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Abstract 
 
Tar ball (TB) deposition along the West Coast of India (WCI) is a common phenomenon during the 

southwest monsoon season, particularly along the coast of Goa and Gujarat, and it is a major concern 

to the stake holders. Our earlier studies showed that the source oil for the TBs deposited on the Goa 

coast in August 2010 is the tanker wash, and the source for subsequent TBs deposited on the Gujarat 

coast during July 2012 and June 2013 and Goa coast in May 2013 is from Bombay High (BH) oil 

fields. In the present study, the TBs that were deposited during May 2013 and May 2014 on the Goa 

coast were backtracked through a trajectory model, primarily to simulate their pathways and identify 

the reason for the occurrence of TBs only in May, and eventually to identify the origin and the 

source. The backtracking results re-confirmed that the TBs deposited in 2010 were originated from 

the tanker routes and that of both 2013 and 2014 TBs from the BH oil fields. The climatology of 

wind and surface circulation showed that the TBs deposited on the Goa coast during May/June only 

are from the oil fields and those during August from the tanker route. The results of backtracking 

simulations showed that the residence time of the oil residues/TBs is approximately 22 days for 

August 2010 TBs,  ≈ 30 days for May 2013 TBs and 65 days for May 2014 TBs. The residence time 

(in water) of TBs that were deposited (on the coast) in the month of May could be as much as 7-8 

months, and could be around one month if deposited in August, primarily because of winds and 

hydrodynamic conditions of the Arabian Sea. 

 

Key words: tar balls, back tracking, crude oil source, residence time of tar balls, oil fields, Arabian 
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1. Introduction 

Tar Balls are the residues of oil spills, caused due to anthropogenic activities as well as natural 

seepages. Kvenvolden et al. (2000) and Hostettler et al. (2004) reported oil residues which are 

formed due to natural submarine seepages. The oil residues that are roughly spherical in shape and < 

10 cm in diameter are termed as tar balls (TBs), > 10 cm in diameter are called tar patties (Wang and 

Roberts, 2013) and submerged in the water column as tar mats. Hayworth et al. (2011) described that 

emulsified oil interacts with suspended solids in the coastal waters, sinks to the sandy bottom to form 

immobile submerged oil mats (SOMs) and mobile surface residual balls (SRBs), called TBs. TBs are 

categorized into two types based on the buoyancy: pelagic for floating or shallow submerged tar 

residues and benthic for sunken TBs (Bernabeu et al. 2013, Iliffe and Knap, 1979, Butler et al. 1998). 

It may be noted that enormous quantities of TBs landed on the Alabama's shoreline after the 2010 

Deepwater Horizon catastrophe. 

Forward- and backward-in-time transport models can be used as constructive tools to track the drift 

of oil residues; the former is used to investigate the effects of oil pollution from known sources, and 

the latter for detecting the likely release sites or illegal discharge locations when the beaching sites 

are known. Only a very few studies have been carried out to predict the TB movement in the marine 

environment. Annika et al. (2011) developed a 3D numerical model to simulate the weathering and 

transport of pelagic oil. They released TB particles at various points in the Cretan Sea (eastern 

Mediterranean Sea), and the trajectories traced for over 50 days matched well with observations. 

Dalayander et al. (2014) studied the mobility and transport of surface residual balls (SRBs) along the 

Alabama and western Florida coasts after Deepwater Horizon oil spill. They found that under typical 

calm condition, SRBs that were centimeter in size were unable to move alongshore, except during 

storm condition.  This study was primarily concerned with alongshore transport of SRBs. They 

observed that SRBs rounded in shape are due to rocking in wave action or cross-shore transport. 

Suneel et al. (2013b, 2014) used hydrodynamic model coupled with the forward particle tracking 

model to simulate probable TB trajectories along the Goa and Gujarat coasts. They found that the 

TBs that were transported to the Goa coast in 2010 were originated from the tanker wash along the 

“International Tanker Route and those transported to the Gujarat coast during 2012 were from 

Bombay High (BH) oil fields.  

The international tanker route, one of the heaviest tanker traffic routes in the world, connects the 

Arabian Gulf with the far east and western countries to the Arabian Sea. Majority of the oil fields in 

the Arabian Sea are located off south Gujarat and Mumbai coasts. TBs are getting deposited on the 

beaches of these coasts during the pre-monsoon and monsoon months (May- September). Recently, 
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Suneel et al. (2015) identified that the source of the TBs deposited along the Goa coast during 26-27 

May 2013 (using chemical fingerprint techniques) is BH, though Goa coast is ≈ 650 km away from 

the fields. However, for this case, model trajectories were not generated. In the same period (26-28 

May 2014) of the next year also tar ball deposition occurred along the Goa beaches. The oil fields of 

Oil and Natural Gas Corporation Ltd (ONGC) are located at a depth of 65 m and 160 km from the 

coast. The present study aims at simulating travel paths and origin of TBs that were deposited in 

2010, 2013 and 2014 along the beaches of Goa by means of backtracking method in order to confirm 

the source as tanker wash or oil fields. Two beaches namely, Vagator and Agonda were chosen to 

represent the north and south Goa, respectively to release the particles numerically. 

2. Material and Methods 

2. 1. Area of study 

 Goa is one of the small states in India (3702 sq km), geographically located on the central west coast 

of India (WCI); it has a coastline length of ≈ 105 km with beautiful beaches and a variety of 

recreational activities, and therefore attracts global tourism. We have considered three cases of TB 

depositions that occurred during 30 August - 01 September 2010, 26-27 May 2013 and 26-28 May 

2014 to study the TB pathways along the coast of Goa using backtracking method. The model 

domain chosen for the backtracking modeling is 17-22° N and 65-75° E. The study area includes 

location of oil fields, international tanker routes and TB deposition areas (Fig. 1). Typical tar ball 

depositions are shown in Fig. S1 (supplementary material). 

Fig. 1 is to be inserted here 

2. 2. Winds and currents 

Winds (six hourly), available at a spatial resolution of 0.125°x0.125° for July and August 2010, April 

and May 2013 and April and May 2014, were extracted from the ERA-Interim ECMWF website. In 

July and August 2010, westerlies were twice stronger than April-May of 2013 and 2014; 

northwesterlies prevailed during April 2013 and 2014; whereas, in May 2013 and 2014, two wind 

systems prevailed: westerlies in the northern domain and northwesterlies in the rest of the domain 

(Fig. 2). The surface currents during these three simulation periods were derived from satellite 

altimeter data. Satellite altimeter provides reliable scenarios of offshore surface circulation, but does 

not provide an accurate description of the near-shore circulation, resulting in information gap of 20-

25 km from the coast (Saraceno et al. 2008). The coastal circulation along the WCI is important, 

especially during the transition periods between the southwest and the northeast monsoons (Shetye, 
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1999). Indeed, the West India Coastal Current (WICC) flows from south to north from November to 

January (NE monsoon) and reverses from June to September (SW monsoon), but during intra-

seasonal periods it is influenced by local forcing (as wind) on time scales shorter than 10 days and by 

remote forcing (as coastally trapped waves) on longer time scales (Shetye et al. 2008). Therefore, we 

used OSCAR (Ocean Surface Current Analysis Real-time) surface currents where the surface 

circulation derived from satellite altimetry is improved in coastal areas (Bonjean et al. 2002). 

OSCAR data are obtained from the analysis of three parameters, namely, sea level anomaly (SLA), 

sea surface wind (SSW) and sea surface temperature (SST) and are able to capture the current system 

in the Pacific Ocean and Tropical Indian Ocean (Johnson et al., 2007, Sikhakolli et al., 2013). They 

compared OSCAR currents with in situ data from drifter and buoy, and found good match between 

them, especially in zonal current than the meridional. In another study, Amol et al. (2014) compared 

the OSCAR current with the ADCP currents and found that the OSCAR data could capture the 

seasonal (>100 days) and intraseasonal (30-90 days) bands that observed in ADCP data, showing 

good agreement between OSCAR and ADCP data. The monthly means of OSCAR currents are 

shown in Fig. 3. OSCAR surface currents are provided as 5-day mean with 1/3° grid spacing for the 

study area.  

ECMWF winds and OSCAR currents were given as input data to the backtracking simulations 

presented in this study. Both winds and currents were linearly interpolated in space and time along 

the tar ball trajectories. The monthly climatology was generated using six years (2010 to 2015) of 

ECMWF data for winds and OSCAR data for surface currents to understand the  depositions of tar 

balls in the month of May (Figs. 7 and 8). 

2.3. Backtracking numerical model  

Backward-in-time tracking or reversed trajectory method combines the use of sequences of realistic 

meteorological and oceanographic data with the ‘receptor mode’ technique (Galt and Payton, 1983), 

where lagrangian particles are tracked backwards in time from a receptor site to multiple possible 

sources offshore. Backward tracking method, in the ‘receptor mode’, produces time-of-travel or 

arrival time maps, i.e. maps showing the minimum time required for the oil particles to reach the 

coastal site. In forward tracking, particles are released from the assumed source locations, and they 

are tracked till they reach the coast, whereas, in backward method, particles are released from the 

beaching sites, and backtracked using wind and current data loaded in reverse order. If the number of 

destinations or coastal sites is significantly fewer than the number of potential sources of pollution, 

or, in other words when the sources of pollution are unknown, the backward-in-time approach is 

computationally more efficient (Batchelder et al., 2006). Backward methods are widely adopted in 
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atmospheric science to identify the source of a pollutant or to estimate substance emissions from 

potential emission sites; in the ocean, the backward technique has been successfully tested by 

Batchelder et al. (2006) to investigate sources, destinations and transport pathways of plankton, and 

by Isobe et al. (2009) to specify the source of drifting objects during a three months experiment in 

the East China Sea. Ciappa and Costabile (2014) used this technique to quantify the risk of oil 

pollution around a protected marine area in the Central Mediterranean Sea. 

 In this study, the backward-in-time method has been used with reanalysis wind and current data to 

simulate a single tar ball deposition scenario for a period of 1-2 months. The lagrangian particles (tar 

balls) have been seeded in multiple starting points (receptor sites) near the coast of Goa along the 10 

m isobath and uniformly released for 1-2 days, corresponding to the observed beaching period. 

Trajectories of 2014 event are plotted in Fig. 5. About 50,000 particles have been released for each 

run. In these simulations, the movement and spreading of the particles is controlled by wind drift, 

current advection, spreading or diffusion, and the latter simulated by random walk. Using the linear 

form of the transport equation adopted by Isobe et al. (2009) the backward trajectory of a single 

particle results as follows:  

  tkRtUXX h
ttt Δ+Δ−=Δ− 2          ----------------------------------------------   (1)  

where tX is the position of the lagrangian particle at time t , tΔ =5 minutes is the time step, U is the 

sum of wind drift (3% of the wind speed) and current advection (100% of the surface current), hk = 5 

m2/s is the diffusivity of the particles and R represents a random number generated at each time step 

with an average and standard deviation of 0.0 and 1.0, respectively. Wind data from the ECMWF 

have been updated every 6 hour; current data extracted from the OSCAR datasets at a spatial 

resolution of 1/3° have been updated at 5 days intervals. Wind and current data were loaded in the 

reverse order, i.e. starting from the oldest one, and have been linearly interpolated in time and space 

before being used in Eq. (1). 

The seeded particles were considered as conservative. For 2010 simulation, particles were seeded 

during 31-30 August, for 2013 during 28-27 May and for 2014 during 27-26 May. The study area 

covering 13-22°E and 65-75°N was subdivided into a regular grid with a spatial resolution of 

0.5’(0.5 minute equivalent to ≈ 925 m) and particle trajectories were reported on the grid by storing 

the minimum travel time of the particles in transit in each cell of the grid. TBs were tracked 

backward in time for 25 days, 45 days and 75 days, respectively. First simulation was restricted to 25 

days as the departure of the particles from the coast was very fast, and subsequently, the particles 

quickly crossed the western boundary of the grid. 
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3. Results and Discussion 

Winds and currents are assumed to be the major forces that transport TBs from sea to the shore. The 

influence of waves has been considered from the depth of 10 m to the beach. We assumed that the tar 

balls arrived at 10 m depth shall land on the corresponding beach due to wave action. The receptor 

location (initial particle release point) was selected at 10 m isobath off Vagator in the north to 

Agonda in the south, a 30 km stretch of the Goa coast (Fig. 4).   

Fig. 4 is to be inserted here 

(a). Backtracking simulation for August 2010 

Studies dealing with backtracking numerical modeling in the field of marine pollution, particularly in 

oil pollution are very limited. Ciappa and Costabille (2014) evaluated risk factor involved in oil spills 

caused by the tanker washes in Egadi archipelago at the entrance to the Sicily Channel using the 

reverse trajectory modeling. Results showed that different segments of the oil tanker routes 

connecting the western and eastern basins of the Mediterranean Sea are potential sources of oil 

pollution for a marine protected area. In the first case, the particles seeded off Goa coast at 10m 

isobaths during 31-30 August 2010 were tracked backwards for 25 days (after 25 days the particles 

crossed the model domain). The simulated trajectories showed that particles reached the vicinity of 

the tanker routes within 20-22 days (i.e. on 10 August 2010) (Fig. 5), vividly suggesting that the 

source could be either illegal discharge of tanker wash or oil leakage. Based on chemical fingerprint 

data, Suneel et al. (2013a) confirmed that the tar balls deposited in August 2010 along the Goa coast 

are due to tanker washes. Apparently, this trajectory matched exactly with the trajectories simulated 

by Suneel et al. (2010b) using the hydrodynamic model coupled with the forward particle tracking 

model. 

The particles released on 2 August 2010 reached the southern coast of Goa on 30 August 2010, the 

travel time of the particles were approximately 28 days. However, in the present backtracking 

simulation, the particles traveled from the destination to the source region within 20-22 days, 

relatively one week earlier than the forward tracking simulation. The one-week delay in forward 

tracking could be due to the integration of velocities over the depth in the hydrodynamic model, 

whereas OSCAR currents are surface currents. Since that model was two dimensional, the magnitude 

of velocities reduced upon integration of entire water column, which eventually caused the delay in 

travel time. In accordance with the present backtracking simulation, the particles travelled over the 

sea surface and underwent various weathering processes during those 22 days and eventually reached 

the coastline of Goa. In real sense, the 22 days of weathering will not be enough to form fully 



7 
 

matured TBs. Jonsson (2010) and Woodham (2010) found that the TBs that were derived from the 

Deep Water Horizon incident were washed onshore off Florida to Texas coast approximately in two 

months, suggesting that the time required for the formation of TB is about two months. In the present 

study, TBs deposited in 2010 along the coast of Goa were found as semi-solid form and melted 

easily under sunlight (Fig. S1a). Also, the chemical analysis of these tar balls showed the presence of 

low molecular weight components (Suneel et al. 2013a), confirming that they were formed from very 

recent spillage, supporting the backtrack model results.  

Fig. 5 is to be inserted here 

 (b). Backtracking simulation for May 2013 and May 2014 

We observed during May 2013 and 2014 the TBs landed on the coast of Goa almost during the same 

period (27-28 May and 26-28 May). Therefore, particles were seeded for the same period (27 to 28 

May 2013 and 26 to 28 May 2014) and backtracked for 45 and 75 days, respectively. In general, 

strong monsoonal wind prevails in the Arabian Sea during May, and changes its direction 

significantly in August. In contrast to the trajectories of August 2010, May 2013 and May 2014 

trajectories are northwestward (towards BH oil fields) from the seeded location, and reached the oil 

fields in about 30 and 65 days for the years 2013 and 2014,  respectively (Fig. 6). Figure 6 shows 

that the nearest oil field is ≈ 91 km from the trajectory in 2013 and ≈ 21 km from the trajectory in 

2014. Mean winds of May 2013 over the domain (Fig. 2) show that northwesterlies prevailed in 

April became westerlies in May, blowing towards southeast of the domain. Meanwhile, currents are 

towards south in April, and southeastward and stronger in May. A narrow current (Fig. 3) flowing 

along the continental rise (green color patch) towards southeast (most prominent in mean currents of 

April 2013) could be responsible for the transport of tar balls towards the Goa coast. The current 

meter observations obtained off Goa in three different months March, May and November of 1986 

showed that the mean flow is towards south during March and May and north during November, and 

these currents were a result of superimposition of oscillations of wide ranging frequencies (Shenoi et 

al. 1991). The mean OSCAR currents generated in this study also have shown similar features.  

A possible reconstruction could be that the spilled oil in the vicinity of oil fields moves away from 

the fields towards western Arabian Sea till March. In April, current starts flowing towards south and 

by May southeastward. This southeastward current becomes stronger during June (Fig. 3), and 

carries the oil residues; simultaneously winds also act on them pushing towards east (west coast), 

eventually these residues deposit along the WCI. The present backtrack simulation trajectories of 

2013 and 2014 also show that the path of particles is not exactly the oil fields, but away from the 
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fields, towards western Arabian Sea. This is because during  January to March, the prevailing winds 

and currents are such that, tar balls move towards western Arabian Sea, and when the winds and 

currents change the direction, TBs start moving diagonally towards Goa along the continental rise 

and eventually landing on Goa coast as seen in the trajectories. It is difficult to measure the residence 

time for these TBs as we do not know the formation time and location. The maximum residence 

period could be upto 7 months (October to April). The rest of the months (May-September) fall in 

the premonsoon and southwest monsoon seasons, and are conducive for the transport of tar balls that 

formed/stranded in the Arabian Sea. Therefore, the residence time (in water) of TBs that were 

deposited (on the coast) in the month of May could be as much as 7-8 months, and could be around 

one month if deposited in August, primarily because of winds and hydrodynamic conditions present 

in the Arabian Sea. 

Fig. 6 is to be inserted here 

(c). Threat areas of WCI by the TB deposition 

The climatology of winds and currents computed from six years (2010-2015) of data have revealed 

repeated depositions of TBs in the month of May on the Goa coast (Table S1). If any oil is spilled 

(natural or accidental) in the vicinity of BH oil fields, it would either float or move away from the 

fields. It is known that after the Deepwater Horizon spills in the Gulf of Mexico, oil stranded in 

supra-tidal region approximately for three months. In such a situation, as the beach undergoes normal 

erosional and depositional processes, oil residues would either be buried or exposed. Some of the oil-

sand mixer in the sub-tidal region forms submerged oil residue mats. The sub-tidal oiled-mats 

become chronic source of SRBs on the adjacent shoreline as they break up. The presence of angular 

SRBs on the beach (for example, Figure. S1. c) was a key indicator of the presence of sub-tidal 

nearshore oil residue mats (Michel et al. 2013). Our present study area is highly influenced by 

reversal of winds associated with reversal of currents rather than tide or wave-induced transport. 

Therefore, a keen observation of wind and current climatology suggest that if oil is spilled in the BH 

region (natural or accidental), the tar balls formed out of these spills move towards west during the 

NE monsoon  (November to March), and turns southward in April and southeastward in May, 

towards the central WCI (Figs. 7 and 8).  

Figs. 7, 8 are to be inserted here 

As both winds and currents during April are towards southeast, any oil residues that are floating in 

the sea surface or in the water column will start moving in the southeast direction in April. The 

backtrack simulation results show that particles could reach from the oil fields to the central WCI in 
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more or less  one month period. As time advances to May, winds slightly change from 

southeasterlies to westerlies, and bring the TBs directly to the central WCI. This is one of the reasons 

for the deposition of TBs along the coast of Goa in May. In fact, observations of last few years have 

also confirmed this hypothesis (Table S1). 

There is a threat to the south Gujarat coast in June and July months; winds during June are stronger 

but southwesterlies, whereas currents are towards southeast. Though the currents are southeastward, 

tidal currents are stronger and dominant in the wider continental shelf off Gujarat coast. Joseph et al. 

(2009) have taken measurements of tides using four tide gauges for a period of 40 days at the 

offshore platform site called ‘ICP’ ( BH region). Their tide measurements revealed that the observed 

tidal range of about 3m at spring tide phase was considerably larger than the open-ocean tide, and 

currents in this region is driven to a large extent by the tides. Therefore, due to winds and tidal 

currents, the oil residues of BH origin will land up on the south Gujarat coast in June and July 

months. This is also evident from our observations (Table S1). The wind climatology shows that 

during July and August, the strong southwesterlies blow in parabolic path towards southeast (towards 

Goa coast), whereas the currents climatology for the July and August months show that they are 

southeastward. Therefore, any oil that released during July and August in the vicinity of tanker 

routes will surely land on Goa coast (Figs. 7 and 8), and there is less probability for the particles 

from BH oil fields to reach the coast of Goa in August. The same was observed in the case of August 

2010 TB deposition on the Goa coast, which was presumably due to tanker wash. 

4. Conclusions 

In the present study, we have used backtracking model to evaluate the transport mechanism of tar 

balls that have deposited along the coast of Goa, particularly in May, and track the origin of the TBs. 

Three cases of TB deposits that occurred during August 2010, May 2013 and May 2014 have been 

considered for the study. The results of August 2010 simulation  showed that the TBs were 

originated from the tanker routes, and the residence time was approximately 22 days matching with 

Suneel et al. (2010b). As 22 days of weathering may not be sufficient to form fully matured TBs, the 

TBs must have been formed from the recent spillage. We have also physically observed that the TBs 

almost started melting in the sunlight immediately after beached. Based on the chemical fingerprint 

tests also, it was proved that the tar balls deposited in August 2010 on the Goa coast are from recent 

spillage due to tanker wash (Suneel et al. 2010a).Thus the model results are in good agreement with 

the observations.  
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The TB trajectories of May 2013 and 2014 showed that TBs have originated from the BH oil fields. 

The fingerprint test performed for the TBs deposited in May 2013 confirmed that they were formed 

from the BH crude oil (Suneel et al. 2015). The present backtrack simulations also showed that the 

BH oil fields is the origin, and travel time of the particles to reach the nearest location of oil fields is 

≈ 30 days. In the case of May 2014 simulations, the time taken for the particles to reach the oil fields 

is 65 days, which is longer than 2013 simulations. This is because the strength of winds and currents 

of 2014 was weaker in 2014 than 2013. It is also confirmed from the backtrack simulation 

trajectories that the origin of the TBs deposited along the Goa coast in 2010 is tanker routes, 

whereas, that of May 2013 and May 2014 is BH oil fields.  

At this time, it is difficult to confirm whether the oil released in the vicinity of oil fields is due to 

field operations or natural seepage. Results of this study allow us to optimize the available resource 

for oil spill monitoring in the sea, from where the TB pollution is originated. We have initiated the 

work of confirming the type of source oil – whether natural seepage or operational, and the work is 

in progress.  
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Figures: 
 

 
 

Graphical Abstarct 

 
 

 
                
Figs. 1a &1b shows study area, Fig. (c) is zoom view of Goa coast 

 
 
 
 



14 
 

 
                         

 
                
 
Fig. 2. Monthly means of ECMWF winds for July & August 2010 and April & May 2013 and 2014 
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Fig. 3. OSCAR mean currents for July & August 2010 and April & May 2013 and 2014 
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Fig. 4. Trajectories of tar balls released from the seeding points between Vagator and Agonda (Goa coast).  
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Fig. 5. Comparison of trajectory of TB transport (a) during August 2010 forward tracking (Suneel et al.2010b), 
(b) present study simulation trajectory using backtracking method 

 

 
 
Fig.  6. Trajectories of Backtracking simulation for May 2013 and 2014 
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Fig.  7. Monthly climatology of ECMWF winds for the years 2010-2015 
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Fig.  8. Monthly climatology of OSCAR currents computed from six years (2010-2015) data. 
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1.  Tar ball deposits 

Tar ball deposits occurred along the Goa coast in the last four consecutive years are shown in Fig. S1, and 
occurrence of deposits along the Goa and Gujarat coasts are given in Table S1.   

 
 
Figure S1. Illustration of various types of TB deposits on the beaches of Goa: (a) Velsao, Sept 2010,  (b)  
Mandrem, May   2011, (c) Mobor, May 2012 and (d) Candolim, Jun 2014.  

 

S. No Date of deposition Place of deposition 
1 20 May 2011 Mandrem, off Goa 
2 2012 TBs deposited, but details 

not recorded  
3 27-28 May 2013 Off Goa stretch 
4 26-27 May 2014 Off Goa stretch 
5 11 May 2015 Morjim, off Goa 
6 23-24 June 2011 Off south Gujarat 
7 15-17 July 2012 Off south Gujarat 
8 19-20 June 2013 Off south Gujarat 

 
Table S1. Details of TB deposits along the Goa and Gujarat coasts 

 


