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Abstract

We used satellite-derived sea-surface-temperature (SST) data along with in-situ data collected
along a meridional transect between 18.85 and 20.25°N along 69.2°E to describe the evolution
of an SST filament and front during 25 November to 1 December in the northeastern Arabian
Sea (NEAS). Both features were ~ 100 km long, lasted about a week, and were associated with
weak temperature gradients (~ 0.07°C km~!). The in-situ data were collected first using a
suite of surface sensors during a north—south mapping of this transect and showed the existence
of a chlorophyll maximum within the filament. This surface data acquisition was followed
by a high-resolution south-north CTD (Conductivity-Temperature-Depth) sampling along the
transect. In the two days that elapsed between the two in-situ measurements, the filament
had shrunk in size and moved northward. In general, the current direction was northwestward
and advected these mesoscale features. The CTD data also showed an SST front towards the
northern end of the transect. In both these features, the chlorophyll concentration was higher
than in the surrounding waters. The temperature and salinity data from the CTD suggest
upward mixing or pumping of water from the base of the mixed layer, where a chlorophyll
maximum was present, into the mixed layer that was about 60 m thick. A striking diurnal
cycle was evident in the chlorophyll concentration, with higher values tending to occur closer
to the surface during the night. The in-situ data from both surface sensors and CTD, and so
also satellite-derived chlorophyll data, showed higher chlorophyll concentration, particularly at
sub-surface levels, between the filament and the front, but there was no corresponding signature
in the temperature and salinity data. Analysis of the SST fronts in the satellite data shows that
fronts weaker than those associated with the filament and the front had crossed the transect in
this region a day or two preceding the sampling of the front.
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1. Introduction

Ocean fronts are narrow zones of enhanced horizontal gradients of water properties (for
example, temperature) (Belkin et al., 2009; Klein and Lapeyre, 2009). Filaments (also referred
to as flumes, tongues, or squirts in the literature) are narrow elongated regions surrounded by
water with different properties; the edge of a filament exhibits a curvature (Flament et al.,
1985; Haynes et al., 1993). Gradients in water properties are observed at the edges of filaments,
and these gradients are often so high that the edges form fronts. An example is seen on the
Atlantic coast of the Iberian peninsula, where the edges of upwelling filaments form strong fronts
(Haynes et al., 1993). Edges of all filaments need not, however, be fronts. Ramp et al. (1991)
showed that a few filaments in the California Current System (Miller et al., 1999) are enclosed
by density fronts, but there are filaments that are not bounded by fronts, and the properties
change gradually at the edges of these filaments. Off northern California, cold-water filaments
have sharp southern and diffuse northern boundaries (Randerson and Simpson, 1993). When
we consider a transect across these mesoscale features, we find that gradients are observed only
once across a front, implying a monotonic distribution of water properties, but twice across a
filament, implying a non-monotonic distribution of properties.

In addition to the gradient in physical properties, both fronts and filaments have chemical
and biological manifestations that are reflected in variations in nutrients and chlorophyll (Brink
et al., 1998; Belkin et al., 2009). This biogeochemical signature of fronts makes them highly
productive (Mackas et al., 1991; Lendt et al., 1999; Etnoyer et al., 2006; Klein and Lapeyre,
2009) and such frontal regions have been exploited for commercial fishing for decades (Laurs
et al., 1984; Alemany et al., 2014). Satellite technology, particularly infrared sensors for remote
sensing of sea~surface temperature (SST), makes it possible to track such fronts over time (Shaw
and Vennell, 2000; Ba and Fablet, 2010), and remote sensing of chlorophyll adds a distinct
advantage from the viewpoint of fisheries (Lanz et al., 2009; Solanki et al., 2003a, 2010).

The characteristics of fronts and filaments depend on the region in which they form. In the
temperate oceans, the horizontal gradient of properties is high and so is the vertical extent of the
feature (Moore et al., 1999; Dong et al., 2006). Cross-frontal differences in SST and sea-surface
salinity (SSS) can be as large as 10-15°C and 2-3 psu, respectively; typical differences are of
the order of 2-5°C and 0.3-1.0 psu (Belkin et al., 2009). For example, the Florida Current and
the Gulf Stream are bordered by two perennial fronts, across which the SST difference ranges
between 2-10°C and 1.5-4.5°C, respectively (Belkin et al., 2009). In the Atlantic, filaments off
Cape Sao Vicente (Portugal) have a length (width) of about 250 km (50 km) and the temperature
difference between the filament and surrounding waters is about 2-3°C (McCreary et al., 1991;
Corré and Jesus, 2003). Hickox et al. (2000) studied SST fronts in East China Sea, Yellow Sea,
and Bohai Sea and found the cross-frontal SST range upto 4°C, with the fronts exhibiting strong
seasonal variability in this region. Apart from such high horizontal gradients, upwelling velocities
tend to be higher in a frontal regime (Mahadevan and Tandon, 2006; Klein and Lapeyre, 2009)
and enhanced vertical mixing and nutrient flux is observed in the filaments and frontal zones
(Niiler et al., 1989; Johnston et al., 2011). Observations show that the vertical extent is ~ 75 m
for the Kuroshio Front (Park and Chu, 2006) and ~ 100-150 m for the Agulhas Front (Belkin
and Gordon, 1996).

In the tropical oceans, SST fronts or filaments with such high gradients are observed only
in the regime of strong western-boundary currents and upwelling zones (Evans and Brown,
1981). In the north Indian Ocean (NIO), a long, persistent frontal system in the Gulf of Aden
adjoining the Arabian Sea shows a cross-frontal temperature difference of ~ 5°C during the
summer monsoon (Belkin et al., 2009), when strong upwelling is forced off both Somalia (to
the south of the gulf) and Oman (to the north of the gulf) (Wyrtki, 1971; McCreary et al.,
1993). A temperature difference of ~ 6°C was observed across an upwelling front along the west



coast of India, during the summer monsoon in 1987 (Unnikrishnan and Antony, 1992). Often
associated with such strong temperature fronts are long filaments (see, for example, Lierheimer
and Banse (2002) and the review by Hood et al., 2009). In general, the temperature gradients
tend to be weaker in the tropics and the temperature difference was just 1°C across cold-water
filaments observed during the summer monsoon off Somalia in 1997 (Lendt et al., 1999) and
Oman in 1995 (Barber et al., 2001). In the southeastern Arabian Sea (SEAS), Maheshwaran
et al. (2000) observed SST fronts at the surface and at 50 m; the cross-frontal gradient was
~ 0.02°C km~!, an order of magnitude smaller than in the temperate oceans. A similar gradient
was observed in a transect in the Bay of Bengal off the east coast of India (Hareesh et al., 2013);
the transect sampled across two fronts during December 1997 and January 1998, and the cross-
frontal temperature gradient was just 0.07°C km™'. The vertical extent of these fronts was also
smaller, ranging from 25 m to 40 m.

In spite of the much weaker temperature gradients observed across tropical fronts and fil-
aments, the link between such mesoscale fronts or filaments and fisheries in the temperate
oceans (see, for example, Laurs and Burcks, 1985; Maul et al., 1984; Alemany et al., 2014)
has inspired their use for commercial fisheries in India (Narendranath et al., 1991; Solanki
et al., 1998c, 2001a, 2003a, 2008; Mahadevan, 2014), and SST fronts, along with satellite chloro-
phyll data, have been used to delineate Potential Fishery Zones (PFZs) in the Indian Exclusive
Economic Zone (EEZ) (Zainuddin and Saitoh, 2004; Solanki et al., 2001b, 2005). The PFZ
advisories are issued by the Indian National Centre for Ocean Information Services (INCOIS;
http://www.incois.gov.in/). Studies suggest that the fish catch in a PFZ is higher than in
a non-PFZ (Solanki et al., 2003b; Choudhary et al., 2007; Deshpande et al., 2011). Economic
analyses suggest that the PFZ advisories reduce the cost of fishing (Nayak et al., 2003), implying
that the ephemeral SST fronts associated with these PFZs have a commercial value.

Most of the studies on such fronts in the NIO are either confined to the surface (owing to
the use of only satellite data) (Belkin et al., 2009), or represent a few hydrographic sections
that sampled across these features (Unnikrishnan and Antony, 1992; Maheshwaran et al., 2000;
Hareesh et al., 2013), or report fish catch within and outside a designated PFZ (Solanki et al.,
2003b, 2005; Choudhary et al., 2007; Deshpande et al., 2011). Yet, between the formation of
an SST front or filament, which is a surface physical feature that can be discerned in satellite
data, and the fish that lie at the apex of the marine food web is an intricate web of chemical and
biological processes that determine the evolution of the complex marine ecosystem. In order to
gain insight into the ecosystem dynamics underlying the PFZs, an inter-disciplinary programme
called OCEAN FINDER was launched by the CSIR-National Institute of Oceanography in 2012.
One task under this programme is collecting and analysing data, across a host of disciplines, on
transects across such SST fronts. As noted by Hopkins et al. (2010), to capture the evolution of
these mesoscale features as they “grow, merge, split, shrink, and disappear” over a short span
of time, typically a week, is a challenge as fronts and filaments invariably represent nonlinear
flows and processes over a range of different temporal and spatial scales. Our plan therefore
was to determine the contour of a front or filament in satellite SST data and run a transect
perpendicular to the front. Given that the cross-frontal spatial scale is small, the transect is
expected to be short, of the order of just 100 km. Though these mesoscale features are seen
practically all over the NIO, their concentration is not uniform in space and time.

A cruise in the eastern Arabian Sea was allotted to this programme during 23 November
to 11 December 2012. Analysis of daily and 3-day averages of MODIS (Moderate Resolution
Imaging Spectroradiometer ) Aqua SST data (see Table 1 for the data sources) for November—
December during 2008-2011 showed that fronts are more ubiquitous in the northeastern Arabian
Sea (NEAS) during this period (Figure 1). Obenour (2014) analysed 30 years of SST data and
showed that the average probability of a clear pixel (no clouds) and of the existence of a front



is also higher in the NEAS than in other regions of the NIO.

Hence, we decided to carry out the cruise in the NEAS, which is an interesting laboratory
for studying the coupling between physics and ecosystem dynamics even on spatial scales much
larger than those associated with the mesoscale SST fronts. This region is highly productive
owing to surface cooling by dry continental winds that lead to convective mixing during the
winter monsoon (Banse, 1968; Shetye et al., 1992). This winter cooling deepens the mixed layer,
entraining nutrients into it, and leading to high productivity (Banse, 1984; Madhupratap et al.,
1996; McCreary et al., 2009). As a result of the evaporation associated with this winter cooling,
the salinity is higher at the surface in the NEAS. The vertical profile of salinity shows four
salinity extrema (Rochford, 1964; Shenoi et al., 1993).

This paper describes the physical aspects of a Filament and a Front that were sampled
during the cruise in November—December 2012. (Capitalisation, i. .e., use of Filament or Front,
implies a reference to the filament or front; when referring to other filaments or fronts, or to
filaments and fronts in general, we use the small case.) We use satellite data to describe the
evolution of the fronts in the region of interest during the cruise, and use data collected using a
surface-sensor system and a CTD (Conductivity-Temperature-Depth) to describe the variability
of temperature, salinity, and chlorophyll. The paper is organised as follows. Section 2 describes
the data and methods, including the cruise plan. The evolution of the filament and front, as
seen in satellite data, is described in Section 3. Section 4 describes the variation along a transect
as mapped by the surface sensors, and Section 5 the variation mapped using a CTD. Section 6
concludes the paper.

2. Data and Methods

Prior to the cruise, we had access only to the data that were available online from MODIS
Aqua (Table 1). These data had a temporal resolution of one day and a spatial resolution of
4 km; to plan the cruise, we used these daily data and also their three-day averages owing to
the several gaps in the daily data set. For the post-cruise analysis, we found these temporal
resolutions inadequate to interpret the in-situ observations and therefore used the Level-2 SST
data archived at INCOIS. These AVHRR (Advanced Very-High-Resolution Radiometer) SST
data, from MetOp-B, NOAA-18, and NOAA-19 (NOAA: National Oceanic and Atmospheric
Administration) satellites (Table 1), have a spatial resolution of 1 km and a temporal resolution
of 12 hours (two passes, one each during day and night), implying the availability of six SST
images per day because these satellites pass over the NEAS at different times of the day. Though
these data also have gaps, the transect covered during the cruise was not affected much by them.

To map the SST fronts, we used the algorithm of Cayula and Cornillon (1992). This algo-
rithm uses a cutoff for the mean temperature difference between the two populations on either
side of the front; the default value of 0.375°C, used by Ullman and Cornillon (2000) for the
northwest Atlantic, was too high for the weaker SST gradients in the NEAS. Therefore, we used
a cutoff of 0.15°C. This parameter has also been relaxed in some earlier studies: for example,
Wall (2006) used a cutoff of 0.125°C on the west Florida shelf. For the front-detection sensitivity
parameter, however, we used the default value of 0.76 (Cayula and Cornillon, 1992) because a
relaxation to 0.72, as done by Wall (2006), led to too many weak fronts. The filaments were
identified by analysing both SST contours and SST fronts.

Analysis of the daily and 3-day-average data showed that most of the fronts and filaments in
the NEAS are oriented zonally, suggesting that a meridional transect was more likely to sample
across them. (This orientation preference was subsequently confirmed with the high-resolution
data sets.) The cruise plan was dictated by this fact and that communication with the vessel, RV
Sindhu Sankalp, was restricted to radio telephone: the vessel did not have access to the Internet
or email during this cruise, implying that the transect could not be changed at will based on



the latest satellite maps. The vessel sailed from Mormugao port in Goa, west coast of India (see
Figure 1) on 23 November; the last communication of a satellite image to the vessel was made
on 25 November at 16:30 hours IST (Indian Standard Time, which is 5.5 hours ahead of UTC),
when the vessel came within the range for mobile communication off the coast of Gujarat, India.
Subsequently, all decisions were based on the in-situ observations. Based on the satellite data,
we decided to run a meridional transect at 69.2°FE from ~ 19-20°N, but the end points of the
transect were to be fixed on the basis of the in-situ data. This meridian was chosen because
an ADCP (acoustic Doppler current profiler) mooring was available at (69.2°E, 19.98°N) (Amol
et al., 2014).

The vessel first ran a transect at 69.2°E from 20.50-18.85°N with a towed suite of surface
sensors. The entire transect, mapped at a speed of ~ 3 knots (5.5 km per hour) from north to
south, started on 26 November at 0200 IST and ended on 28 November at 0140 IST. (Note that
the local time at this longitude is 53.2 minutes behind IST.) This towed sensor suite, assem-
bled locally, consisted of a SeaBird portable CTD, which had sensors for detecting temperature,
conductivity and pressure (depth), and additional sensors for chlorophyll, nitrate, and photosyn-
thetically available radiation (PAR), and a fast-repetition-rate fluorometer. This sensor system
was mounted on one side of the ship and was towed at a depth of about seven metres to ensure
that it did not surface in spite of the rolling and pitching. In this paper, we report only the
temperature, salinity, and chlorophyll data (Figure 3).

Following the completion of this north—south transect with the surface sensors, the transect
was resampled from south to north with a CTD being deployed at 42 stations over this distance
of ~ 140 km; the CTD transect was truncated at 20.25°N and we therefore show the in-situ data
only for 18.85-20.25°N. This CTD transect started on 28 November at 1045 IST and ended on
1 December at 0540 IST. The station spacing was roughly one nautical mile (NM; 1 NM equals
1.8 km) when the in situ data indicated the existence of a front or filament. The CTD used was
a SeaBird 911Plus with sensors for detecting temperature, conductivity, pressure, chlorophyll,
PAR, and sound velocity; as with the surface-sensor system, we restrict our attention in this
paper to temperature, salinity, and chlorophyll. The CTD chlorophyll, measured with a WetLabs
sensor emitting (absorbing) at 470 (695) nanometres, is highly correlated (r = 0.88; Rajdeep
Roy, personal communication) with the chlorophyll measured using HPLC (high-performance
liquid chromatography); the pigment HPLC data are reported in Roy et al. (2015). The CTD
casts were made to a depth of 500 m, but we report here only the data for the top 100 m because
the mixed layer and the sub-surface chlorophyll maximum (Cullen, 1982; Banse, 1987) that lies
at its base and is characteristic of the Arabian Sea (Brock et al., 1993), were within this depth
range. The downcast to 100 m took about four minutes, during which the drift of the vessel was
less than 0.00038 NM, much less than even the 1 NM station interval near a front. Therefore,
the downcast data can be considered to provide a vertical profile at the location of the CTD
cast; these stations are marked in Figure 3. Water samples were collected at 22 of these 42
stations on the upcast; these chemical and biological data form the subject of other papers.

We have also used satellite chlorophyll data that were available online from MODIS Aqua
(Table 1). These chlorophyll data had a temporal resolution of one day and spatial resolution of
4 km, but the data showed large gaps. For example, during the week starting 25 November and
ending 1 December, when the Filament and Front were mapped during the cruise, data were
available on the transect for just four days.

The other data we have used are currents from the ADCP mooring (Amol et al., 2014), surface
currents from the OSCAR (Ocean Surface-Current Analysis Real-time) data set (Bonjean and
Lagerloef, 2002), ASCAT wind data on board MetOp-A, and rainfall data from the TRMM’s
(Tropical Rainfall Measuring Mission) TMI (TRMM Microwave Imager). Data sources are listed
in Table 1.



3. Satellite Data

We used 12-hourly SST data from MeTop-B, NOAA-18, and NOAA-19 satellites to track
the evolution of a cold-water Filament and a Front (Figure 2). These mesoscale features were
~ 100 km long and their signatures are seen in the CTD data and the Filament is seen in the
surface-sensor data as well.

The front associated with the Filament, denoted by the red contour in Figure 2, was first seen
in the NEAS on 25 November, with cooler (warmer) waters to its north (south); the temperature
difference across the front was just ~ 0.2°C. This front warped over the next two days, with its
northern part moving northwestward even as the southern part remained practically stationary.
By 27 November, the front had acquired sufficient curvature for the Filament to form: the
cooler waters were enclosed by the warmer waters and the temperature difference had increased
to ~ 0.3°C. The size and shape of the Filament changed with time. On average, it shrank in size,
i. e., its width at 69.2°E decreased from ~ 30 km on 27 November to ~ 10 km on 29 November.
This decrease in width was largely due to the northward movement of the southern edge of the
Filament (refer to the rectangle with black, dashed edges in Figure 2). On 30 November, SST
decreased by ~ 1°C all over the NEAS and the Filament was not seen (even when the cutoffs
in the Cayula and Cornillon (1992) algorithm were lowered); clouding on this day in the region
implied that only one of the six satellite images had useful data. The Filament was seen again
on 1 December, when the clouds disappeared, but the SST gradient weakened thereafter and
the Filament disappeared by 2 December. Since this part of the transect was mapped with
the surface sensors on 28 November and with the CTD on 29 November, the structure of the
Filament is seen in both in-situ data sets (Figure 3).

The Front, denoted by the magenta contour in Figure 2, was first seen in the region shown
in Figure 2 on 22 November and it moved northwestward. As with the Filament, its shape
changed over time and it first crossed the transect on 28 November, intersecting it at 19.5°N.
The vessel, then mapping the transect from north to south with the surface sensors, had already
moved further south and the Front was therefore not detected in these surface data (Figure 3).
The SST changes ensured that the Front had shrunk in length on 29 November and was not
detectable on 30 November (Figure 2). By 1 December, however, the clouds had disappeared
and, in spite of the cooling of the NEAS, the SST gradients had recovered and the Front was
seen again: it intersected the transect at ~ 20.10°N, leading to its structure being mapped by
the CTD (Figure 3).

The satellite chlorophyll data (see the bottom row of Figure 2) show that the concentration,
which was ~ 0.2 mg m~3 near the front associated with the Filament on 26 November, decreased
marginally by 28 November, but was practically constant thereafter. The peak concentration
of ~ 0.6 mg m~3 occurred near the northern end of the Front, but it was matched by the peak
seen between the Filament and the Front on 26 and 28 November and 1 December; in between,
on 29 November, the chlorophyll concentration in this part of the transect was lower (Figure 2
and second panel of Figure 3).

4. Spatial variability at the surface

The surface sensor system showed little variation in SST (~ 27.30°C) and sea surface salinity
(SSS; ~ 36.30 psu or practical salinity unit) from the northern end of the transect to ~ 19.6°N,
southward of which the SST and SSS started increasing (Figure 3). The SST (SSS) increased to
27.6°C (36.60 psu) at 19.4°N, but then decreased to ~ 27.35°C (~ 36.40 psu) in the regime of
Filament. The SST (SSS) increased again to 27.75°C (36.60 psu) at 19.23°N. The SST and SSS
gradients at the northern and southern boundaries of the Filament were low: the SST (SSS)
gradient was 0.025°C km~! (0.015 psu km~!) at the northern boundary and 0.030°C km™!



(0.012 psu km™1) at the southern boundary. Within the Filament, the SST and SSS gradients
were even lower. Southward of the southern boundary of the Filament, the SST hardly varied
till the end of the transect, but the salinity decreased gradually to 36.40 psu. As noted above,
the Front moved over the transect only after the vessel had moved south of its southern limit.

A chlorophyll peak was seen in the northern part of this SST Filament. The concentration
was ~ 0.1 mg m~3 to the south of the Filament, but increased within it, reaching a peak of
0.7 mg m~3 (Figure 3). Though the chlorophyll concentration decreased immediately north of
the Filament, it increased again between 19.45-19.6°N, with two peaks of 0.6 and 0.5 mg m™3
in this regime. The chlorophyll concentration decreased to 0.2-0.3 mg m~2 north of 19.6°N, but
it increased again north of 19.95°N. We do not have satellite chlorophyll data for 27 November,
when most of the transect was mapped using the surface sensors, but the data for 26 and
28 November show similar chlorophyll peaks north of the Filament. We discuss these additional
chlorophyll peaks, which do not have a Front or Filament analogue in the SST and SSS data,
in Section 6.

In these surface data, the width of the Filament (defined as the distance within which the
SST and SSS values remained low and the horizontal gradient of SST and SSS was negligible
in comparison even to the weak gradients at the boundaries of the Filament) was ~ 20 km
(Figure 3), much less than the ~ 30 km estimated from satellite data (Figure 2), but the southern
boundary of the Filament in the two data sets was the same (19.23°N). A possible reason for
this discrepancy lies in the details of the SST fronts within the regime of the Filament. As seen
in the satellite data of 0130 IST on 28 November, another, weaker front ran almost parallel to
the 69.2°E meridian from the northern limit of the Filament to ~ 19.40°N. A closer examination
of these in-situ SST data shows that the northern limit of the Filament in these data lies close
to the latitude of intersection of this front and the transect (Figure 2). Note that a difference in
position is to be expected because the two measurements are not simultaneous and the fronts
move quite rapidly, as can be seen by the difference in this region between the two SST images
for 28 November (see the panels for 0130 and 0330 IST). If the northern limit of the Filament
in the surface-sensor data is considered to be the small peak in SST that is seen at ~ 19.50°N,
then the width of the Filament increases to ~ 30 km, which is comparable to the satellite-based
estimate.

5. The CTD section

Both mesoscale features, the Filament and the Front, were seen in the CTD section that was
run from south to north.

Temperature in the southern part of the CTD transect was ~ 27.8°C in the surface mixed
layer, which was ~ 60 m deep (Figure 3). (The mixed layer depth was calculated following
Shenoi et al. (2004), which defined it as the depth at which o, exceeds that at the surface by the
increase in oy that would be caused by a 1°C change in temperature.) Salinity in this part of the
transect increased from 36.40 psu at the southern end to 36.50 psu, with patches of higher salinity
also seen. Both temperature and salinity started decreasing in the afternoon of 29 November at
~ 19.37°N, marking the southern boundary of the Filament, which had moved north from its
location as estimated from the surface-sensor suite during the night of 27 November. As may be
expected from the decrease in the width of the Filament from 27 to 29 November in the satellite
data (Figure 2), the width of the Filament estimated from the CTD section was ~ 10 km at the
surface. The Filament was funnel-shaped in the temperature and salinity vertical sections and
its width decreased to ~ 5 km at the base of the mixed layer (Figure 3). The lowest value of
temperature (salinity) measured by the CTD within the Filament was 27.20°C (36.40 psu). This
minimum in temperature and salinity within the Filament matched the lower temperature and
salinity at the base of the mixed layer (Figure 3) that is characteristic of the eastern Arabian



Sea (Rochford, 1964; Shenoi et al., 1993). Indeed, the CTD data suggest that water from the
base of the mixed layer is pumped into the mixed layer in the regime of the Filament. The
temperature and salinity in the core of the Filament were lower than that at its boundaries,
and the horizontal gradients of temperature and salinity at the boundaries were comparable
to the SST and SSS gradients measured earlier using the surface sensors. Near the southern
boundary of the Filament, where the sampling was done in the afternoon, a diurnal mixed layer
about 10-15 m deep was evident in the temperature profile. This diurnal mixed layer, which
disappeared in the northern part of the Filament because it was sampled in the late evening and
night, is seen more clearly in the zoomed image of the section shown in Figure 4 to highlight
the variation within the Filament.

Both temperature and salinity increased north of the Filament, the exception being a slightly
cooler (~ 27.0°C) patch with SSS as low as ~ 36.10 psu at ~ 19.55°N; this patch was just ~ 15 m
deep and the mixed layer was shallowest in its vicinity. Temperature and salinity decreased again
around ~ 20.10°N, marking the southern boundary of the Front, which extended northward
till the end of the transect. One significant difference between the Filament and the Front is
the warm (~ 27.40°C), high-salinity (~ 36.50 psu) layer about ~ 20 m thick, in the latter that
separated the cooler and fresher surface mixed layer from the salinity minimum below the mixed
layer. The SSS in the northern half of the Front, around ~ 20.20°N, was even lower (~ 36.0 psu),
and the mixed layer, estimated using a density criterion, was therefore just ~ 15 m thick in this
part of the transect. Both temperature and salinity tended to increase at the northernmost
station.

Striking in the chlorophyll data on the transect was the higher concentration at the base
of the mixed layer (Figure 3), which is characteristic of the Arabian Sea (Marra and Barber,
2005). In the mixed layer, the chlorophyll concentration was low (~ 0.10 mg m~2) to the south
of the Filament, but increased within it (Figure 3). Its vertical profile, however, did not show
the funnel shape evident in temperature and salinity. While the base of the chlorophyll peak
practically coincided with that of the temperature and salinity minima in the Filament, the peak
of ~ 0.80 mg m~2 in the upper half of the mixed layer was shifted about 4 km to the north.
This meridional shift in the chlorophyll peak within the mixed layer appears to be due to the
diurnal cycle: the peak is nearer the surface during the night and shifts down within the mixed
layer during the day (Figure 4). This decrease in the near-surface CTD chlorophyll during the
day is often attributed to non-photochemical quenching (see, for example, Poll et al., 2011), but
this process is ruled out in this case because the decrease is also seen in pigment data (Figures
4 and 5 of Roy et al., 2015).

Chlorophyll concentration was high in the regime of the Front as well, but the concentration
in the Front was lower than in the Filament even though the temperature and salinity were
higher in the latter (Figure 3). The highest concentration in the Front, ~ 0.60 mg m~3, was
observed during the night of 1 December. The concentration estimated from satellite data that
day was higher in this part of the Front, but much lower than the CTD estimate in the regime
of the Filament on 29 November (second panel of Figure 3).

The chlorophyll concentration was not affected by the patch of low salinity around ~ 20.20°N
in the northern part of the Front: instead, the chlorophyll concentration showed a decrease only
in the high-salinity tongue, suggesting that the biological response was not affected by the
low-salinity patch within the Front, just as it was unaffected by the low-salinity patch around
~ 19.55°N.

As in the surface-sensor data, the chlorophyll concentration did not decrease as dramatically
to the north of the Filament as it did to its south. Unlike temperature and salinity, which did not
show any sub-surface signature between the Filament and the Front, there were patches between
the Filament and the Front in which chlorophyll concentration was elevated above the minimum



seen in this regime of the transect and to the south of the Filament. The higher chlorophyll
concentration in these patches between the Filament and the Front did not, however, extend
to the surface (except between 19.90-20.00°N) and, therefore, would not have been seen in a
surface-sensor tow had it been carried out during 29-30 November. The satellite data also show
a decrease in the chlorophyll concentration between the Filament and the Front from 26 or
28 November to 29 November (Figure 3). The higher chlorophyll concentration in this region
seen in the surface-sensor tow during 27 November was restricted largely to sub-surface levels
just two days later. We discuss these chlorophyll patches in Section 6.

6. Discussion

We have used satellite (Figure 2) and in-situ data (Figure 3) along a meridional transect
from 18.85-20.25°N at 69.2°E to describe the evolution of a filament and a front in the NEAS.
Both mesoscale features lasted about a week, and, as is typical of such features in the region,
were associated with a weak temperature gradient of ~ 0.04-0.08°C km~!. The salinity gradient
was ~ 0.02-0.05 psu km~!. The chlorophyll concentration, measured in situ, was higher (0.5-0.9
mg m~?3) in the regimes of the Filament and the Front than in the surrounding waters.

The satellite data show that the Front moved northwestward during 25 November to 1 De-
cember (Figure 5). The OSCAR current (Bonjean and Lagerloef, 2002) was northwestward
during this week, suggesting advection of the Front across the NEAS. Comparison with direct
measurements with an ADCP (Amol et al., 2014) show that the OSCAR current at ~ 20°N
captures well the seasonal cycle of the observed variability of the alongshore component of the
West India Coastal Current (WICC) (Shankar and Shetye, 1997; Shankar et al., 2002), but there
are significant differences at the intraseasonal periods that matter in the context of the Front;
the correlation at this ADCP location is also weaker for the cross-shore component (Amol et al.,
2014). Since the OSCAR data are available at an interval of five days, the errors are likely to be
larger when we consider the movement of a front that lasts but a week. Comparison with ADCP
data for November—December 2012 (Figure 5), the period of the cruise, shows that the OSCAR
current is in the same direction as the ADCP current, but the negligible temporal variability in
the OSCAR current is in sharp contrast to the considerable variation in the magnitude of the
ADCP current even within this short period.

This smoothness in the temporal variability of the OSCAR current extends to the spatial
variation (Figure 5). Given the differences between the ADCP vector and the OSCAR vectors
in Figure 5, one can expect greater spatial variability at short length scales than is seen in the
OSCAR data. This short-scale variability is indicated in the more complex changes seen in
the shape of the filament during the week: the northern part of the filament does move north
westward, but its southern part does not move as much, and its shape changes much more than
is possible if the current field were as uniform as in the OSCAR data. Note that the winds during
this week were from the north (Figure 5); while they could have contributed to the westward
component of the current via Ekman drift, the direct influence of winds on the movement of
fronts, as suggested by Vinuchandran et al. (2004), was not evident in these data.

Nevertheless, the OSCAR data do provide a first-order approximation to the large-scale
WICC, and we used them to investigate the causes of the low-salinity surface patches seen in
the CTD section around 19.55°N and 20.20°N (Figure 3). Using the OSCAR currents to compute
a Lagrangian trajectory backward in time allowed us to trace the origin of these patches to high-
rainfall events (> 20 mm over a day) seen in the TMI data at an earlier time (Figure 6). The
patch observed at 19.55°N on 29 November was traced to a rainfall event at (69.90°E, 16.50°N)
on 22 October and the patch observed at 20.20°N on 1 December to an event at (71.20°E,
19.00°N) on 1 November. While it is possible that the OSCAR current speed of 10-20 cm s+
is an underestimate, this Lagrangian computation suggests that high-rainfall events can create



low-salinity patches that can survive over a month as they are advected by the local currents.
Such long-distance advection of low-salinity patches has been reported earlier from the central
part of the Indian west coast (Shankar et al., 2005), but the CTD data suggest that these patches
need not have a chlorophyll signature (Figure 3). We note here that the salinity signal in these
patches is ~ 0.5 psu and they could not be traced in the data available from Aquarius (Table 1)
(Menezes et al., 2014).

The other shallow feature in the CTD section is the thin diurnal mixed layer about 15 m
thick. Such a thin diurnal mixed layer is seen within the Filament and between the Filament
and the Front (Figure 3). The diurnal cycle was evident in the chlorophyll as well, with higher
concentration seen closer to the surface during the day and away from the surface during the
night. A diurnal cycle of chlorophyll was reported earlier for the northcentral Arabian Sea during
the winter monsoon (Prasanna Kumar et al., 2001) and this chlorophyll diurnal cycle has been
attributed to a diurnal cycle in the depth of the mixed layer (Wiggert et al., 2002), which seems
to be driven by the diurnal wind field (McCreary et al., 2001, 2009). In our CTD data, however,
the diurnal cycle was not seen in the salinity field and was too weak to affect the depth of the
mixed layer (Figure 3).

More interesting is the chlorophyll signature between the Filament and the Front because
there is no corresponding signature in the temperature and salinity (Figure 3). Similar signatures
of chlorophyll at the surface, without a corresponding signature in SST or SSS, were also seen
in the surface-sensor data collected before the CTD transect (Figure 3). Since the fronts move,
i. e., are advected by the currents, water moves away from a given location and leaves behind
no signature in the temperature or salinity field. Yet, there is a biological signature at the
location. A possible reason for this chlorophyll signature lies in the evolution of SST and SST
fronts. Note that the chlorophyll concentration was low in the southern part of the transect,
over which practically no frontal activity was seen since 25 November (see the bottom panel of
Figure 3). A few weak fronts crossed the transect in this regime on 25 and 27 November and
1 December, and an increase in the CTD chlorophyll concentration was seen at sub-surface levels
in this region around 18.9°N on 28 November, a day on which no frontal activity was noted in
this region. Likewise, several fronts, though weaker than those mapped as the Filament and the
Front, crossed the transect between these features in the days before it was mapped using the
surface sensors or the CTD. We speculate that this history of frontal activity is important for
the ecosystem. If this hypothesis is correct, an implication is that chlorophyll may not coincide
with an SST front seen in satellite data: there can be chlorophyll at or below the surface owing
to the history of frontal activity at a given location. Signatures of this chlorophyll that survives
the movement of a front are seen in the satellite data as well (second panel of Figure 3), but
the spatial resolution of the MODIS chlorophyll is coarser than that achieved in the in-situ
measurements reported in this paper.

What can cause this biological signature to be present when the physical signature is advected
away? This is one of the questions that emerge from this study. Another question concerns the
physical mechanism leading to these fronts and filaments. The CTD data, particularly from the
regime of the Filament (Figure 3), suggest that water is pumped or mixed upward into the mixed
layer from its base. Though the horizontal temperature gradients are weak in the tropics and
in the data presented in this paper, it is possible that the weak upwelling velocities associated
with them (Mahadevan and Tandon, 2006; Klein and Lapeyre, 2009) are sufficient to pump
water from the base of the mixed layer into it. Modelling studies suggest that surface blooms
can occur in the Bay of Bengal as a consequence of the entrainment of a sub-surface bloom
(chlorophyll maximum) into the mixed layer (Vinayachandran, 2009). If the water from the
base of the mixed layer is pumped into it, will the species that determine the higher chlorophyll
concentration at the base of the mixed layer be the same as those populating the mixed layer
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in the regime of the fronts? Pigment data from this cruise show that the population in the
chlorophyll maximum at the base of the mixed layer is not the same as in the Filament or
Front (Roy et al., 2015), implying more complex ecosystem processes are at work than may be
suggested by simple ecosystem models.

The satellite data for the NEAS suggest that the high chlorophyll concentration seen in the
region study is linked to processes on the shelf, where the concentration is even higher (Figure 7).
It is possible that filaments can break out of the shelf during bursts in the cross-shore component
of the WICC. Such current bursts are evident in the ADCP data during November—December
2012 (Figure 5) and seem to occur frequently during winter off the Indian west coast (Amol
et al., 2014). A similar connection of fronts to shelf processes has been noted elsewhere too
(Haynes et al., 1993; Strub et al., 1991; Smyth et al., 2001) and deserves further study.

In summary, we have reported an increase in chlorophyll concentration in the regime of a
front and a filament along one transect in the NEAS. In the California Current System, major
SST fronts have been shown to be always associated with chlorophyll fronts (Kahru et al., 2012).
Therefore, a useful question is whether an SST front in the NEAS, or in the rest of the north
Indian Ocean, will always be linked to chlorophyll. In other words, is the existence of an SST
front, if the gradient associated with it is above some yet unidentified threshold, a sufficient
condition for an increase in chlorophyll concentration? If the answer to this question is positive,
then what are the time scales associated with the evolution of the ecosystem associated with a
front? How does the ecosystem evolve as the front warps and moves over time? In other words,
what is the link between a “major” SST front off the west coast of India and the locations
identified in advisories on potential fishery zones, which motivated this study of the frontal
systems?

Most studies of biophysical coupling in the north Indian Ocean have been restricted to the
large spatial scales and the seasonal cycle or interannual variability associated with major climate
modes (see the reviews by Hood et al., 2009; McCreary et al., 2009; Vinayachandran, 2009; Kone
et al., 2009; Marra and Moore, 2009; Wiggert et al., 2009) because observations at these shorter
scales have not been available (McCreary et al., 2009). Modelling studies do suggest, however,
that mesoscale processes do contribute to the nutrient budgets in the Arabian Sea (Resplandy
et al., 2011) and that sub-mesoscale fronts that last but a few days can arise owing to instabilities
of the mesoscale currents (Lévy et al., 2012). The data presented in this paper constitute the
first report of a high-resolution CTD transect across a mesoscale frontal system in the north
Indian Ocean; the data also show more ephemeral, sub-mesoscale fronts between the Filament
and Front that dominate the transect and suggest that they have an influence on the biology.
Answering the questions that arise even from this limited survey demands a sustained inter-
disciplinary observational and modelling programme to map and understand the biophysical
variability at the spatial and temporal scales associated with these mesoscale features.
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Tables

Table 1: Data sets and their sources. The first column lists the data source and the sensor (when applicable, in
parentheses), the second column the variable measured or estimated, the third column the resolution of the data,
and the fourth column the Internet resource from which the data were downloaded. In the third column, the first
number gives the temporal resolution (in days) and the second number (in parentheses) the spatial resolution (in
km). Note that Aquarius carries three radiometers and one scatterometer operating at 1.4 GHz and 1.2 GHz,
respectively. The radiometer data are used along with SST data collected by other satellites to derive surface
salinity. The OSCAR current represents an average over the top 30 m of the water column. AVHRR: Advanced
Very-High-Resolution Radiometer.

[Data Source (Sensor) [Variable [Resolution[URL

Aqua (MODIS) SST 1(4) http://oceandata.sci.gsfc.nasa.gov/

Aqua (MODIS) Chlorophyll| 1 (4) http://oceandata.sci.gsfc.nasa.gov/

NOAA-18 (AVHRR-3)| SST 0.5 (1)

NOAA-19 (AVHRR-3)| SST 0.5 (1)

MetOp-B (AVHRR-3) | SST 0.5 (1)

MetOp-A (ASCAT) Wind 1(25) www.ifremer.fr/cersat/en/data/data.html

Aquarius SSS 7 (100) |http://podaac.jpl.nasa.gov/aquarius/

OSCAR Current 5 (36) http://podaac.jpl.nasa.gov/dataset/0SCAR_L4_0C_third-deg/
TRMM (TMI) Rainfall 1(4) http://trmm.gsfc.nasa.gov/
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Figure 1: Number of occurrences of a front in a 4 km x 4 km pixel in the Arabian Sea during
November—December. The fronts were mapped using data for 2008-2011. The blue dashed
curve shows the 200 m isobath marking the shelf break and the black box shows the region
depicted in the panels in Figure 2. The inset shows the larger region around that shown in the
figure.
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Figure 2: Satellite SST (°C) images (first three rows) during 25 November to 3 December 2012, illustrating
the formation of the Filament (denoted by the red curve) and the Front (denoted by the magenta curve).
Other fronts are denoted by black curves. The date and time of the satellite pass is written in the top
left corner of each panel and the name of the satellite in the lower left corner. The blue line shows the
cruise track and the green arrows the direction of movement of the vessel at the time of the satellite pass.
The vessel moved southward during 27-28 November and northward during 28 November to 1 December.
In each panel, the blue asterisk, if present, marks a CTD sampling location along with the time. The
box marked with black dashed lines is drawn to emphasise the northward movement and shrinking of
the filament. The fourth row shows chlorophyll (mg m—3) features from MODIS Aqua, with SST fronts
overlaid on them, on four days during this week.
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Figure 3: SST (°C) and SSS (psu) (first panel from the top) and chlorophyll (mg m~3) measured using
the surface-sensor system towed north—south along the transect (second panel). The coloured curves in
the second panel are for the MODIS Aqua chlorophyll data. The inverted triangles marked on the top
axis of the top panel indicate the location of the vessel at the given time (IST). The vertical black lines in
these two panels mark the boundaries of the Filament, as seen in the surface-sensor data on 27 November,

and the red lines mark the boundaries of the Filament as seen in the CTD data on 29 November. The
vertical profiles of temperature (°C, third panel), salinity (psu, fourth panel), and chlorophyll (mg m~3,

fifth panel) measured during the CTD transect show that the Filament narrowed and moved northward
over these two days. The sampling locations and time are marked by inverted triangles on the top axis
of the temperature panel (third from top). The black asterisks in these three panels denotes the base of
the surface mixed layer. The vertical black dashed lines in these panels mark the part of the transect
shown in Figure 4 and the rectangles with black edges mark the low-salinity patches that were observed
on this transect; these patches are discussed in Section 6. The bottom panel marks the fronts seen
from 25 November to 1 December. Note the movement of fronts across the transect (marked by a blue
line at 69.2°E) between the Filament and the Front in the days preceding the surface-sensor and CTD
transects. The direction of movement of the vessel, north-south (south-north) for the surface-sensor
(CTD) measurements, is indicated by the green arrows.
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Figure 4: A zoomed image of the vertical profile of temperature (°C, top panel), salinity (psu,
middle panel), and chlorophyll (mg m~3, bottom panel) from the CTD transect during 29-
30 November 2012. This figure, showing the part of the transect marked by the vertical black
dashed lines in Figure 3, highlights the diurnal cycle: note the thin thermal mixed layer in the

temperature panel and the upward shift of the chlorophyll maximum within the filament during
the night.
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Figure 5: The seven panels in the first two rows show the Filament (grey curve) and the Front
(black curve) during 25 November to 1 December. Superimposed on these curves are current
vectors from OSCAR (thin black arrows) and the ADCP mooring at (69.2°E, 19.98°N) (one
thick black arrow in each panel, with the mooring location denoted by a black circle) and
wind-stress vectors (light grey arrows) from the ASCAT scatterometer. The scales for these
vectors are plotted in the second row. The panel in the third row shows the OSCAR and ADCP
currents (cm s~!) during 10 November to 15 December. The ADCP current is from the bin
centred at 19 m from the surface. The curves plotted are for the alongshore (solid black) and
cross-shore (dashed black) current components from OSCAR and the alongshore (solid grey)
and cross-shore (dashed grey) current components from the ADCP. The positive(negative) part
of along-shore component of current show that the currents are towards north(south). The sign
convention for these current components is as follows: the alongshore (cross-shore) component is
positive poleward (onshore) and negative equatorward (offshore). Following Amol et al. (2014),
the ADCP data were de-tided using the TASK (Tidal Analysis Software Kit) software (Bell
et al., 1998) and filtered with a fourth-order Butterworth filter; the filter used low-passed the
hourly data with a two-day cutoff. The vertical black lines mark the period during which the
movement of the Filament and Front have been plotted in the first two rows.
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Figure 6: The left (right) panel shows the rainfall in mm from the TRMM TMI on 22 October
(1 November). Superimposed on the rainfall is the path, marked by black asterisks, followed
by the low-salinity pool of water due to these high-rainfall events. The low-salinity pool in
the left panel was advected from (69.90°E, 16.50°N) on 22 October to (69.20°E, 19.55°N) on
29 November and was seen just north of the Filament in the CTD transect (Figure 3). The
low-salinity pool in the right panel was advected from (71.20°E, 19.00°N) on 1 November to
(69.20°E, 20.20°N), within the Front, on 1 December.
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Figure 7: The top (bottom) panels show the SST (chlorophyll) from the NOAA-19 (MODIS Aqua)
satellite on 26 November (left) and 1 December (right) in the NEAS. The red (magenta) curve
denotes the Filament (Front), the black curves denote other SST fronts, and the black rectangle
marks the region shown in Figure 2. The blue line shows the transect mapped during the cruise.
Note that most of the SST fronts appear as the boundaries of high-chlorophyll-concentration
regimes and that lower SST is associated with the higher chlorophyll concentration.
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