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We use 14 years of satellite-derived sea-surface temperature (SST) data to compute a monthly frontal
probability index (FPI) to determine the existence of a front in a pixel. A persistent SST front is deemed
to exist if the FPI in a narrow region exceeds that in the surrounding ocean. We describe the seasonal
variability of 17 persistent SST fronts (eight associated with the shelf-slope boundary and ﬁve with the
mixing between diﬀerent water masses) in the north Indian Ocean. Only weak fronts exist during a few
months in the strong upwelling regimes oﬀ Somalia and Oman.
Keywords. SST fronts; frontal systems; Arabian Sea; Bay of Bengal; potential ﬁshing zones.

1. Introduction
Sea-surface temperature (SST) fronts are narrow
regions in the ocean across which high horizontal temperature gradients are observed; they occur
on a variety of temporal and spatial scales, with
the horizontal extent varying from a few hundred
metres to thousands of kilometres and vertical
extent from a few tens of metres to a few hundred
metres (Belkin and Cornillon 2007; Belkin et al.
2009). SST fronts tend to be more productive owing
to an increased supply of nutrients and therefore
tend to be richer in ﬁsh than the surrounding
ocean (see, e.g., Maul et al. 1984; Solanki et al.
2008; Mahadevan 2014). The characteristics of
SST fronts depend on where they form – e.g.,
tropical fronts tend to be associated with weaker

temperature gradients than sub-tropical or polar
fronts (Vipin et al. 2015) – and the oceanic
processes responsible for their formation – for
example, in the tropics, oceanic fronts with hightemperature gradients tend to be restricted to
upwelling regimes associated with westernboundary currents (Evans and Brown 1981).
SST fronts are also seen in the north Indian
Ocean (NIO), a tropical basin, but most tend to
be short-lived, with a lifespan of the order of a
week. Nevertheless, some of these short-lived fronts
also tend to be more productive than the surrounding ocean (Vipin et al. 2015). Such short-lived
fronts tend to move considerably owing to advection by the large-scale currents. Even in the NIO,
however, some fronts tend to be quasi-stationary
and persist longer, with some fronts surviving over
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Figure 1. The annual FPI in the NIO. The frontal systems identiﬁed by Belkin and Cornillon (2007) are marked using black
curves; the acronyms are as in table 1. The 200 m (1000 m) depth contours are plotted using black (blue) dashed curves. SL:
Sri Lanka; B’desh: Bangladesh.

a season. These quasi-stationary fronts tend to
form in the same region and season year after
year.
Such persistent frontal systems tend to have
larger spatial scales as well. Fourteen such frontal
systems, eight in the Arabian Sea and six in the
Bay of Bengal (BoB), were identiﬁed by Belkin and
Cornillon (2007, hereafter BC07); these fronts are
associated with large marine ecosystems (LMEs) in
these sub-basins of the NIO (ﬁgure 1). Given the
strong seasonal variation in the NIO, however, it is
likely that all these fronts do not exist throughout
the year. In this paper, we use a frontal probability index (FPI) to delineate the fronts month
by month and show that some of these fronts exist
only over a part of the year. The data and methods
are described in section 2, the seasonal variability
is presented in section 3 and section 4 concludes
this paper.

2. Data and methods
We use Level-3 MODIS (moderate resolution imaging spectroradiometer) Aqua SST data for 2003–
2016; an earlier, but a preliminary analysis used
data from 2003 to 2013 (Sarkar et al. 2015).
These data are available at a spatial (temporal)

resolution of 4 km (1 day) from http://oceandata.
sci.gsfc.nasa.gov/. The domain extends from 10◦ S
to 30◦ N and 40◦ E to 100◦ E.
SST fronts were delineated for each day during
2003–2016 using the single-image-edge-detection
algorithm (Cayula and Cornillon 1992). This
algorithm is available as a software package called
Marine Geospatial and Ecology Tools (MG
ET:
http://code.env.duke.edu/projects/mget/;
Roberts et al. 2010), which runs on the ArcGIS
platform. We used the module fronts.py and the
image-processing tools, which were available for
the MATLAB platform, but converted these codes
to GNU Octave (http://www.gnu.org/software/
octave/), Fortran and C to enable usage on any
computer (including on a ship) and to increase
the processing speed. The parameter values used
were as in Vipin et al. (2015): the window size was
32 pixels, the mean temperature diﬀerence across
the front (cutoﬀ) was 0.15◦ C, the critical function was 0.72, and the single-population cohesion
and global-population cohesion parameters were
0.9 and 0.92, respectively.
After delineating the SST fronts, we computed
the monthly composite of the occurrence of SST
fronts (not of SST) at each pixel in the domain: all
available SST front data obtained from successive
images for a month were combined. This technique
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has been used to describe the seasonal distribution
of fronts in diﬀerent parts of the world oceans
(Ullman and Cornillon 1999; Hickox et al. 2000;
Belkin et al. 2009; Miller 2009). From the monthly
composite of the occurrence of fronts, we estimated
the FPI, PF , which gives the probability (in percentage) of the occurrence of a front in a particular
pixel. For a pixel, the FPI is given by
PF = 100 ×

NSSTF
%,
Ngood

where NSSTF is the total number of occurrences of
SST fronts for the given month for the pixel and
Ngood is the number of good SST data values. This
method of computation of FPI was earlier used
by Ullman and Cornillon (1999) and Belkin and
Cornillon (2007).
The drawback of this formula is that it can
yield a misleading result of high FPI when data
availability is low. For example, if Ngood = 5 at
a grid point and NSSTF also equals 5, then this
formula yields PF = 100%, which is misleading
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as we do not have data for most days of the
month. To avoid such false high FPI, we set a
minimum threshold, Nthreshold , for Ngood for each
pixel for a given month and computed the FPI
only when Ngood ≥ Nthreshold . The threshold
observation value, Nthreshold was estimated as the
diﬀerence between the central tendency, given by
the median, and the standard deviation. Nthreshold
for 12 months is listed in table 1. The median and
standard deviation for each month were computed
by stacking all the available data (for all years for
that month) for all pixels in the domain. The basic
assumption underlying this formula is that most of
the values are expected to lie within one standard
deviation of the central tendency. The existence of
outliers and the uneven spatial distribution of data
imply that the median is a better estimate of the
central tendency than the mean.
Most of the SST fronts in our study domain
tend to move fast owing to advection, leading
Vipin et al. (2015) to use six satellite passes in
a day to map the movement. Since our focus is
on the seasonal variability, we created monthly

Table 1. The seasonal variation of the frontal systems.
Sl. no.

Acronym

J

F

M

A

M

J

J

A

S

O

N

D

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

SCF
SGF
GAF
OCF
GOF
PGF
PUF
IEF
WIMSF
WISSF
GMF
ECF
PSF
GBEF
MSSF
IrEF
TSSF
Nthreshold

◦
◦
◦
◦
◦

◦




◦
◦



◦
103

◦
◦


◦

◦



◦
◦
◦


◦
◦
110

◦
◦


◦






◦

◦
◦
◦
◦
136

◦
◦


◦






◦

◦
◦

◦
117





◦


◦
◦
◦
◦


◦
–
–
–
83




◦
◦


◦
◦
◦



–
–
–
–
50




–
◦

◦
◦
–
–

◦

–
–
–
–
40

◦


–
◦

◦
◦
◦
◦

◦

◦
–
–
–
28

◦
◦





◦
◦
◦



◦
–
–
–
48

◦
◦






◦
◦

◦
◦

◦
◦
◦
66

◦
◦

◦






◦
◦
◦


◦
◦
73

◦
◦
◦
◦
◦

◦





◦



◦
84

A ‘–’ indicates that the suﬃcient data are not available in that month to fulﬁl the criterion Nthreshold ≥ Ngood (the threshold
observation value, Nthreshold , is listed in the last row for each month), a ‘’ indicates that the front is observed in that
particular month, and a ‘◦’ indicates that the front is not observed. The acronyms are as follows. SCF: Somalia Coastal
Front; SGF: Somalia Gyres Front; GAF: Gulf of Aden Front; OCF: Oman Coastal Front; GOF: Gulf of Oman Front; PGF:
Persian Gulf Front; PUF: Pakistan Upwelling Front; IEF: Indus Estuarine Front; WIMSF: West India Mid-Shelf Front;
WISSF: West India Shelf-Slope Front; GMF: Gulf of Mannar Front; ECF: East Ceylon Front; PSF: Palk Strait Front;
GBEF: Ganga–Brahmaputra Estuarine Front; MSSF: Myanmar Shelf-Slope Front; IrEF: Irrawaddy Estuarine Front; TSSF:
Thailand Shelf-Slope Front. These acronyms, except for SGF, PUF and GMF, are as in BC07. The serial numbers in the
ﬁrst column are used in ﬁgure 2.
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composite maps: the composite eliminates all
variability within a month, but shows which regions
are more likely to be associated with SST fronts.
In the composite for, say, January, all the available
data for SST fronts for each day in January during 2003–2016 (maximum possible for January is
31 × 14 = 434 days) were used to compute the FPI.

3. Seasonal variability of fronts in the LMEs
BC07 identiﬁed 14 frontal systems in the Arabian Sea and BoB (ﬁgure 1). We discuss brieﬂy
the seasonal variability of each of them, moving
counterclockwise from the Arabian Sea into the
BoB; the names and acronyms of these fronts are
as in BC07. In addition, we show that the Somalia
Current Front (SCF) identiﬁed by BC07 is
associated with two distinct frontal systems, one
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associated with the boundary current and another
with the gyres associated with Somali Current,
and that a front mentioned, but not marked,
by BC07 does exist oﬀ the coast of Pakistan
(Pakistan Upwelling Front (PUF)). Furthermore,
we identify one new front in the Gulf of Mannar, the Gulf of Mannar Front (GMF). These 17
fronts are listed in table 1 and ﬁgure 2 shows the
monthly FPI maps that form the basis for the
following description. See ﬁgure 1 for the location of the fronts mentioned by BC07, ﬁgure 2
for the seasonal variation of the 17 fronts and
table 1 for a monthly summary of the existence
of these fronts; the fronts are numbered in the
table and the description below to facilitate their
identiﬁcation in ﬁgure 2.
The Somalia Coastal Front (SCF, 1) is not
evident in the annual FPI map, but a weak
frontal system associated with the boundary

Figure 2. Monthly FPI computed from MODIS Aqua SST data for 2003–2016. The grey curves are the frontal systems
identiﬁed by Belkin and Cornillon (2007) and shown in the annual FPI map in ﬁgure 1. The seasonal fronts are denoted by
the pink curves and the numbers are as in section 3 and table 1. SL: Sri Lanka; B’desh: Bangladesh.
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current oﬀ Somalia is evident during May–July
over a part of the shelf-slope boundary. Although
the Somali Current is the strongest boundary current in the NIO and has been associated with
strong upwelling, the strong upwelling front
expected in this region (Evans and Brown 1981)
is not seen.
The Somalia Gyres Front (SGF, 2) was combined with the SCF by BC07, but it is also not
evident in the annual FPI map. Two distinct fronts,
one each associated with the Southern Gyre (SGF2a) and the Great Whirl (SGF-2b), are, however,
seen during May–August. The Southern Gyre is
the southernmost of the major gyres associated
with the Somali Current and is seen just north
of the equator (Bruce 1968); the Great Whirl
forms farther north, near the northeastern boundary of Somalia (Bruce 1968). We do not distinguish
between the fronts associated with these two gyres
in spite of the distance separating them and assign
the same number to both of them though the SGF2a is seen during May–July and the SGF-2b during
June–August.
The Gulf of Aden Front (GAF, 3) is observed in
the annual FPI map at the mouth of the gulf, but
about a degree east of the 51◦ E location reported
earlier (BC07). The GAF extends across the mouth
of the Gulf of Aden, from the northeastern tip of
Somalia to the coast of Yemen. It starts oﬀ as
a broad spread of high FPI in February–March;
the FPI increases through April–May and peaks
during May–September; the FPI decreases in October and the GAF is not seen during December–
January.
The Oman Coastal Front (OCF, 4) exists only
during a few months of the year. The FPI is higher
oﬀshore of the OCF, but patches of higher FPI are
seen in the OCF regime during February–March.
The extent of high FPI increases during April–May,
but the FPI decreases during the summer monsoon (June–August), but data are sparse during
July–August. The OCF reappears as a weak front
in September, is at its peak during October, and
collapses in November.
The Gulf of Oman Front (GOF, 5) exists as two
distinct patches, one along the northern coast of
Oman (coastal GOF or CGOF) and another across
the mouth of the Gulf of Oman, from the coast of
Oman to the coast of Iran (open-ocean GOF or
OOGOF). Although a broad spread of FPI above
the surroundings is seen in the neighbourhood of
OOGOF in several months, OOGOF never appears
as a distinct front. High FPI is evident in the
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CGOF regime during September–November, but
the peak is restricted to October.
The Persian Gulf Front (PGF, 6) is the only
frontal system that exists throughout the year, but
its location, marked closer to the Arabian peninsula by BC07, shifts seasonally across the gulf,
moving from the coast of the Arabian peninsula
(November–February and May–September) to the
coast of Iran (August–November). During March–
April and again during September–October, the
PGF is seen in the middle of the Persian Gulf,
away from both coastal regimes. The data also suggest that the front extends from 25.5◦ to 30◦ N only
during November–February; it is shorter and terminates farther south during the other months.
The Pakistan Upwelling Front (PUF, 7) was
mentioned by BC07, but not marked. This front
exists as a regime of moderately high FPI during March–June oﬀ the coast of Pakistan; it forms
again during September, but is strong only during October–November, after which it collapses.
This front seems to be driven by local upwelling
favourable winds during March–June and again
during October–November. It is not seen during
the winter monsoon (December–February), when
remotely forced downwelling dominates in the eastern and northern Arabian Sea, or during the peak
of the summer monsoon in July–August, when the
upwelling is forced remotely (Shankar et al. 2002).
The Indus Estuarine Front (IEF, 8) is seen oﬀ
the coast of Pakistan and Gujarat during October–
April. At its western end, it may merge into the
PUF.
The West India Mid-Shelf Front (WIMSF, 9)
consists of two parts, one close to the coast and
the other closer to the 200 m isobath in the northeastern Arabian Sea (NEAS). This front is seen
during November–April, but the FPI is high even
in the waters between the two parts of the WIMSF
during February–April, when the high-FPI regime
is broad in the NEAS.
The West India Shelf-Slope Front (WISSF, 10)
is seen during November–April, with the high FPI
evident during December–March, along the shelfbreak (∼200 m isobath) in the northern part of the
eastern Arabian Sea. Although BC07 suggests that
the WISSF extends all along the shelf break oﬀ the
Indian west coast, we do not ﬁnd evidence for it
south of ∼16◦ N.
The Gulf of Mannar Front (GMF, 11) is evident
as a regime of high FPI near the northern boundary
of the Gulf of Mannar between India and Sri Lanka
(ﬁgure 1). It was not reported by BC07, but shows
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up in our analysis along the shelf break in the gulf,
suggesting it is a shelf-slope front like the WISSF or
the PUF. The GMF appears in June and July as a
continuous regime of high FPI extending from the
northern Gulf of Mannar to the coast of India bordering this gulf. The high FPI in the western gulf
disappears during August–September, when the
GMF is at its peak. The GMF weakens in October
and disappears in November. It is seen again during
December–January, but not in February. During
March–April, it is weak, but still evident in the
northern gulf before disappearing in May. Therefore, unlike the other fronts, the GMF is more intermittent, existing for a few months at a time before
disappearing altogether for a month or more. Over
the year, however, it is seen during 9 months of the
year.
The East Ceylon Front (ECF, 12) is not seen at
the location marked by BC07 and does not appear
in the annual FPI map. FPI higher than in the
surrounding ocean is evident, however, to the west
of the BC07 curve during May, September and
December, and to its east during June, suggesting
that there may be a broader regime of high FPI
east of Sri Lanka (Ceylon).
The Palk Strait Front (PSF, 13) appears as a
regime of slightly higher FPI compared to the
surrounding ocean at the northeastern boundary
of the strait between the coast of India and the
northern tip of Sri Lanka; this location is to the
west of the curve marked by BC07 and suggests
that the location of the PSF is also determined
by bathymetry. The PSF is much weaker than the
GMF, but exists during March–September.
The Ganga–Brahmaputra Estuarine Front
(GBEF, 14) exists at the interface of the fresher
water debouched into the northern BoB by the
Ganga–Brahmaputra system and the saltier
oceanic waters. Data are not available in the
domain of this front during June–July, but available data suggest it is not evident when the
discharge peaks during the summer monsoon:
the front is not seen during August–September
and exists as a regime of moderately high FPI
during October–November before peaking during
January–February. It is not seen during March–
May. This seasonal cycle suggests that the front,
even if it exists due to the salinity gradient, is controlled by the circulation.
The Myanmar Shelf-Slope Front (MSSF, 15)
exists oﬀ the west coast of Myanmar during
November–February. Although data are not available during May–September, the absence of this
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front during March–April and October suggests
that it is limited to this season.
The Irrawaddy Estuarine Front (IrEF, 16) is
maintained by the discharge from the Irrawaddy
river (BC07), but its existence being limited to
December–January and April suggests that the
circulation of the Andaman Sea may exercise a control. Lack of data during May–September makes
it impossible to judge if the IrEF exists during
the summer monsoon, when the Irrawady discharge
peaks.
The Thailand Shelf-Slope Front (TSSF, 17) was
identiﬁed by BC07 along the eastern boundary of
the Andaman Sea, but is not seen in our analysis.
As for the IrEF, data are not available in its domain
during May–September.

4. Discussion
Our analysis using 14 years (2003–2016) of MODIS
Aqua SST data shows considerable seasonal
variation in the SST fronts identiﬁed by BC07
and associated with LMEs in the NIO. One of
the 14 fronts identiﬁed by BC07, the TSSF, is not
seen in our analysis, and another, the ECF, shows
up as a broad patch of high FPI (in comparison
with the surrounding ocean) during a few months
(ﬁgure 2 and table 1). Of these 14 fronts, only the
PGF exists throughout the year, but its location
shifts across the Persian Gulf (ﬁgure 2). A front
mentioned by BC07 is shown to exist seasonally oﬀ
the coast of Pakistan (PUF) and one new front,
GMF, has been identiﬁed along the shelf-break in
the Gulf of Mannar. We have also separated the
weak front associated with the Somali Current, the
SCF, from the stronger fronts, the SGF, associated
with the gyres (the Southern Gyre and the Great
Whirl) seen oﬀ Somalia.
Although clouds lead to data gaps, particularly
during the summer monsoon, over parts of the
domain (see ﬁgure S1), the available data are sufﬁcient to permit the inference that only the PGF
in the Persian Gulf exists throughout the year, but
even the PGF moves across the gulf over the year.
The other fronts exist only over a part of the year.
While we do not explore the reason for the
existence of these fronts, their location suggests a
forcing mechanism. Of these 17 fronts, eight are
associated with the shelf-break – SCF, OCF, PUF,
WISSF, GMF, PSF, MSSF and TSSF (which is
not seen in our analysis) – and three with river discharge through large estuaries – IEF, GBEF and
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IrEF. Two fronts – GAF and GOF – are seen at
the mouths of gulfs adjacent to the Arabian Sea
and are probably also associated with temperature
and salinity gradients resulting from the mixing
between the more saline waters of these gulfs and
the Arabian Sea. Therefore, 13 of the 17 fronts
are either associated with topographic controls or
temperature and salinity gradients created by the
mixing of diﬀerent water masses. The SGF is associated with the strong gyres that form oﬀshore of
the Somali Current and are therefore also associated with the strong gradients across these eddies.
Only three fronts – the PGF, which lies within the
shallow Persian Gulf; the WIMSF, which lies in
the shallow mid-shelf regime of the NEAS; and the
ECF, which lies oﬀ the east coast of Sri Lanka –
are due to other causes.
What is intriguing is the absence of a strong
upwelling front oﬀ Somalia, which is considered
to be the strongest upwelling regime in the NIO;
although BC07 identiﬁed the SCF as a persistent
front, we ﬁnd only a weak SCF exists over a part of
the shelf-slope boundary oﬀ Somalia during May–
July. Likewise, the coastal region oﬀ Oman, which
is the next strongest upwelling regime, harbours
a weak OCF. Neither the SCF nor the OCF is
as distinct as even the MSSF oﬀ the west coast
of Myanmar, which is an eastern ocean boundary. The WISSF too occurs north of 16◦ N, where
the upwelling is weaker than oﬀ southwest India
(Shankar et al. 2002). Hence, in contrast to the
prediction of Evans and Brown (1981), that the
strongest SST fronts in the tropical oceans are
likely to occur in the upwelling regimes associated with western-boundary currents, the strong
upwelling regimes of the NIO, even if seasonal, are
not associated with strong SST fronts. A possible
reason for the weak OCF oﬀ Oman is that the
upwelled waters do not tend to move oﬀshore in a
classical Ekman drift, but move out of the coastal
regime in jets or squirts (Böhm et al. 1999). Lack of
data oﬀ southwest India during the summer monsoon is a likely reason for the absence of fronts in
this upwelling regime (ﬁgure 2), but the absence
of a strong SCF oﬀ Somalia, where data are not
lacking, is intriguing.
The importance of these SST fronts is due to
the potential implications for the marine ecosystem, with even weaker frontal systems having been
shown to harbour an increase in chlorophyll-a
(Vipin et al. 2015), and ﬁsheries (Solanki et al.
2008). Therefore, the physical forcing of these persistent fronts and their association with potential
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ﬁshery zones (Solanki et al. 2008) needs to be
investigated.
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