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Abstract
Seafloor topography certainly has an impact on ocean circulation in different ways. Due to this assumption, the sea surface

currents calculated by optical flow (Horn–Schunck) and geostrophic currents methods are analyzed to observe this impact.

Pair of sea surface temperature imageries, calculated sea surface height and sea level anomaly are showed beside depth

map in areas with meaningful bathymetric features such as underwater mountains and pools. The reason for the formation

of some eddies in the Caspian Sea and Indian Ocean is concluded from the location of pools and knolls. In this study, in

addition to introducing new time span for calculating geostrophic currents, Ocean Surface Current Analyses Real-Time

(OSCAR) currents are applied to validate our estimated currents. Variety of products such as sea surface temperature

imageries, OSCAR currents, depth map, calculated results like sea level anomaly and absolute dynamic topography and

estimated currents via optical flow and geostrophic currents have been collected in this paper to make very detailed

investigation on depth effect on mentioned water parameters. Results show that impacts of knolls and pools are mean-

ingfully clear in optical flow and geostrophic currents in shaping and rationing water motions.

Keywords Seafloor topography � Sea surface temperature � Altimetry � Sea surface height � Optical flow �
Geostrophic currents

Introduction

Seafloor topography (SFT) affects sea surface currents in

particular ways (Belibassakis et al. 2011; Gille and Lle-

wellyn Smith 2003). Firstly, it guides the large-scale ocean

currents, more specifically; even comparatively small rid-

ges on the seabed can affect the major ocean circulation

direction and waves (Griffiths and Porter 2012). In the deep

ocean, ridges are used as hard obstacles dividing bottom

waters in near ocean basins (Sokolov and Rintoul 2007;

Gille and Llewellyn Smith 2003). Secondly, small-scale

bathymetric features also affect sea currents, the process is

visible when energy of ocean currents passing over rough

seabed and is converted from horizontal current into ver-

tical waves. Eventually, sea currents are delicate to the

preciseness and resolution of the bathymetry that they

resolve and for processes that they do not resolve, it refers

to biological events such as phytoplankton (Gille and

Llewellyn Smith 2003).

Previous studies show that the estimated sea surface

currents present the flows closely parallel to bathymetric

contours (Saraceno et al. 2008), both in the direction of the

continental shelf break and on the shelf (Reddy and Arrigo

2006). The fact that ocean circulations and waves (Pessoa

and Fonseca 2013) are obviously guided by the seafloor

topography has occasionally been explained to indicate that

these currents are fixed in the position and cannot switch

(Sokolov and Rintoul 2007; Wilkin and Zhang 2007). For

instance, some current loops are obviously tied in their

position to the bathymetric slopes adjacent to the Malvinas

Chasm (Sheen et al. 2011). In addition, topography desta-

bilizing deep flow are suggested as a reason for the
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formation of mesoscale eddies (Sokolov and Rintoul 2007;

Venegas et al. 2008). Moreover, for biological investiga-

tions, researchers believe that fundamental environmental

features as an example of bathymetry, sea surface tem-

perature (SST), and surface currents have been connected

to sea biological movements (Seminoff et al. 2008).

The responding of the ocean currents to the bathymetry

is especially clear in the experiments with the steepness of

the shelf slop; the less steepness generates the slower

currents (Speich et al. 2006). Furthermore, the seasonal

circulations related to the sea surface height (SSH) and

SST are mainly as anticipated, function of the topographic

forcing by a region named the Heceta Bank and Cape

Blanco during the summer and winter (Venegas et al.

2008). In 1-D radar-imaging models, it is verified that the

sea surface current vector is approximately parallel to the

major axis of sand ridges (Li et al. 2009), and it was

exhibited that the topographic slope has a very particular

influence on the upwelling phenomena. In other words, the

coastal pressure gradients generated by the topographic

features, result in the temporary and persistent eddies

(Marchesiello and Estrade 2009).

Mostly in the previous studies, the geostrophic currents

and altimetry data are the main source for catching sea

surface currents and comparison to the SFT. The motiva-

tion of this study is to calculate precise sea surface motions

from the pair of SST images using optical flow method

(Horn–Schunck) and analysis of this result along the

geostrophic currents. The optical flow results are more

accurate in the spatial and temporal scales than the geos-

trophic currents (Ghalenoei et al. 2015). In addition,

another innovation is to estimate the geostrophic currents

in the appropriate time period (5 days) which is so

dependent on the date of taken SST imagery (Ghalenoei

and Hasanlou 2017) and also multi-missions altimetry data

are utilized to obtain the more accurate SSH. Gunduz and

Özsoy 2014 provided the annual and monthly mean cir-

culation of the Caspian Sea. Those circulations are pre-

sented in low resolution in spatial domain; however, in our

study, the high resolution in spatial and temporal domain is

investigated.

The problem of estimating the ocean currents using

sequential SST images have been studied by previous

oceanic studies. Marcello et al. 2008 used a two-stage

approach including an OF method (Lucas–Kanade algo-

rithm) for flow field recovery from multi-temporal and

multi-sensor AVHRR and MODIS image sequences.

Cohen and Herlin 1996 used a non-quadratic regularization

in OF to recover the flow from SST image sequence and

also the application of clouds motion. They also showed

that using a good tessellation of image can enhance the OF

results. Jin et al. 2001 used Horn–Schunck method to find

the motion in a pair SST images. The SST images in their

work had problem of sparsity, thus they employed Kalman

filter to get a dense field. Yang et al. 2004 applied a reg-

ularized algorithm (OF method) to study the number of

vortices for 13 years (from 1986 to 1998) in the global

scale using SST images.

There is lack of information about the reasons of sea

currents formation on the Caspian Sea and in this study, we

try to provide the maps of estimated sea currents (optical

flow and geostrophic) to interpret why and how the cir-

culations form there. Furthermore, to validate the results,

Ocean Surface Current Analyses Real-Time (OSCAR)

currents are mapped and graphically showed the reliability

of our results. Previously, the most studies are based on one

single SST image to understand influence of SFT features

on the water properties; however, in this paper, a pair of

SST images are applied, which can improve credibility of

the results (Emad Ghalenoei et al. 2017).

The results obtained in the Caspian Sea made us look

forward to a similar analysis on the Indian Ocean to ensure

the reliability of the discussions. In this regard, an area

including a mid-ocean ridge (longitude from 56� to 72� and
latitude from 17� to 26�) in the northern Indian Ocean was

selected, and the impact of this ridge on the sea surface

currents is investigated. As anticipated, the SFT has an

influence on sea currents, and the purpose of this study is to

find out how it influences the currents. Therefore, the first

step of this article is to calculate the accurate currents from

two mentioned methods (optical flow and geostrophic), and

then, with proper display and mapping of results, the

impacts of SFT features on the sea surface currents can be

interpreted.

Methodology

Optical Flow (Horn and Schunck)

The optical flow (OF) method which estimates the move-

ment domain from cell intensity values of sequential

imageries is destined to apply in this article (Fleet and

Weiss 2006; Huebner 2016; Niu et al. 2013; Popov et al.

2016). The Horn and Schunck algorithm, as an appropriate

method to identify and smooth the direction of flows (Horn

and Schunck 1981), was used in this study. This method

was used to extract movement in SST image supplied by

Aqua and Terra satellites (Ghalenoei et al. 2014; Jin et al.

2001). Horn and Schunk algorithm provides the motions of

each cell using its brightness in pair of images. The

intensity brightness Ið Þ of each cell is a function of position

x; yð Þ and time tð Þ: I x; y; tð Þ. The brightness of a unique cell
in any imagery is constant in time, and this means:
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dI

dt
¼ 0; ð1Þ

thus

Eb ¼
dI

dt
¼ Ixu þ Iyv þ It ¼ 0; ð2Þ

where Ix, Iy and It are the derivatives of intensity with

respect to x, y and t, respectively, u and v are unknown

optical flow vector which has to be estimated. Because of

existence of noise, Eq. (2) is not equal to zero and this part

is known as a data attachment term or OF equation con-

straint ðEbÞ. The system of Eq. (2) is also under-deter-

mined system including 1 equation and 2 unknown

parameters (it provides so many solutions), and also there

is no prior information to reduce the ambiguity of this

equation. Thus, this algorithm applies another constraint

which tries to find the smoothest flow among the solutions.

In other words, Eq. (2) is responsible to find the corre-

sponding pixel in the second image; however, it may find

more than one solution which all of them are mathemati-

cally true. In this regard and solve this ambiguity, the

algorithm attempts to set another constraint as smoothness

operator or regularization term that is based on the gradient

of the flow (Horn and Schunck 1981). This constraint is

defined as sum of the square of the magnitude of gradient

of flow (E2
c ) and is responsible for smoothness of the

solution. Therefore, in addition to Eq. (2), it applies also

the following Eq. (3) to minimize the totality of flow Eð Þ in
Eq. (4) (Horn and Schunck 1981)

E2
c ¼ uxð Þ2þ uy

� �2þ vxð Þ2þ vy

� �2
; ð3Þ

E ¼
ZZ

½E2
b þ a2E2

c �dx dy; ð4Þ

where a is regularization parameter. The role of a is to

balance between the data attachment term or OF constraint

term (E2
b), and regularization term E2

c , and it is also called

trade-off parameter which controls the weight of the

smoothness term compared to the OF constraint. So, if we

choose the a ¼ 0 it just applies only the data attachment

term with no regard to smoothness constraint. On the other

hand, if we choose the high value for a, then it applies the

smoothness constraint with no regard to the data attach-

ment term. It causes smoothness of the output and the

higher this parameter is, the smoother the solutions we find

(Meinhardt-Llopis et al. 2013).

Meinhardt-Llopis et al. 2013 presented a graph based on

end-point error (in pixel) per various values of a to find and
interpret the appropriately chosen value of a. This work

stated that the best option for the regularization parameter

depends on the input data, which means it varies case by

case and image to image, for example, to obtain the smooth

flow it is good to choose the higher value (a ¼ 20 in

Meinhardt-Llopis et al. 2013) and to recover a flow with

occlusions it is opted the lower value (a ¼ 5 in Meinhardt-

Llopis et al. 2013).

The trial-and-error approach to find the best value for a
is a common way and has been used widely by the

researchers (Bruhn et al. 2005; Meinhardt-Llopis et al.

2013). In our application, we chose the value of a ¼ 3 by

trial and error and it found the stable and smooth flow. By

minimization of Eq. (4) and also using the approximation

of the gradient, it yields

a2 þ I2x
� �

u þ IxIyv ¼ a2�u � IxIt

a2 þ I2y

� �
v þ IxIyu ¼ a2�v � IyIt

ð5Þ

Equation (5) is a system of two equations with two

unknown parameters u; vð Þ. So, it can be solved and gives

a2 þ I2x þ I2y

� �
u ¼ þ a2 þ I2y

� �
�u � IxIy�v � IxIt

a2 þ I2x þ I2y

� �
v ¼ þ a2 þ I2x

� �
�v � IxIy�u � IyIt

ð6Þ

We can also write them in form of Eq. (7)

a2 þ I2x þ I2y

� �
u � �uð Þ ¼ � Ix Ix�u þ Iy�v þ It

� �

a2 þ I2x þ I2y

� �
v � �vð Þ ¼ � Iy Ix�u þ Iy�v þ It

� � ð7Þ

The u and v for each cell can be solved in the following

iterative manner (Horn and Schunck 1981):

ukþ1 ¼ �uk �
Ix Ix�u

k þ Iy�v
k þ It

� �

a2 þ I2x þ I2y
ð8Þ

vkþ1 ¼ �vk �
Iy Ix�u

k þ Iy�v
k þ It

� �

a2 þ I2x þ I2y
; ð9Þ

where k stands for the iteration number. Advantages of the

Horn and Schunck algorithm is that it gives a high density

of flow, thus, the lost flow information in inner parts of

objects is filled in from the flow boundaries (Pinoli 2014).

However, the limitations associated with this algorithm

include: first, the linearization of Eq. (2) is accurate only

for short and small flows (Gong and Bansmer 2015), sec-

ondly, the smoothness parameter a is sensitive to the noise

of data since it is squared so it magnifies the Gaussian noise

in the input data (Meinhardt-Llopis et al. 2013), some

researchers have proposed to use the L1 norm to solve this

problem (Gong and Bansmer 2015).

The Geostrophic Currents

Geostrophic flows are related to the slope of the water

surface, and the geostrophic balance requires that the

Coriolis force equilibrate horizontal pressure variations
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(Stewart 2009). Therefore, to calculate the slope of the

water surface, we need altimetry data and surface water

elevation information. After collecting altimetry data, due

to the low temporal and spatial resolution of the data, we

need an appropriate timeframe to extract the information

from that interval. The basis for choosing this time period

is the date of taken thermal imagery that is supposed to be

aligned with sea surface topography. Therefore, it is

attempted to select an interval sufficiently short to prevent

additional information from being entered and, on the other

hand, sufficiently long to cover the area with more paths of

altimetry data.

In this paper, after testing different time intervals, a 5-

day time-out period was selected which takes the date of

thermal image in the middle of this interval (2 days before

and 2 days after the date of thermal image). By extracting

SSH datasets and interpolating between these paths and

also knowing the region’s geoid, absolute dynamic topog-

raphy (ADT) can be obtained, which is calculated by

removing SSH from the geoid. Equation 10 shows how to

calculate the east and north velocity components of abso-

lute geostrophic currents from ADT (Stewart 2009; Vig-

nudelli et al. 2011).

us ¼ � g

f

oADT

oy
; vs ¼

g

f

oADT

ox
ð10Þ

where ADT is absolute dynamic topography, x and y are

along of Cartesian coordinate system, g is gravity accel-

eration and f is Coriolis parameter which is f ¼ 2X sinu,
X is earth’s rotational rate (7.292115 9 10-5 rad/s), u is

latitude and us and vs are the east and north velocity

components of absolute geostrophic currents, respectively.

In addition to SSH, mean sea surface (MSS) values are

also included on altimeter data. By removing the effect of

SSH from MSS, sea level anomaly (SLA) is obtained, and

by placing SLA instead of ADT in Eq. 10, the components

of the surface geostrophic currents can be calculated.

Datasets and Case Studies

The Caspian Sea

The Caspian Sea is the world’s widest landlocked water

body located deep inside the Eurasian continent (Zonn

et al. 2010). The sea engrosses an immense depression in

the earth’s crust, and the current sea level is 27 m below

ocean level. Its area is over 370,000 km2, with a water

volume of about 78 thou km3, an average depth of 208 m

and a maximum depth of 1025 m. From the north to the

south, the sea stretches 1030 km, and its width alters from

200 to 400 km (Fig. 1a). Its ample size and long latitudinal

expansion cause its varied natural properties (Zonn et al.

2010). Since 1991, the coast of Caspian Sea borders five

countries (Russia, Iran, Azerbaijan, Turkmenistan, Kaza-

khstan), while its basin includes other countries (Zonn et al.

2010)

Naturally of its bottom topography, the sea is separated

into three parts: Northern, Middle, and Southern Caspian

(Zonn et al. 2010). The shallow northern part (15–20 m) of

the sea places completely on the shelf. It is set apart from

Derbent Basin of the Middle Caspian whose maximum

depth is 788 m. The subsea Apsheron Sill, with covering

depths of 160–180 m, segregates Derbent Basin from the

South Caspian, which is the deepest region of the sea (Zonn

et al. 2010).

The Northern Indian Ocean

The Indian Ocean is the smallest, geologically youngest,

and physically most complicated of the three major oceans

of the world (Fig. 1b). It extends for more than 10,000 km

between the southern tips of Africa and Australia and,

without its marginal seas, has an area of around

73,440,000 km2. The average depth of Indian Ocean is

3960 m, and the point, which has the deepest value, in

Indonesia, is 7450 m (‘‘Indian Ocean’’ 2017). The com-

plicated ridge topography of the Indian Ocean led to the

forming of many basins, which stretch in width from 320 to

9000 km. From approximately north to south, they contain

the Arabian, Somali, Mascarene, Madagascar, Mozam-

bique, Agulhas, and Crozet basins in the west and the

Central Indian (the largest), Wharton, and South Australia

basins in the east (‘‘Indian Ocean’’ 2017).

The SFT Data

SFT data for the Caspian Sea are extracted from the

GEBCO Centre (‘‘GEBCO’’ 2016). These data are global

grid presented at 30 arc-second intervals and 5–10 m ver-

tical resolution. The grid is mainly established upon ship

track soundings with interpolation between soundings

guided using satellite-derived gravity data (‘‘GEBCO’’

2016). In the Caspian Sea, the grid was created from over

280,000 bathymetric soundings and points digitized from

bathymetric contours, taken from 107 Russian hydro-

graphic charts, on a Mercator projection relative to the

Pulkovo 1942 datum (‘‘GEBCO’’ 2016).

The satellite altimetry performs best in deep water and

can recognize many undersea features which are not

otherwise observed directly (‘‘NOAA’’ 2016). In shallow

water (\ 200 m), the gravitational effects calculated from

the satellite are too small to be credible (‘‘NOAA’’ 2016).

Thus, in our second case study, improved version of

ETOPO2v2 (‘‘NOAA’’ 2016) is used in this article for the

shallow water regions in the Indian Ocean (‘‘National
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Institute of Oceanography (NIO)’’ 2016; Sindhu et al.

2007). The horizontal grid spacing is 2 min of latitude and

longitude (1 min of latitude = 1.853 km at the Equator)

and the vertical precision is 1 m (‘‘NOAA’’ 2016) with

better depth values in shallow areas (Sindhu et al. 2007).

Altimetry Data

The Archiving, Validation, and Interpretation of Satellite

Oceanographic (AVISO) data center has provided altimetry

data for Jason 1, Jason 2, Envisat, and other missions

(AVISO 2016). The data used in this study have been

corrected for instrumental, atmospheric, geophysical and

sea state bias errors, and CorrSSH is a corrected data

available at this center. The difference in the cycles, the

height and inclination angle of these satellites will cause

their paths to differ from each other (AVISO 2016). To

clarify more, Envisat satellite has a more repetitively per-

iod (35 days) than Jason’s satellites (about 10 days), so it

has more paths, the distance between their paths is closer,

and Jason’s satellites, on the contrary, have less repetitively

period and the distance between their paths are more than

each other, and in fact we have more gap between the

paths.

Altimetry satellites measure the height of the water

surface relative to the reference ellipsoid. The distance

between the sea surface and the reference ellipsoid is

shown with SSH (Vignudelli et al. 2011). The AVISO

center puts SSH data along with many other parameters.

For example, there is MSS for each point where the height

of the water surface is measured. So, the two important

parameters that we used in this study are SSH and MSS

(Table 1).

The SST Images

The SST images are freely available to direct download

and order from the National Aeronautics and Space

Administration (NASA) Web site (‘‘MODIS Web’’ 2016).

These products are extracted from a model containing

brightness temperatures measured in Bands 31 and 32 in

MODIS collection and satellite zenith angle measured at

the sea surface (Minnett et al. 2004). We utilized the SST

images taken by MODIS sensor boarded on the NASA

satellites Aqua. The MODIS calculates radiances in 36

spectral bands (from 0.4 to 14.24 lm) and has a strip width

of 2330 km. The MODIS collections applied in this article

are Level-3 daily mapped and gridded products at

0.01� 9 0.01� longitude and latitude resolutions. The orbit

of Aqua satellite around the Earth is planned so that it

passes from the south to the north across the equator in the

afternoon (ascending) (‘‘MODIS Web’’ 2016). The MODIS

sensors provide a suitable chance to investigate the morn-

ing to afternoon SST patterns motions by very sufficient

resolution imageries with special hours.

Results and Discussion

Figure 2a shows a SST image taken on 31 July 2010 at

22:40. Thermal images can describe some coastal features

such as the sea surface currents and eddies because what

can move the sea surface, can also move the SST patterns

as well (Breaker et al. 2016; Deser et al. 2010; Clara Deser

and Blackmon 1993; Ghalenoei et al. 2015; Rasmusson and

Carpenter 1982; Rio et al. 2016). One good example is

incoming cold water of Kura river in the western coasts of

the Caspian Sea (latitude: 42 and longitude: 49). The SFT

map of the Caspian Sea is shown in Fig. 2b, and it reveals

why sea surface currents and SST anomalies shape into the

specific patterns. To investigate precisely on this case, two

small regions at the western Caspian See are chosen

(Fig. 2c, d). Figure 2c depicts SST less than 26� with white

background, and the white area in Fig. 2d shows SSF with

depth less than 650 m. Figure 2c, d explains that there has

been a gradual increase in the overspreading of the white

Fig. 1 Case studies datasets,

a the Caspian Sea and b the

Northern Indian Ocean

(‘‘MODIS Web’’ 2016)
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areas into coastal lines. The white area in both SST and

SSF is very thin in the intersection of the coast and the

border between of the two countries of Azerbaijan and

Russia and as we move away from this point to the north

and south along the coastal lines, this white area gets wider.

Therefore, the SFT has a stable influence on the SST, as the

sea surface currents move the SST patterns, there is a

remarkable connection between the sea surface currents

and the SFT.

The contour lines and numerical monitoring of SST and

SFT in these areas are shown in Fig. 3. Due to high density

of SST contour lines in the coastal area, we just showed

contour lines of specific temperature (26.8�) to make

Fig. 3a clearer. Distance from the contour lines to the

coastal lines is shown with blue arrows (Fig. 3), and it

implies that there is a specific pattern for both SST and SFT

from latitude of 42� to the north and south, and the distance
between these patterns increases from the coastline. Since

SST patterns (SST contour lines) are very much affected by

the sea surface currents and change directionally, the sea

surface currents are also affected by the depth of the area as

well.

Figure 4a shows the SLA extracted from removing MSS

effect from SSH in the period of 29 July 2010 to 2 August

2010. Figure 4b also depicts ADT obtained from removing

geoid from SSH in the same period. Moreover, a SST

imagery shows two different patterns in Fig. 4c, d. Both

SST patterns present that the direction of contour lines is

function of SFT of the area (Fig. 4e) and from the point

with latitude of 42�, it is moving away from the coastline

toward the north and south.

To illustrate the sea surface currents, we initially

selected two successive SST images with a specific time

difference (Fig. 5). These two SST images are inputs for

the optical flow and then the displacements of the SST

patterns are extracted. To investigate the effect of SFT on

the sea surface currents, a small area in the west of the

Caspian Sea is selected and it shows a significant rela-

tionship between depth and flow.

According to Fig. 6a, the cold water of the coastal area

moves rotationally toward the middle of the sea. The

direction of this flow is presented by a thin strip of cold

water toward the middle of sea. To figure out the reason of

these currents, the SFT is mapped (Fig. 6b). In this map,

two points A and B are specified; they have little depth and

are considered as two knolls. So, as shown in Fig. 6a, the

cold water passes through the middle of these two knolls

(A and B) and rotates around the point A and in Fig. 6b, a

beam of cold water also appears on the south side of the

knoll A and tries to rotate around the this point (we can see

this little cold stream does not enter to the knoll A),

because knoll A has a less depth and it seems that sea

surface current are intending to rotate around areas with

less depth (higher elevation).It is clear that the sea surface

currents are sensitive to the areas with less depth (knolls

and peaks in the bed) and move around these areas, but do

not interfere with the knolls or peaks, but pass alongside

them. Gunduz and Özsoy (2014) presented the surface

velocity vector mean in the same location as we showed in

Fig. 6a. There is a good agreement between our currents

and what Gunduz and Özsoy obtained in Fig. 12 of their

work.

The flows extracted from the optical flow method for the

west of the Caspian Sea is depicted in Fig. 7a and show a

converging flow on a point. In addition, the geostrophic

currents are calculated according to Eq. 7 in the method-

ology section and are depicted in Fig. 7b. These geos-

trophic currents show a vortex (eddy). Physically, the

vortexes combine the water and displace its patterns into

the specified regions, so they can direct water to the middle

of the vortex. What the optical flow currents show is

motion of water into the middle of the vortex. Although the

optical flow does not have the capability to show the vor-

tex, the convergence currents that the optical flow repre-

sents physically is very similar to the vortex that the

geostrophic currents show.

The reason of this vortex in this area can be found out by

depicting the depth map. The optical flow and geostrophic

currents are plotted on depth map as well (Fig. 7c, d).

According to these figs, the vortex center in the geostrophic

currents and the convergence point of the optical flow

currents is in a region with the highest depth (depth greater

Table 1 Details of incorporated satellite altimetry datasets

Satellite Inclination (�) Repetitively (days) Altimeter Altitude (km) Agency Error (cm)

Jason-1 66 10 Poseidon-2 13,360 CNES

NASA

2

Envisat 98.5 35 RA-2 800 ESA 2–3

Jason-2 66 10 Poseidon-3 13,360 CNES

NASA/Eumetsat

NOAA

2
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Fig. 2 a The SST image in 31 July 2010 at 22:40, b the SFT, c the SST less than 26�, and d the SFT, less than 650 m
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than 1200 m). This depth plays the role of a pool (a closed

and surrounded plate), where currents are caught and

rotated.

In the second case study of this article, the north of the

Indian Ocean was investigated. There is a mid-ocean ridge

(a mid-ocean ridge is an underwater mountain system

formed by plate tectonics) and, based on what our obser-

vations showed had a significant and clear effect on the sea

surface currents.

The mid-ocean ridge begins at the coordinate 17N and

60E and ends up to the coordinate 23N and 64E (follow red

points in Fig. 8a. In addition, the norm of the geostrophic

currents velocities obtained from the ADT is calculated and

plotted in Fig. 8b. According to Fig. 8b, the velocity is

very high on the mid-ocean ridge (follow yellow arrow in

Fig. 8b).

To be more precise, a small area on the ridge has been

selected (61E–64E and 20N–23N). There are several peaks

in this area that can have a significant impact on the marine

currents (Fig. 9a). In Fig. 9a, two high altitudes (A and B

points) and two lower altitudes (C and D points) are indi-

cated. Points A and B have the role of peaks that obviously

make the water rotate around. On the other hand, points C

and D have lower altitude, so the sea surface currents have

an adequate space to move in these areas.

In Fig. 9b, the velocity of the geostrophic currents is

plotted. This velocity is very high in the high-altitude areas

(points A and B). Therefore, it can be concluded that the

peaks have significant role in accelerating the sea surface

currents, and vice versa, in the lower elevation areas, the

speed is lower. The sea surface currents derived from the

SLA (Fig. 9c) show that the vectors move between two

peaks, and peaks A and B play an important role in for-

mation of a vortex. The currents move around the high-

altitude areas, form the vortices, and move between low

altitudes (points C to D and vice versa).

In Fig. 10a, the speed of geostrophic currents calculated

from SLA is shown. The vortex shown around the area C

mentioned in Fig. 9a is indicated by C1 in Fig. 10a. The

current C2, which has a straight path to the south, is seen

by a beam at a specified speed in Fig. 10a. This vortex (C1)

and direct current (C2) are depicted more clearly by plot-

ting the geostrophic currents on the depth map in Fig. 10b.

To validate and illustrate our findings, we presented the

results of the OSCAR project (Fig. 10c) and compare it

with our results. The OSCAR is a NASA funded research

project and global surface current database (‘‘PO.DAAC’’

2015). These OSCAR currents (Fig. 10c) are perfectly

consistent with what we presented in Fig. 10b, and

according to difference calculation between two angles by

the Arccos equation, the difference between the estimated

geostrophic model (Fig. 10b) and the Oscars model

(Fig. 10c) is, on average, 1.07 degree with a standard

deviation of 0.92. In Fig. 10d, a thermal image taken from

the area is displayed. This SST image shows a vortex that

is indicated by the black arrows, and this is the same vortex

Fig. 3 a The SST and b the SFT

Journal of the Indian Society of Remote Sensing

123

Author's personal copy



Fig. 4 a The SLA, b the ADT, c the SST, d the SST, and e the SSF

Fig. 5 a The SST image in 2

August 2010 at 09:35 and b the

SST image in 2 August 2010 at

23:10
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showed by the geostrophic currents in Fig. 10b, and earlier

it is mentioned that the cause of this vortex is the presence

of high peaks (knolls) around it (points A and B in Fig. 9a).

Finally, the flow that moves southward (shown in Fig. 10a,

b) is also seen in the thermal image (Fig. 10d); therefore, it

certainly shows the movement of thermal patterns by the

sea surface currents.

Conclusion

The practical application of optical flow (Horn and

Schunck) associated with sea surface current estimation

and geostrophic currents derived from altimetry data were

introduced and tested for a time period in the Caspian Sea

and the Northern Indian Ocean and also plotted on the

seafloor topography map to illustrate the reasons of

Fig. 6 a The optical flow results mapped on SST images taken on 2 August 2010 at 23:10 and b SFT showing two lower depth regions (knolls A

and B) and the red arrows present simulated currents rotating around knoll A

Fig. 7 a The SST-Horn, b SLA-Geostrophic, c SFT-Horn, and d SFT-Geostrophic
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currents. The advantage of using Horn–Schunck method is

to create fast process, clear and precise motion vectors;

moreover, the short period of time for altimetry process

(5 days, which taken SST imagery is in the middle of this

timeframe) is our novelty and helped us make more

coherency results between the optical flow and the geos-

trophic currents. In the western coastal areas of Caspian

Sea, when the distance between depth contour lines and

coastal lines increased, the distance between SST contour

lines (Fig. 3), SLA and ADT contour lines (Fig. 4) and

coastal lines also increased similarly. The optical flow in

the small area showed that there has been significant

impact of low depth regions (knolls in Fig. 6) to rotate the

sea surface currents. In addition, the convergent optical

flow and rotatory (vortical) geostrophic currents in the

same area with high depth (Fig. 7) stated the fact that SFT

impacts on the water motions. From the process in the

middle ocean ridge, low depth areas played meaningful

role in accelerating of sea surface currents (Fig. 9). The

OSCAR currents (Fig. 10c) to validate our results were

plotted and it had a very appropriate adaption to calculated

geostrophic currents (Fig. 10b). It is also presented that one

SST imagery revealed a curved SST patterns (Fig. 10d),

which showed an eddy that already unfolded by calculated

geostrophic currents in the northern Indian Ocean. How-

ever, the topic needs more investigation. The next step

could be using a multi-sensor approach and also employing

more images from new missions. Furthermore, satellite

altimetry missions (Sentinel-3 and Jason-3) can be used to

estimate geostrophic currents, and sea surface wind data as

main reason of sea surface currents formation, can are

beneficial to explain the water motions.

Fig. 8 a The SFT and b speed of geostrophic currents obtained from ADT

Fig. 9 a The SFT, b speed of geostrophic currents derived from ADT, and c the SLA and its geostrophic currents
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Fig. 10 a Speed of geostrophic of SLA, b SLA geostrophic mapped on SFT, c OSCAR current, and d SST image
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Seminoff, J. A., Zárate, P., Coyne, M., Foley, D. G., Parker, D., Lyon,

B. N., et al. (2008). Post-nesting migrations of Galápagos green
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