then, it starts weakening until December and almost
disappears in the winter period between December and March. It is noteworthy that ac-
cording to observations, there are occasionally more than two layers in specific regions of
the GoO mainly due to PG outflow. This can be observed in the western end of the pro-
files in Figure 2 from August to December. Khalilabadi et al. analyzed one-year oceano-
graphic field measurements at the station located at 25° N and 57.5° E which showed a
layer between 150-200 m depth generated by the PG outlet [36]. Sharp fluctuations in this
layer were attributed to the IWs. These fluctuations were observed from May to August
and were weaker in other months being stronger in spring and summer, weaker in au-
tumn, and vanished in winter. This temporal pattern is compatible with the WOA pro-
files. The authors also showed that weaker density variations existed below 400 m with the
same temporal behavior as in the upper layers. Using the Argo data, Khan et al. demon-
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strated the existence of a patchy PG outlet in the GoO which emerged in the western part of
GoO from March to November and attained a maximum stage in August [37].

In general, the individual and synergic effects of PG outlets and eddies can hypo-
thetically play an important role in the formation of stratification in the GoO by produc-
ing more than two layers and changing the depth of the thermocline location. However,
as mentioned, the existence of such effects is not detected at the time of ISW generation
because PG outlet pathways and eddies are not permanent and change occasionally. As a
water mass with an almost persistent flow pattern permanently enters the GoO with an
almost constant annual cycle, it could be expected that intrusion of PG water is reflected
in WOA which is a long-term averaged dataset. However, there is no change in Brunt-
Viisala frequency (see Figure 2) at the depths of the PG water pathway (200-300 m) [38].
This can be explained by the almost reciprocal compensation of two effects of the higher
temperature and higher salinity. Therefore, there is no considerable density gradient
produced as a result of the existence of PG water. However, this hypothesis is required
an additional study using field measurements along the PGW pathway. Moreover, even
if a strong stratification is produced by PG water, it is unlikely that perturbations in the
upper layer can penetrate down to the usual depths of the PG outlet. As will be shown
below, a two-layer model associated with WOA datasets makes a sufficiently accurate
estimation of the characteristics of ISWs in the GoO.

Further studies would be essential using field observations and numerical models to
evaluate the effects of PG outlet pathways and eddies and their temporal variations on
the characteristics of ISWs in the GoO.

3.2. ISWs in the GoO: Spatiotemporal Distribution and Characteristics

Satellite, SAR, and optical images obtained from January 2018 to November 2020
were processed to study the spatiotemporal distributions of ISWs as well as their char-
acteristics in the GoO. Figure 3 illustrates monthly spatial distributions of ISWs in the GoO
identified during the study period; no ISWs were detected in January and December.
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Figure 3. Monthly spatial distributions of ISWs from February (a) to November (j), identified in
satellite images. The collection of satellite images encompasses almost 3 years from February 2018
to November 2020. (In all images, the colors illustrate the bathymetry in the GoO and black thin
lines show the wave fronts identified in satellite images).

Figure 4 illustrates the annualspatial distributions of ISWs in 2018-2020. In this pe-
riod, the northern part of the GoO had noticeably lower numbers of ISWs than the west-
ern and southern parts. Furthermore, the number of detected waves increased from
February to June and decreased from June to November.
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Figure 4. Yearly spatial distribution of ISWs in the period 2018-2020 (frames (a—c)) and distribution
of ISW wavelengths (frame (d)) (The colors illustrate the bathymetry in the GoO and black thin
lines show the wave fronts identified in satellite images).

As shown in Section 3.1, there are two major levels of stratification in the GoO dur-
ing a year. In the first period, which lasts from May to October, N? mostly exceeds 8 x 10~
1/S? throughout the basin. In the second period, which lasts for the rest of the year, the
stratification either is much weaker or does not exist at all (N? mostly less than 5.5 x 10~
1/S?). The variability of the depth and stratification in the GoO results in the variation of
coefficients in the model equations presented above. In this study, June and April were
selected as the representatives of two typical stages of stratification. Figure 5 depicts the
scatter plots of the dispersion relations k-w for the detected ISWs shown in Figures 3 and
4, where k is the wavenumber and w is the frequency of ISWs. It is worth noting that only
the crests having a distinct quasi-linear pattern were considered in the calculation of the
dispersion relation. All detected wave packets can be conditionally separated into two
groups, (i) those which were detected in the deep regions where kh2 > 2 and (ii) those
which were detected in the shallow regions where kh2 < 2. The best-fitted curves for these
data are presented in Figure 5 by dashed lines.
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Figure 5. Dispersion relations in terms of k-w scattered data and the best-fit curves for ISWs in April
(a), (b) and June (c), (d). (a), (c) show data fitting by quadratic polynomials suitable to the BO
Equation (7), and (b), (d) show data fitting by cubic polynomials suitable to the KdV Equation (6).
Here h2 is the thickness of the lower layer.

Moreover, Table 1 shows the model equations and corresponding dispersion de-
pendences as shown in Figure 5. The wavenumbers were determined from the satellite
images of wave packets and frequencies were calculated using Equations (6) and (7). In
June, the values of the linear wave speed (c) and dispersion parameter (f) attained 0.61 m/s
and 200 m?3/s, respectively, whereas, in April these quantities were 0.36 m/s and 209 m?3/s.

Table 1. Dispersion relations for ISWs in the GoO.

Month Condition Equation R?
April, kha2>2 (BO) ©=0.366k —3.262k 2 0.9945
weak stratification kh2 < 2 (KdV) w=0.355k —208.8k * 0.991
June, kha > 2 (BO) »=0675k —7.744k * 0.992
strong stratification kh2 <2 (KdV) o =0.610k — 200k ® 0.962

As expected, the phase speed is considerably higher in June when stratification is
strong. High values of the coefficient of determination (R?) shown in Table 1 demonstrate
a highly reliable prediction of the derived equations for both deep and shallow regions.
The spatial distributions of coefficients of the JKKD equation in April, June, and Sep-
tember are shown in Figure 6.
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Figure 6. Coefficients of the JKKD equation in the GoO in April (a—c), June (d—f), and September (g—i).

It should be noted that the JKKD coefficients were calculated using WOA profiles;
however, two main factors may cause small deviations of calculated coefficients from the
genuine values. Firstly, WOA datasets pertain to long-term averaged data that may not
necessarily represent the real hydrological condition at the time when a specific ISW
packet was detected. However, owing to the fact that external forces that may make ab-
rupt changes in stratification (such as cyclones) rarely occur in this area, the yearly cycle
of stratification is almost persistent in the GoO. Secondly, WOA lacks data near coastlines
and therefore some discrepancies are expected for the coastal zones. Nevertheless, as will
be shown below, the mentioned factors will not cause noticeable defects in estimations.

4. Mechanisms of ISW Generation in the GoO and Zonal Analysis

In this section, we examine different driving mechanisms of ISW generation in the
GoO and present examples of each mechanism. Evaluation of the detected waves re-
garding their shape, propagation direction, wavelength, and crest length, in addition to
the location, depth, and frequency of the events suggests that they are generated by dif-
ferent mechanisms. Some of the mechanisms can be simply identified using characteris-
tics of observed waves and local bathymetries. As mentioned before, tidally generated
ISWs in the GoO have been previously studied to some extent, and their main character-
istics have been discussed in the papers (See [36,39,40]). Such waves are mostly generated
at the tidal peaks and, consequently, the time of generation is definite for this type of
ISWs in the GoO. Moreover, they are generated in specific locations and have an almost
persistent propagation direction.
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However, there are many other cases that cannot be simply analyzed in terms of the
mechanisms that were responsible for their generation. These types of ISWs have long
wavelengths (from 1 km to more than 10 km), occur in any crest shape and length, and
are generated in different parts of the GoO. To find the exciting force of this class of
packets, it is required to estimate the time of generation of each observed packet and then
analyze possible forces capable of causing such an event at that time. Each force (or
forces) that is in a good correlation with the spatial characteristics of the packet (location,
propagation direction, etc.) is considered the possible driving force. Therefore, the first
challenge is to determine the time of generation for each wave packet.

To estimate the time of generation of a packet, a simple calculation method based on
the dispersion characteristics presented in Section 3 is deployed. The main contribution
to the ISW traveling speed is made from the linear phase speed, ¢, with a possible non-
linear correction up to 20% (such a big correction can be still consistent with the weakly
nonlinear models). We, however, assume that the speed of the leading solitary wave in
the packet is 10% greater than the speed of long linear waves, V =¢(1 + 0.1). The distance
of the leading wave crest from the coastline is the maximum possible distance traveled by
the wave; therefore, the maximal time of soliton propagation from the coast is fmx =
dmax/V. Figure 7a illustrates the typical wave packet. If we denote ting as the time when the
satellite image was taken, then Gt = fing — twex Will be the rough estimation of the genera-
tion time of the packet. It is worth noting that such a calculation is not able to calculate
the exact time of generation and is performed only to find a reasonable time moment
when the packet could be generated. The next step is to look for the possible driving
forces that existed around time Gt.

ST2E 58°E S E 60° E

26°N
26° N

25°N

25°N

24°N
24°N

2000

23°N
23°N

3845

57°E 58°E 59°E 60° E

Figure 7. (a) Definition of the parameters for the calculation of time when the wave packet was
generated. Sentinel-1 image was taken on 30 September 2019 at 14 h 17 min. The parameter dmax is
shown which was used for the calculation. (b) Tidally generated ISW packets (black strips) ob-
served from 2018 to 2020. Tidally generated ISWs usually appear when the tide reaches its daily
maximum or minimum (black thin lines show the wave fronts in the right panel).

4.1. Tide

One of the potential exciting forces of ISW generation is the tide. By evaluating the
ISWs and their characteristics identified in the GoQ, it is revealed that, owing to the reg-
ular tide appearance, tidal variations can contribute to generation of ISWs in specific ar-
eas and have similar characteristics including regularity, wavelength, speed, propagation
direction, etc. Examples of tidally generated ISW packets observed from 2018 to 2020 are
shown in Figure 7b. According to this figure, these types of ISWs usually occur from
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April to September on the western shelf as well as along the southern coast of the GoO
with wavelengths ranging from 200 to 500 m.

Therefore, there is a fairly simple way to determine the time of ISW generation
through this mechanism. The definiteness of the generation time of this class of ISWs
enables us to calculate their phase speeds based on their observed characteristics in the
satellite image (which shows the real situation) and compare with that of the estimated
using WOA datasets representing the long-term averaged stratification conditions in the
GoO. However, the traveling distance of the leading crest is also required to calculate the
wave speed V = d/t. To determine the traveling distance, d, for a packet, a simple geo-
metrical scheme was deployed according to the surface patterns of the ISW packet shown
in Figure 8.

Sentinel-2 image (04/28/200 7:00 AM) Landsat-8 image (06/12/2020 6:39 AM)
56.2° E 56.4° E 56.6° E 56.8° E

56.5°E 56.7°E 56.9°E 57.1°E 57.3°E OZ

26° N
26° N

25.8°N

257°N 259°N  26.1°

125.6°N

56.2°E 56.4°E 56.6°E

(a) (b)

Figure 8. ISWs generated by a tide on the western shelf of the GoO. (a) Sentinel-2 image taken on 28
April 2020 at 7:00 a.m.; (b) Landsat-8 image taken on 12 June 2020 at 06:39 a.m. The plots on the
upper left corner of each image show the tidal elevation, and red dots mark the capturing time of
each satellite image (black thin lines shows the wave fronts in all images).

This figure illustrates two tidally generated packets, P1 and P2. The surface signa-
tures of the consecutive crests clearly show the triangle shape patterns that can be used to
determine the starting point of each packet. Therefore, the distance d can be simply
measured as the distance between the focal points and leading crests. According to this
approach, the traveling distances of the packets P1 and P2 are measured to be 7.3 km and
7.9 km, respectively. Moreover, the traveling times of the packets (the time difference
between the low tide and capturing time of the satellite image) are 5 h and 3.67 h; there-
fore, the traveling speeds of the packets P1 and P2 are calculated as 0.41 m/s and 0.6 m/s,
respectively. A comparison between these values with those predicted from the KdV
dispersion relations in Table 1 for April and June (c1 = 0.36 m/s and c2 = 0.61 m/s) demon-
strates a satisfactory accuracy of the suggested method of estimation.

In Figure 8b, one can see also in the red oval an H-type interaction of two internal
solitary waves in terms of [41]. The resultant effect of the nonlinear interaction of solitary
waves depends both on their amplitudes and the angle at which they cross [42,43]. In the
case when the crossing angle is not too big, as in Figure 8b, backward spatial phase shifts
occur in both solitary waves. The amplitude of the resultant stem wave (the bridge be-
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tween incoming and outcoming wave fronts) in some models can reach up to four times
of amplitude of each wave (see, e.g., [41,43]; and references therein). Such amplification
can cause wave breaking and enhance mixing near the coasts. As mentioned by Jackson
et al., it can also provide massive forces exerting on offshore structures [44].

A barotropic tide after reflection from the steep coasts partially transforms into the
baroclinic tide which can also initiate a secondary mechanism of ISW generation in the
process of evolution. This mechanism of generation is mainly typical along southeastern
coastlines of the GoO where a steep bed with almost no shelf exits and ISWs with wave-
lengths of about 1 km are usually observed propagating seaward (see Figure 9).

59.5°E 59°E _59.5°E _
]

23°N

PR e v B i

59°E

— N\
595°F 59.5°E

Figure 9. ISWs potentially generated by the tide reflected from the coast, identified in (a) Senti-
nel-1A image taken on 25 September 2018 at 2:07 p.m., and (b) Sentinel-2 image taken on 6 April

2018 at 6:50 a.m. The plots on the lower left corner of each image show the tidal elevation and red
dots mark the capturing time of each satellite image.

4.2. Lee Waves

The generation of ISWs resulting from the interactions of local currents with an
underwater sill has been well evaluated in several studies (See Section 1). Although this
mechanism has been well documented in other basins all over the globe and studied us-
ing observational and numerical methods, it has not been reported and studied in the
GoO yet. This mechanism could be potentially active on the northern and southern
shelves where the bathymetry becomes more intricate with underwater shoals. Accord-
ing to the identified packets in these regions, the sill-generated ISWs are characterized by
wavelengths in the same order as tidally generated waves (usually less than 500 m). They
regularly manifest at the same locations and have irregular shapes complying with the
shape of the sill. A sill peak should be sufficiently shallow (20 to 50 m) to run this
mechanism in the GoO, and the direction of propagating of the resultant ISWs depends
on the direction of the local current hitting the sill (see Figure 10).
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Figure 10. ISWs generated by the sill-current interaction. Frame (a) shows the bathymetry and lo-
cation of the underwater sill; frames (b—d) depict ISWs generated by the sill-current interaction and
propagating toward various directions depending on the current direction. Red arrows show the
ISWs and their directions of propagation.

4.3. Atmospheric Perturbations

In addition to the ISWs described above, other ISWs were observed with big wave-
lengths, long crest lengths, and irregular crest shapes. Apparently, they cannot be at-
tributed to the tide due to their location, wavelength, shape, propagation direction, SAR
intensity, and, more importantly, the irregularity of their occurrences. The crest lengths
and spatial periods of these waves suggest that, first, a source of considerable energy is
required for their generation and, second, the source affects a significant part of the basin
(see Figures 3 and 4). Another reason that they cannot be attributed to the tidal forces is
that these events are considerably diverse in the shape, occupied area, and direction of
propagation. However, the processing of satellite images together with the atmospheric
datasets suggests that such large ISWs were potentially generated by atmospheric pertur-
bations. For these kinds of ISWs in the GoO, the equation for Gt as per Section 4 can be
used to estimate the time of their generation and, consequently, find the source of pertur-
bation.
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Figure 11 illustrates a Sentinel-1 image taken on 1 July 2019 at 2:00 a.m. (ting) with
several long-crest waves propagating toward SW. The distance between the packet and
the NE coastline was too big, and it was unreasonable to use it for the estimation of the
traveled distance. However, the analysis of meteorological charts shown in Figure 12
revealed that a persistent convergent wind field existed on 30 June from 8:00 to 16:00 over
the basin of GoO with the shape capable of generatingthe observed ISWs.

58°E 585°E  S9°E 59.5°FE 60° E 60.5° E

25.5°N
25.5°N

25°N
25°N

245°N
245°N
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24°N

23.5°N
23.5°N

58°E 585°E  59°E 59.5°F 60°E 60.5°E

Figure 11. Sentinel-1 image taken on 1 July 2019 at 2:00 a.m. The parameter d is shown that was
used for the calculation. Dashed lines encompass the active wind area in the GoO on 30 June 2019.

Jun 30 at 7:00 AM Jun 30 at 10:00 AM

[ | 7 7
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Figure 12. Wind field over the GoO on 30 June 2019 from 08:00 to 16:00 local time. The location of
the observed packet has been overlaid as blue lines to clarify the mechanism of ISW generation. The
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dashed line ellipse shows the zone of wind convergence where the atmospheric pressure increases.
Blue thin lines show the wave fronts in all images just to show the location of the ISWs in the sat-
ellite image shown in Figure 11.

The distance between the localization of the wind source and the leading solitary
wave can be roughly estimated as dmin = 22 km. Using the wave speed ¢ = 0.61 m/s for the
KdV model in Table 1, we can estimate the time ¢ = 10 h of solitary wave observation at its
position on the image. This time well-correlates with the time when the satellite image
was taken on 30 June 2019 at 16:00 p.m.

4.4. ISWs Generated by Eddies

One more driving mechanism which could mainly be active in the western and
southern zones of GoO runs by eddies. Eddy-induced ISWs in the GoO are usually gen-
erated in shallow regions with wavelengths less than 1000 m, according to satellite im-
ages. Since the depth of the thermocline is modified in the presence of eddies, averaged
values of water column properties may not properly represent the condition at the loca-
tion of eddies. In other words, field observations are essential for a precise quantitative
analysis of this mechanism. Figure 13 depicts a Sentinel-2 image on the western shelf of
the basin (taken on 29 April 2018 at 7:00 a.m.) including a dual eddy system with the
same polarity which generated ISWs in-between and in the outer region of this system.
The wavelength of generated waves in the inter-eddy zone is noticeably smaller than in
the outer area. The observed characteristics correlate with those reported by Sandven and
Johannessen ,and Johannessen et al. [22,23].

Figure 13. Sentinel 2 images taken on 29 April 2018 at 7:00 a.m. depicting a dual eddy system and
the eddy-induced ISWs. The white arrows indicate the generated ISWs and their propagation di-
rection. The depth contours have been shown as yellow lines in the satellite image. The red rec-
tangle illustrates the area shown in the satellite image.
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4.5. Other Mechanisms

Figure 14a shows a TerraSAR-X image taken on 16 June 2019 at 2:15 a.m. Two wa-
vetrains of ISWs, as well as a wavetrain in the lee side of the Jask headland, can be ob-
served. For the wave packets P3 and P4 propagated almost parallel to the coastline, it was
not possible to determine the distance d to the source of generation. However, it is ob-
vious from the image that the generation domain was affected by the atmospheric per-
turbation located on east of the captured area.

TerraSAR-X image (06/16/2019 02:15 AM) o
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Figure 14. (a) TerraSAR-X image taken on 16 June 2019 at 2:15 a.m. The plot on the upper right in-
sertion shows the tidal elevation, red dot marks the time when the image was taken. A small yellow
square shows the area used to calculate the background backscatter. (b—e) Relative SAR intensities
along the lines from 1 to 4; (f) sea surface temperature (SST) distribution on 15 June 2019 from the
satellite Copernicus (black thin lines in (f) represent the location of ISWs in (a)).

Figure 15 shows the pressure field in the GoO on 14 June 2019 from 1:00 to 12:00
when a moving high-pressure field with the same characteristics (e.g. travelling direction
and spatial pattern) as the observed packets emerged. To further discuss packet P3, it is
required to take a closer look at the complicated atmospheric and hydrodynamic condi-
tions of this region on 15 and 16 June 2019.
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Figure 15. Pressure field in the GoO on June 14 from 4:00 a.m. to 9:00 a.m. Wave crests in the satel-
lite images are shown by solid black lines in all graphs to make the generation progress clearer
(black thin lines in all figures represent the location of ISWs in Figure 14a).

The tide was at an extreme level since approaching the spring tide which occurred
on 18 June 2019. Moreover, upwelling was taking place in the coastal area as shown in
Figure 14f, and a divergent wind field was also prevailing in the area on 15 June 2019
from 14:00 to 18:00 (see Figure 16 below). On the other hand, a barotropic Kelvin-type
surge resulting from cyclone Vayu existed in the area with a traveling speed of about 4
m/s. In this region, the surge commenced rising at the beginning hours of 15 June 2019
and reached a peak in the middle of 16 June 2019 (see Figure 17b). Unfortunately, there is
no field data to survey the structure of this surge; however, Koohestani et al. studied the
characteristics of another surge, driven by cyclone Ashobaa in 2015, which was associ-
ated with a substantially strong westward current along the northern coasts (higher than
1 m/s at a point located near Chabahar Bay at 30 m depth) [28].

Y
\

Jun 15 2:00 PM : Jun 15 3:00 PM : Jun 15 4:00 PM Jun 15 5:00 P

Jun 15 6:00 PM :

{

25 b4
@ W\ {7
s SNy
57 58 57 58

Figure 16. Wind field (red arrows) on 15 June 2019 from 14:00 to 18:00. The location of the packet P3
(See in Figure 14a) has been overlaid as blue lines in all panels to clarify the mechanism of ISW
generation).
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Figure 17. (a) Positions of stations for sea level measurements. (b) Track of the cyclone Vayu on 15
June 2019. (c) Variations of the sea level measured at different stations. Grey strip in the center
shows the time interval of cyclone Vayu manifestation.

On the other hand, the daily mean current field on 15 and 16 June 2019 from the
product GLORYS12V1 provided by the Copernicus Marine Environment Monitoring
Service (CMEMS, https://marine.copernicus.eu, accessed on 5 July 2021) indicates this
surge which associates with a speed of about 0.4 m/s at 0.5 m depth around the packet P3
[45]. It also reveals a strong eddy at the western shelf slope of the GoO which makes the
hydrodynamic condition at this area at the time of evaluation more complicated (see
Figure 18). Regarding the information provided above, it is deducible that packet P3 was
mainly generated by the divergent wind field but with undeniable contributions of other
factors.
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Figure 18. CMEMS current fields on 15 and 16 June 2019 in the GoO at the depth of 0.5 m.

Furthermore, Figure 14b—e depicts relative SAR intensities (RSI) along lines 1 to 4
shown in Figure 14a. A small yellow square in Figure 14a shows the area considered as
the background backscatter. The RSI values along line 1, which is located near the coast,
show a double sign intensity with a dark-leading bright pattern for the leading wave. This
pattern takes place in the case of either an elevated type of ISW or a mode-2 ISW whereas
the former usually governs in shallow regions [44]. Therefore, packet P3 is an elevation
type of ISW in the vicinity of the coastline. It is also compatible with the calculations that
are illustrated in Figure 6 wherein o > 0 in June and September in this region which means
that h1 > h2. The transition from a double sign to a single negative sign through lines 1 to 4 is
attributed to the existence of surface slicks in this area (See [44,46—48]).

The analysis of the wave train P4 is not as complicated as P3. This train is in the deep
region far from the coastline (where the depth is more than 1000 m) where the tide and
the surge have insignificant effects. Although there were no measurements to determine
the local instant stratification, the SST map on 15 June 2019 depicts that a distinct water
mass with a considerably higher SST existed on the western end of the basin, suggesting
a much stronger stratification in this area (see Figure 14f). The phase speed, therefore,
increased in the direction of propagation. The evaluation of atmospheric data on 14 June
2019 reveals that a traveling high-pressure field started moving westward at 2:00 am and
reached the location of the packet at 6:00 am.

According to Figure 4, apparently, there are hotspots of ISW generation in the GoO.
Looking at this figure, one can suggest a rough zonation of the GoO area regarding the
number and characteristics of ISWs in addition to the regional characteristics of the GoO
(physical and hydrological). Figure 19a illustrates the zonation; each zone is character-
ized by at least one of the mentioned criteria as well as the driving mechanisms. Figure
19b shows the histogram of the distribution of ISW wavelengths demonstrating that
ISWs with wavelengths between 2000 m and 5000 m dominate, and the second largest
group corresponds to ISWs with wavelengths between 400 m and 2000 m. Zones 1, 3, 4,
and 5 are much more active than the others. Moreover, ISWs with wavelengths less than
500 m are common within zones 1, 3, and 4. A summary of zone characteristics is given in
Table 2.
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Figure 19. (a) Zonation of the GoO area where ISWs have different characteristics (for detail see the
text). (b) The histogram of the distribution of ISW wavelengths in meters.

Table 2. Zones and their characteristics in the GoO.

Zone Active Mechanisms Dominant Direction of Propagation Activity
1 Tide, eddy, current-bathymetry interaction, wind, air E-W and SE-NW Very High
pressure

) Tide, wind, air pr.essure, ‘Current—bathymetry E-W and NE_SW High
interaction

3 Tide, wind, air press-ure, ed(.iy, current-bathymetry ~ Various but majorly E-W, NE-SW, Very High
interaction SW-NE

4 Tide (normal and reflected), eddy, current— Various but majorly NE-SW, SW-NE, Hioh

bathymetry interaction, air pressure SE-NW &

5 Air pressure, wind Various Very High

6 Air pressure, wind Various Low

7 - - Calm area

4.6. Characteristics of Detected ISWs

According to Figures 3 and 4, the number of the detected wave packets varies sig-
nificantly over a year. At first sight, there is a perfect correlation between the number of
observed waves and the strength of stratification. Therefore, the number of detected
ISWs increased from April to June and decreased from September to March. However,
fewer numbers of ISWs were observed surprisingly from June to September, whereas the
stratification intensifies. It may be attributed to either absence of exciting forces (except
for tide) or violation of the condition that is required for observing ISWs in satellite im-
ages (as is well-known, the Bragg scattering is efficient only at a certain range of a wind
speed-see [49]).

To accomplish this, point P shown in Figure 1 (57.75° E, 24.75° N) located in a highly
active region is selected as an indicator to be evaluated regarding the atmospheric con-
dition. Figure 20 depicts the hourly mean sea level atmospheric pressure (MSLP) in June
2019 at point P clearly demonstrating a semidiurnal cycle of pressure variation. It is
worth noting that a moving pressure field may be characterized as fast and intense vari-
ations of MSLP at a specific geographic point. On the other hand, as mentioned in Section
4.5, effective atmospheric perturbations in the GoO usually last less than 12 h. Therefore,
any powerful changes within a period of less than 12 h at a specific geographic point may
be considered a potential driving force in this region. To address this issue, it is necessary
to look at the atmospheric conditions within the months of interest.
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Figure 20. ERA5 mean sea level atmospheric pressure variation at the point P shown in Figure 1.

To study the MSLP oscillations at point P, wavelet analysis was applied to the MSLP
time series at this point in 2018 and 2019 for each month separately, using a wavelet
software  provided by Torrence and Compo [50] (available online:
http://atoc.colorado.edu/research/wavelets/, accessed on 12 September 2021) Figure 21
illustrates the wavelet power spectrum of MSLP from June to September in 2018 and
2019. The number of oscillations with a period less than 8 h reaches its maximum in June
and, moreover, despite the difference in 2018 and 2019, there is no noticeable total dif-
ference between June, August, and September. It shows that the possible exciting forces
are not less active during summer than in June. As an example, the power increment
corresponding to the packet P3 in TerraSAR-X image analyzed in the previous section
has been marked with a dashed ellipse in Figure 21b (see Section 4.5).
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Figure 21. Wavelet spectrum of mean sea level atmospheric pressure at point P from June to Sep-
tember in 2018 and 2019; the dashed ellipse in (b) shows a surge in the power spectrum in periods
less than 12 h on 28 September 2018, corresponding to the packet P3 in TerraSAR-X image analyzed

in the previous section (See Section 4.5).

It is also necessary to evaluate the violation of the Brag threshold in this period. To
do this, each month’s data in 2018 and 2019 were combined and, afterward, the ratios
were calculated for the combined data. Figure 22 illustrates the ratio of ERA5 winds with
a speed higher than 3 m/s, as the Brag threshold, in the GoO from June to September in
combined 2018 and 2019. From a probabilistic view, the higher this ratio is, the less
probability there is for ISW to be observed in that month. The results demonstrate that
the ratios are the least in June and highest in July and August. Moreover, the pattern of
the spatial distribution of the ratios shows that there is generally less possibility of ob-
serving ISWs in satellite images in the northern part than in the southern part of the GoO.
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Figure 22. The ratio of the times when the wind speed was higher than 3 m/s in ERA5 data in (a)
June, (b) July, (c) August, and (d) September in 2018 and 2019. The data for each month in 2018 and
2019 were combined and then the ratios were calculated.
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According to these results, it is deducible that, first, there are most probably more
waves than detected using satellite images in summer (July to September) but not detected
due to blowing winds with speeds higher than the Brag threshold at the time of capturing.
Second, zones 2 and 6 (the northern and eastern parts of the GoO) may be more active than
identified in the previous section and further data from other sources such as field obser-
vations is essential to evaluate the characteristics of ISWs in these regions.

5. Conclusions

In this paper, we have presented the analysis for an ensemble of internal solitary
waves observed in the SAR satellite images for almost a three-year period 2018-2020 in
the Gulf of Oman. First of all, we described the variation of stratification in the GoO and
demonstrated that it is well-pronounced in the summer season and almost disappears in
the winter season. In the summer, the stratification can be approximated by a two-layer
model with the pycnocline located at a depth of 25-30 m below the surface. Using the
WOA profiles, we evaluated the spatiotemporal variations of coefficients of the JKKD
equation in the GoQO, including speeds of linear internal waves, and nonlinear and dis-
persion coefficients. Moreover, two model equations describing long internal waves in
the shallow region (the KdV equation) and deep regions (the BO equation) were intro-
duced for two states of stratification in the GoO.

All the observed ISWs were categorized by the possible generation mechanisms,
depth of their appearance, and specific zones in the GoO where they basically emerge.
Moreover, different potential mechanisms of generation were evaluated in the GoO in-
cluding tides, flows around the underwater sill, atmospheric perturbations (pressure and
wind fields), eddies, and Kelvin-type surges. Additionally, a zonation map of the GoO
was suggested showing different characteristics of ISWs including number of incidence,
possible mechanisms, and directions of propagation in each zone.

All these data allow one to estimate the time of the year and zones in the GoO where
the dynamics of internal waves are the most intense. Knowledge of this information can
be used to not only evaluate the contribution of ISWs to mixing in the GoO but reduce the
risk of the negative impact of ISWs on offshore engineering constructions (gas and oil
platforms, underwater pipelines, etc.), coastal activity, as well as marine and submarine
navigation. In perspective, a more detailed study of internal waves in the GoO can be
undertaken using a combination of field instrumental measurement, satellite and aircraft
images, as well as theoretical and numerical models.
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