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Purpose. The main goal of this study is to analyse the seasonal variability of meso-scale eddy activity 
in the north tropical Indian Ocean. The selected area coincides with the location of POLYGON-67 
(P67) experiment where the mesoscale eddies of the open ocean were first discovered. 
Methods and results. The variability of mesoscale eddy kinetic energy in surface ocean layer, 
enstrophy of larger scale circulation, spatial and temporal patterns of surface currents and surface 
winds are jointly analysed using a 20-year long daily time series of eddy-resolving ocean reanalysis 
data obtained from EU Copernicus Marine Environment Monitoring Service and climatic wind data 
from US National Oceanographic and Atmospheric Administration. The fast mesoscale and slow 
large-scale processes are separated using a Savitsky – Golay filter with the cut-off time of 103 days 
which corresponds to a local minimum in the full kinetic energy power spectrum. In contrast to other 
parts of the tropical ocean, the seasonal variability of EKE exhibits 2 maxima – the largest being in 
April, and the secondary being in October which are related to the maxima in enstrophy of larger 
scale currents.  
Conclusions. The double peak variability in EKE corresponds to the seasonal variability of large scale 
enstrophy and monsoon wind circulation and supports a hypothesis that the main mechanism of EKE 
generation is barotropic instability of larger scale currents. The EKE variability within P67 is mostly 
controlled by advection of energy from neighbouring areas, and to a lesser extent by local generation. 
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Introduction 
Ocean observations carried out before the 1930s were separated by large 

intervals in space and time and therefore they supported the view of the low 
variability of physical fields in the water column except for the thin surface layer 
directly affected by the wind [1]. This point of view started to change in the late 
1930s. In the Atlantic Ocean, some temperature and salinity fluctuations were 
observed at a transect between Nova Scotia and Bermuda which could have been 
an indication of the presence of an eddy [2]. In the Caspian Sea, a month-long time 
series at a fixed location demonstrated significant fluctuations of current velocity 
similar in nature to those occurring in small-scale turbulence. Statistical analysis 
revealed the presence of macro-turbulent eddies with periods from a few hours to 
a few days and a horizontal scale of a few kilometres [3, 4]. However, both 
methods – transects and time series at fixed stations – did not demonstrate a spatial 
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structure of the alleged eddies and therefore did not give any firm evidence of their 
existence. By the late 1940s the existence of Gulf Stream rings which were 
generated from cut-off Gulf Stream meanders were confirmed [5]. The traditional 
view at the time was that the eddies could only be formed in the vicinity of strong 
jet currents like the Gulf Stream, due to barotropic instability of the main current. 

The breakthrough in our knowledge of ocean eddies came with the results of 
the POLYGON-67 experiment in the central Indian Ocean. It was the first direct 
and unambiguous observation that proved an earlier hypothesis by 
V. B. Shtockman, see [6] of the existence of mesoscale eddies in open ocean, not 
only next to strong jet-stream currents. Now it is well known that the currents in 
open ocean are almost everywhere dominated by mesoscale eddies also known as 
synoptic eddies [7]. POLYGON-67 experiment covered a rectangle bounded by 
10–15°N and 63–66.5°E with a separation of the sampling sites by 0.5° both in 
the zonal and meridional direction. The experiment provided a nearly instantaneous 
snapshot of currents (January 21 – February 7, 1967). POLYGON-67 showed 
eddies of about 200 km in size, located closely to each other. The surface velocities 
calculated using a geostrophic method were about 0.1–0.2 m/s [8]. The second 
survey of the same area (March 20 – April 6) was carried out shortly after the first 
one and hence did not reveal seasonal variability of eddy parameters. 

The purpose of this paper is to analyse the seasonal variability of mesoscale 
eddy activity in the area covered by POLYGON-67 using a modern and 
comprehensive data set over a period of 20 years from 1998 to 2017. 

 
Materials and methods 

The reliable high resolution data on currents as well as other oceanographic 
parameters can be obtained from the global ocean reanalysis data set produced by 
Mercator-Ocean and available from Copernicus Marine Environment Monitoring 
Service [http://marine.copernicus.eu]. For this study we use 1/12° resolution Global 
Ocean Physical Reanalysis product GLOBAL_REANALYSIS_ PHY_001_030. 
The data set covers the period from 1993-01-01 to 2018-12-25, from which we 
selected a subset ranging from the 1st January 1998 to the 31st December 2017 
using daily mean values of variables.  

This product provides an eddy resolving (1/12°) global ocean simulation, 
covering the recent period during which altimeter data are available and 
constrained by assimilation of along-track Sea Level Anomaly, satellite Sea 
Surface Temperature and in situ temperature/salinity profiles. The results are 
interpolated from 1/12 degree native Arakawa C grid so that all variables are on the 
same regular grid points. For this study we are interested in the near-surface 
signature of eddy activity and hence we have selected the data at the depth level of 
2.6 m to avoid artefacts at the very surface due to assimilation of satellite data. The 
study area coincided with POLYGON-67 and contained 61×43 grid points. 

A typical horizontal scale of mid-ocean mesoscale eddies is about 100 km and 
a time scale is about 100 days, these mesoscale eddies have orbital speeds of 
the order of 0.1 m/s. Mesoscale ocean currents vary energetically in both time and 
space throughout the ocean [9]. As most of the kinetic energy is generally 
attributed to the mesoscale eddies while the majority of potential energy is 
contained in large scale ocean currents [10], the current study is focussed 
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exclusively on the kinetic energy variations associated with mesoscale currents as a 
first order effect. 

There are different approaches that could be used in the definition of eddy 
kinetic energy, or EKE. One approach is to identify individual eddies as isolated 
coherent structures and calculate the energy and other characteristics only within 
such structures [11]. Another approach is to include in the definition of EKE 
the energy of all types of mesoscale currents such as the meandering and 
filamenting of intense current systems, semi-attached and cast-off ring currents, 
advective vortices extending throughout the entire water column, lens vortices, 
planetary waves, topographic waves, etc. All of these types of variable flows are 
commonly referred to by physical oceanographers by the generic term "eddies" and 
this study uses this more common approach [9]. 

An important issue is how to correctly separate the mesoscale fluctuations 
kinetic energy (hereafter KE) from the mean kinetic energy (MKE). The standard 
Reynolds-style approach is to decompose the components of velocity into mean 
(represented by overlines) and perturbation (represented by primes) parts [12,13] 
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The ensemble averages satisfy the following conditions [13]: 
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Then the ensemble averaged full kinetic energy per unit mass (FKE) can be 
decomposed using equations (1) and (2) as follows  
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where the mean kinetic energy MKE, perturbation kinetic energy PKE and cross-
term kinetic energy CKE are defined as follows  
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By ensemble averaging equations (5) and using equations (3) and (4) one 
obtains  
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From equation (7) it follows that the ensemble averaged full kinetic energy can 
be decomposed in only 2 terms, MKE and EKE as follows 
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Usually the ensemble averages are not available, and in practice, an ergodic 
hypothesis is applied that allows replacing the ensemble mean with a time average 
over the period when the process could be considered statistically in a steady state 
[12, Chapter 2 section 3]. In this case equation (8) is satisfied only approximately, 
and the time averaging of FKE gives  

 
<FKE> = MKE + EKE + <CKE>,                                    (9) 

 

where the angle brackets denote time averaging. 
The time interval and method for averaging should be selected to minimise the 

cross-term <CKE> so that the last equation (7) is satisfied as closely as possible. 
This can be achieved if the averaging interval is large in comparison with 
the characteristic periods of the fluctuating quantities ,, vu ′′  but small in 
comparison with the variability periods of slow varying quantities <u>, <v> [13]. 
This means that the power spectrum of kinetic energy should ideally have a 
minimum separating fast and slow motions. 

In order to find a suitable averaging interval, first the daily values of FKE at 
each grid cell inside the polygon are averaged over POLYGON-67 for each day of 
the 20-year long time series, see Fig. 1.  

 

 
 

F i g.  1. Time series over 01/01/1998-31/12/2017 of full kinetic energy per unit mass at 2.6 m depth 
averaged over POLYGON-67 area 
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F i g.  2. Power spectral density of area averaged FKE using daily data from a 20-year long time 
series for the period 01/01/1998-31/12/2017 

 

 
 

F i g.  3. Time series of time smoothed full kinetic energy <FKE> (black line) and the difference 
between <FKE> and the sum of EKE +MKE (grey line) in the centre of POLYGON-67 
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The cut-off time period motion of T = 103 days used in this study is consistent 
with the results obtained in the equatorial Pacific Ocean [14] that defined 
mesoscale motion as having time scales of 6 to 66 days. The study of variability of 
zonal current velocity at 15 m depth in the equatorial Indian ocean have indicated 
a minimum in the density power spectrum at about T = 80 days, see Fig. 2, b in 
[15] which is closer to our results. Some researchers used the running average with 
a window of T = 60 days to separate mesoscale and slow processes in 
the equatorial Pacific Ocean [16], which is slightly shorter than the timescale used 
in this paper. On the other hand, a longer 300-day high-pass filter was used to 
assess contribution from the mesoscale eddy signals in the south-east Indian 
Ocean [17]. The adequacy of the selected time interval T = 103 days is assessed 
below.  

The time series of velocities at each grid-point inside the study area were low-
pass filtered using the Savitsky – Golay filter of the second order to obtain slow 
varying values <u>, <v>.  The velocity perturbations are obtained by subtracting 
the slow varying quantities from full velocities. The slow varying values of 
<FKE>, EKE = <PKE> are obtained from time series of FKE, PKE using the same 
filtering technique. Fig.3 shows the time series of <FKE> and the Reynolds 
discrepancy <CKE>, i.e.  the difference between <FKE> and МKЕ + ЕKЕ, to 
assess how well the Reynolds conditions given by equation (4) and equation (8) are 
satisfied, i.e. how well the slow varying component of full kinetic energy can be 
decomposed into МKE and EKE. In an ideal situation the Reynolds discrepancy 
should be zero. Fig. 3 shows that full kinetic energy is decomposed into MKE and 
EKE reasonably well with only a small interaction between slow and fast motion. 

 
Results and discussion 

In order to estimate the seasonal variability of KE, the 20 years long time 
series of area averaged EKE  and MKE are cut into individual years and averaged 
over an ensemble of 20 members. The result is presented in Fig.4. 

Seasonal variation of EKE  reveals two peaks: in late April and beginning of 
October. The spring peak is approximately twice as high as the autumn one. 
A typical current velocity corresponding to the first and second peaks are 

1 0.15U =  m/s and 2 0.12U =  m/s respectively. Mean kinetic energy has its main 
maximum (corresponding to 3 0.2U =  m/s) in July when the EKE  has a minimum. 
Mean kinetic energy is higher than eddy kinetic energy throughout the year. 
In December – January both EKE, and MKE have a minimum. 

The higher level of EKE in summer than in winter is generally consistent with 
EKE variability observed in the southeast Indian Ocean where EKE displays 
a distinct seasonal cycle with a maximum in austral summer (November – January) 
and its minimum in austral winter (May – July) [17]. However, the double peak in 
the EKE, level shown in Fig. 4 is different from what was found to the south of 
the equator. The seasonal variability shown in Fig. 4 is also different from 
the tropical Pacific Ocean. Whilst in the tropical North Indian Ocean we see two 
strong maxima in the EKE, the tropical North Pacific has a strong minimum in 
April-May but stays high in the second half of year [14]. 
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F i g.  4. Seasonal variability of eddy EKE (thick line), MKE (dotted line) and EKE + MKE (thin line) 
averaged over the POLYGON-67 area. All daily data are climatically averaged over 20 individual 
years from 1998 to 2017 

 
Time smoothed full kinetic energy represented by EKE + MKE does not have 

pronounced extremes either in April or in October as the summer minimum in EKE 
is well compensated by the maximum in MKE. However the winter minimum is 
exhibited by both EKE, and MKE and, consequently, by <FKE> see Fig. 4. 

The two main mechanisms of increasing EKE are baroclinic and barotropic 
instabilities of large-scale currents. Kinetic energy is converted from the mean 
flows to eddy flows by the barotropic instability of the horizontal circulation. 
The baroclinic process converts energy from the mean flow available potential 
energy to eddy energy, see [16, 18]. Baroclinic instability is related to the vertical 
shear of current velocity whilst the barotropic instability is generated by 
the horizontal shear of the velocity, which can be quantified by the enstrophy 
of the flow field. In order to assess a potential role of barotropic 
instability, the enstrophy zrotENSTR (= <u>)2 of the slow varying flow field 
<u> = (<u>, <v>) is calculated at each grid point as a function of time and then 
averaged over the polygon area. The seasonal variability is calculated by 
climatically averaging 20 individual years, see Fig. 5. 

The two maxima in enstrophy occur at the same times as the maxima in EKE, 
namely in April and October, and the minima are also close: late July for EKE and 
mid-July for enstrophy. The Pearson correlation coefficient between 20 years long 
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time series of EKE and enstrophy is R = 0.72 ± 0.01 at 95% confidence level. High 
correlation of EKE and enstrophy variability indicates in favour of the dominant 
role of barotropic instability in the formation, support and decay of mesoscale 
activity in the tropical Indian Ocean.  

Our results show that the source of EKE in the central Indian Ocean is 
different from what was observed In the Pacific Ocean, where the energy sources 
for eddy kinetic energy within the Tropical Instability Waves area (10° S to 15° N) 
were demonstrated to be a mixture of barotropic and baroclinic instabilities in 
almost equal proportions [16, 19]. This difference is likely caused by different 
properties of the equatorial currents in the Pacific and Indian oceans. In the Pacific, 
there is a strong cold-water tongue along 4° N, the extension of the cold Humboldt 
Current [20]. The cold tongue is accompanied by a thermocline trough which 
results in strong meridional temperature and (available) potential energy gradients, 
which enhance the baroclinic energy conversion rate between eddy potential and 
eddy kinetic energies. In contrast, the Equatorial Current in the Indian Ocean is fed 
by warm water masses from the Pacific as maximum flow into the Indian Ocean 
occurs during the southeast monsoon from July to September [21]. 

 

 
 
F i g.  5. Seasonal variability of enstrophy calculated from the slowly varying flow field over 
the POLYGON-67 area 

 
It is known that weak eddies could be well described as quasi-geostrophic 

Rossby waves, while eddies with strong orbital velocities could be described as 
strongly non-linear waves or large ‘particles’ like the Mediterranean eddies. 
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The Rossby waves become effective 
when the turn-around time of an eddy is 
greater than the planetary wave period. 
Then the energy can become wave-like 
and dispersed, and zonally dominant 
anisotropic flows are favoured [9, 22].  

The structure of mesoscale activity 
within the polygon area is shown in 
Fig. 6 for approximately the same time 
of year (but a different year due to data 
availability) as the POLYGON-67 
survey. A strong anticyclonic eddy of 
approximately 100 km in size is centred 
at 11.7° N, 63.5° E, and another half-
anticyclone is seen to the east of it. 
There is a strong and large cyclonic 
eddy centred at 13.7° N, 64.2° E and 
a weaker anticyclonic eddy at 14.7° N, 
66° E, whilst the rest of the area is filled 
with weaker meanders and filaments.  

An approximate threshold size of 
an eddy to be considered as displaying 
Rossby wave properties is calculated 
using the scale analysis as follows. Let 
L be the diameter of an eddy and let U 
be its maximum orbital velocity. 
The phase speed of the Rossby wave is 

2βLC =  and hence the Rossby wave period is 
LC

LTR β
1

==  , where .β
dy
df

=   

The period of eddy orbital rotation is ULTE /π= , hence the threshold eddy 

diameter is 
πβ
ULt =  

The value of β in the middle of the polygon is 11 1β 2.3 10 ms
−= ⋅ . Hence 

50.6 10 m 60 kmtL = ⋅ = . The mesoscale features larger than tL  should be affected by 
Rossby waves which travel zonally westward [7]. The eddies within the polygon 
area are typically of the order of 70–100 km, see Fig. 6, hence they should display 
a slightly stronger zonal translational velocities compared to the meridional ones. 
The prevailing transport of EKE based on the energy fluxes through the polygon 
boundaries is discussed further below. 
A typical size of eddies can be estimated by computing the integral length scale 
from the transverse autocorrelation of the velocity components [23]. For this we 
have computed )(rRii along a meridian for the zonal component of the velocity and 
along a parallel for the meridional component (see Fig. 7) using the expression: 

F i g.  6. A snapshot of current velocities 
(arrows) and vorticity (color) distributions 
within the POLYGON-67 area on 1st February 
1998 showing eddies and other mesoscale 
structures 
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where u u u∆ = − < >  is the fluctuation of a demeaned velocity component when 
the spatial average over the POLYGON-67 area, denoted by symbol u< >  is 
removed (similarly for 22R  and v). The origin, at 12.5° N, 64.75° E, is located at the 
grid node closest to the centre of the POLYGON-67 area and r is the distance from the 
origin in a direction perpendicular to the velocity component. The integral length scales 
in the meridional (i = 1)  and zonal (i = 2)  directions can be calculated using 
the expression: 

∫=
d

iii drrRL
0

,)(  

where d can be ∞ , or the first zero crossing, or the first minimum of 
the autocorrelation function.  In order to avoid problems created by noise at larger 
values of r and following the method used in [23], we have defined d as the first 
point where iiR  is equal to zero. Using this definition, we have computed 
the integral length scales along a meridian 1,521 =L  km and along a parallel 

5,492 =L  km.  
The integral length scales represent typical radii of an eddy and are consistent with 
our previous estimation of the eddy diameter (around 100 km) based on 
the analysis of daily maps of vorticity. Eddies exhibit some anisotropy being 
slightly more elongated in the meridional direction. The length scales shown above 
are consistent with those identified in the North Atlantic using the same method, 
where the lengths ranged from 42 to 68 km [23]. 
 

 
 

F i g.  7. Transverse autocorrelation function )(rRii  of the velocity components between the centre of 
the POLYGON-67 area and the variable point r. Solid line is for the zonal component and dashed line 
is for the meridional component 
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Fig. 8 shows the seasonal variability of transports of EKE across all polygon 
boundaries. The incoming zonal transport of EKE is relatively high at the western 
boundary during the summer season May to October, however it is small and 
directed outward at the eastern boundary. The outgoing EKE transport across 
the southern boundary (10° N) is significantly higher than the incoming transport 
across the northern boundary (15° N) during this period which indicates an action 
of a larger scale loop current through the polygon. Generally there is no significant 
zonal anisotropy in the transport of EKE which is predicted by Rossby wave 
theory. This fact indicates that the advection of EKE by large scale current has 
a more significant effect on advection of EKE than Rossby waves. 

 

 
 

F i g.  8. Seasonal variability of EKE transports across 4 boundaries of the polygon. Transports 
through the west, east, south and north boundaries are shown by black, red, blue and green lines 
respectively 

 
The structure of large-scale flow field and its seasonal variability is shown in 

Fig. 9. The 20-year long time series is first split into individual years, and then 
the velocity vectors are averaged for each of the 365 calendar days of the year, 
the leap year days are discarded. Then the vectors are averaged within each month. 
Typical monthly averaged current velocity is within the range of 0.1–0.2 m/s, 
which is the same order of magnitude as Rossby waves phase speed for 
L = 100 km of C = 0.13 m/s. This result is an additional confirmation that 
the lack of clear zonally dominated anisotropy in EKE fluxes is due to 
the combination of advection by larger-scale currents which has different direction 
in different seasons, and wave-like self-propagation which is always westward.  
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The direction of long-term averages of large-scale currents is consistent with 
monsoon circulation in the atmosphere, see Fig. 10: weaker easterly winds during 
November-January (5.4–7.4 m/s) and stronger westerly during May-September 
(3.4–12.6 m/s). The figures in brackets represent the maximum wind speeds 
over P67 area assessed using monthly long-term averages from NCEP/DOE AMIP-
II Reanalysis (Reanalysis-2) Monthly Averages Data (Reanalysis-2) 
(URL: https://psl.noaa.gov/).  
 
 

 

 

 

 

 
F i g.  9. Seasonal variability of large scale current through P67 shown by surface velocity fields for 
January, April, July and October. For clarity, only every third vector is shown 

 
The evolution of EKE integrated within P67 can be represented by 

the equation 
 

∫∫ +=
67

,)(
P

SOURCECONVdSEKE
dt
d                               (10) 

 
 

PHYSICAL OCEANOGRAPHY   VOL. 27   ISS. 6   (2020) 584 



 

where  

γ 67P

CONV = − ∫ n·F ds, 

 
γP67 is the rectangular boundary of POLIGON-67, n is the outward normal unit 
vector, F is the EKE flux per unit length of boundary and per unit depth defined as 

 

F = EKE· <u>, 
 

Here <u> is the vector of time smoothed velocity. The terms in equation (10) have 
the following meaning: the term on the left hand side is the rate of change of EKE, 
integrated within P67, CONV is the convergences of EKE transports by ocean 
currents into the area of P67, SOURCE is the local area integrated source or sink of 
within P67 due to energy exchange between EKE and other types of energy. 
 

 

 

 

 

 
F i g.  10. Climatic wind over P67 area plotted using data from [https://psl.noaa.gov/] 
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Fig.11 shows seasonal variability of terms included in equation (10). From 
January to beginning of August changes in the EKE (blue line) are almost entirely 
due to advection of EKE (black line) from the neighbouring regions, local 
generation and decay of EKE is relatively small. From August to December 
the contribution of advected EKE and local sources/sinks are of the same order. 
Therefore, the spring maximum in EKE shown in Fig. 4 is almost entirely 
generated by the convergence of EKE transports from neighbouring regions, 
whereas the smaller autumn maximum is a result of joint action of local and non-
local sources. In this context the high correlation of enstrophy and EKE during 
the spring maximum of EKE gives an indication that conversion of kinetic energy 
of large scale currents into mesoscale happens both inside and outside of P67 area.  
 

 
 

F i g.  11. Components of EKE conservation equation. Convergence of EKE transports into the P67 
area (CONV, black); Local sources/sinks of EKE integrated over P67 (SOURCE, red); the rate of 
change of EKE integrated within P67 (blue). All values per unit depth of water at a depth level 2.6 m 

 
Conclusion 

The 20-year long eddy resolving reanalysis of velocity fields in the Indian 
Ocean allows the study of seasonal variability, dynamics and generation 
mechanisms of eddy kinetic energy (EKE) in the tropical Indian Ocean, including 
the area covered by the original survey of POLYGON-67 (P67) experiment. In 
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contrast to some other areas of the World Ocean, the EKE seasonality shows two 
maxima – the large one in April and the secondary one in October. The main 
mechanism of EKE generation is the barotropic instability which is evidenced by 
high correlation of enstrophy of large-scale currents, representing the strength of 
horizontal shear, and EKE. It is found that the main contributor to the EKE 
variability within P67 is advection of EKE across the P67 boundaries during 
January – October, while the local generation has a comparable magnitude during 
August – December. The direction and strength of surface currents is consistent 
with the monsoon wind pattern in the area. 
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