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ABSTRACT
The Mascarene Plateau is characterised by shallow banks namely Saya de Malha and Nazareth which are known to harbour 
high phytoplankton biomass along the slope down to the ridge. Correlation between sea surface temperature (SST) and 
Chlorophyll-a (Chl-a) distribution surrounding the plateau was investigated. Higher Chl-a concentration was observed 
during the period July to September, indicating higher productivity due to upwelling. The regions east (61-630E) and west 
(57-590E) of the Mascarene Plateau were also studied along latitudes 130S up to 180S in the exclusive economic zone of 
Mauritius, where most of the fishing activities are concentrated. In general, 2008 was observed to be less warm during the 
past 14 years registering a drop with respect to the maximum monthly mean records, whilst 2006 was the most productive 
during winter season in the region of study. Chl-a bloom was observed after cyclone Imelda in April 2013 showing Chl-a 
concentration above 0.3 mg m-3 along latitude 130S and longitude 570E. The study reveals that the western side of the plateau 
is more productive with relatively warmer surface temperature compared to the eastern side of the plateau.
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Introduction
The Indian Ocean is different compared to other 

world oceans because of its near-complete enclosure with 
the continents and the year-round current patterns (Schott 
and McCreary, 2001). The Mascarene Plateau arches 
across the Western Indian Ocean from the Seychelles 
down to Mauritius. The plateau has a unique topography 
with islands and shallow banks  (Parson and Evans, 2005) 
and sustains an extensive range of ecosystems with great 
potential for exploitation of resources (Payet, 2005). The 
Mascarene Plateau lies along the westward flow of the 
south equatorial current (SEC), primarily driven by the 
strong south-east trade winds originating from between 
100S and 300S (Schott and McCreary, 2001). There is 
constant current over the shallow banks in the central 
region of the plateau all year round (New et al., 2007; Pous 
et al., 2010; Miller et al., 2015). This eventually creates an 
upwelling effect with a rise in primary production (Sarma 
et al., 2010), leading to a higher phytoplankton biomass 
along both sides of the slope down to the ridge (Gallienne 
et al., 2004).

Ocean colour remote sensing can be used to estimate 
Chl-a which in turn is used to monitor phytoplankton 
and  productivity  of  oceans (Platt et al., 2008). These 
techniques are cost-effective and provide a wide range of 

observations for monitoring changes in aquatic systems 
(Chen et al., 2005, 2006; Andrefouet et al., 2008). There 
is a significant difference in the spatial and temporal 
distribution from deep ocean to coastal areas and from 
region to region based on the environmental conditions 
(Rinaldi et al., 2014). Factors affecting Chl-a distribution 
are mainly physical processes such as wind driven 
upwelling, river discharge, shelf morphology, sea surface 
current pattern and other environmental parameters. 
Alternatively, SST cooling is a proxy for surface water 
nutrient enrichment in the process of vertical transport 
from deeper colder layers in coastal upwelling systems 
(Bignami et al., 2008, Silio-Calzada et al., 2008). The 
south-west Indian Ocean upwelling at around 55-80°E; 
4-12°S triggers climate variation (Schott et al., 2002; 
Xie and Zhu, 2008) and as a result satellite images show 
relatively high Chl-a concentration. 

The results of Chl-a  and SST data from the oceans 
can be useful for fishery information. Tunas have been 
observed to aggregate in areas showing temperature 
variations (Carruthers et al., 2014). In general, locating 
fish movement is not an easy task, nevertheless the fish 
behaviour can be related to oceanographic parameters 
such as SST (fronts), Chl-a (containing nutrients) and 
ocean currents (Iglesias et al., 2007; Chassot et al., 2011; 
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Sholva et al., 2013). Remote sensing techniques can 
play a vital role for fisheries management by identifying 
areas with high chlorophyll and sea surface temperature 
variations (Klemas, 2013). Sea-WiFS and MODIS-
Aqua Ocean colour sensor are the main sources of ocean 
productivity data for assessing the ocean state. Sea-WiFS 
has been in service since September 1997 (continuously 
until December 2010) and Moderate Resolution Imaging 
Spectroradiometer (MODIS) since July 2002. As 
mentioned earlier, the use of remote sensing data has 
been immensely exploited for the monitoring of large 
zones in the oceans, hence helping users to analyse more 
information than isolated points at a lower cost (Picado 
et al., 2014). 

Materials and methods

Study area

The study focused on the Mascarene Plateau, situated 
in north Mauritius (Fig. 1) within the exclusive economic 
zone (EEZ). This region is mostly exploited by fishing 
vessels licensed by the Government of Mauritius. The area 
is very unique based on the morphology of the plateau and 
the current dynamics. The principle bank in the region of 
study is Nazareth Bank which is typically 20-100 m deep.
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Fig. 1.	 Nazareth and Saya de Malha banks on the Mascarene 
	 Plateau along with Box 1 (with upper left coordinate 
	 130S, 570E and lower right 180S, 590E) and Box 2 (with 
	 upper left coordinate 130S, 610E and lower right 180S, 630E) 
	 being the region of interest for analysis on both sides of the 
	 plateau

Remote sensing images

Datasets of Chl-a and SST analysed in this work 
cover the period from January 2003 to December 2015. At 
first, Chl-a and SST seasonal distribution were analysed 
to characterise the variability over the EEZ. Four seasons 
were considered for the analysis: north-east monsoon from 
December to March (DJFM), south-west monsoon from 
July to September (JAS) and two inter-monsoons from 
April to June (AMJ) and October to November (ON). 

MODIS Aqua Chl-a

Satellite level 3 Standard Mapped Imagery of Chl-a 
data were extracted from MODIS through NASA’s 
Goddard Space Centre (http://oceancolor.gfsc.nasa.gov) 
for the period of study with a spatial resolution of 4 km. 
Based on the long-term assessment, monthly composite 
was averaged for the study period compiling a set of 156 
images. The seasonal analysis was computed from the 
monthly composite. Studies by Devassy and Goes (1991) 
show that the surface Chl-a concentration varied between 
0.005 and 0.15 mg m-3 on an average in the EEZ region of 
Mauritius. Due to the rather low Chl-a concentration in 
open seas, two regions, adjacent to the Plateau (Box 1, 2 in 
Fig. 1) were chosen based on fish catch criteria. Monthly 
averages were preferred to daily or 8 day composite for 
maximum coverage of the region as previous studies used 
monthly products for long-term trend analysis (Behrenfeld 
et al., 2006, Brewin et al., 2012, Tilstone et al., 2013). 
In the EEZ of Mauritius, the Chl-a concentration reveals 
large differences between coastal regions and the  
open seas. Normally, Chl-a concentration is higher than 
1 mg m-3 around coastal waters as a factor of nutrients 
coming through coastal run-off and upwelling and does 
not exceed 1 mg m-3 in high seas surface water (Tew-Kai 
and Marsac, 2009).

MODIS Aqua sea surface temperature

SST data used are from MODIS level 3 Standard 
Mapped Image of 4 km resolution, which in turn was 
obtained from the Ocean Colour website. Data were 
successively averaged with the same temporal resolutions 
as for Chl-a data. The seasonal analysis for the four 
seasons together with monthly climatology was performed 
for the period of 2003-2015, where the time series data 
were extracted in NetCDF format processed in Matlab. 
The monthly average was calculated using the following 
equation:

where, k  = Number of no value pixels, n = Sum of total number 
of pixels, Paverage =  Calculated average of pixels over the defined 
period n.

Paverage
= 

∑n
i=1
n-k

Pi

V. Ramchandur et al.
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Time series analysis based on cluster analysis

A spatial total tuna catch data of 2011 and 2012 
was computed to identify regions which are most and 
least exploited. For each 10 x 10 latitude/longitude block 
calculated, it gives the total amount of catch in blocks for 
the region. Based on these facts, a time series analysis 
was performed using Chl-a and SST monthly images in 
regions with high level of catch. Similarly, the analysis was 
done in regions with low catches, in order to differentiate 
the physical and biological parameters prevailing in the 
region. SST against Chl-a graph shows the variation 
between these two parameters in the long term analysis 
together with the mean, maximum and minimum values.

Hovmoller plot

The impact of upwelling signature on the blooms is 
described through Hovmoller plots which were plotted 
using monthly average data for the period 2003-2015. The 
time series analysis technique compares and correlates 
the Hovmoller plots of the two variables being studied. 
Using these two techniques, areas of anomalies and main 
features were clearly observed. It is important to note that 
the Hovmoller plot along the longitude reveals minor 
differences in the open seas over a short range of latitude 
while the differences are noticeable when analysis is done 
along the latitude over a short range of longitude. 

Results and discussion
Chl-a seasonal patterns

The effect of the SEC can be clearly observed over 
the four seasons bringing nutrients all the way from East 
Indian Ocean (Schott and McCreary, 2001) showing less 
significant Chl-a concentration especially in DJFM season 
(Fig. 2) with values below 0.01 mg m-3. The months of 
April to June show the lowest concentration in the EEZ 
of Mauritius. 

The highest Chl-a concentration occurs between July 
and November in the northern latitudes (120S towards the 
equator) with values between 0.01 to 0.3 mg m-3. Regions 
closer to the Mascarene Plateau exhibit slightly higher 
Chl-a concentration similar to northern latitudes during 
JAS and ON, compared to the other seasons. This increase 
is observed due to the northward shift and increase in 
chlorophyll distribution as described by Hermes and 
Reason (2008), increasing the water column mixing that 
favours upwelling and eventually increasing surface 
nutrients. It shows the regions are more productive during 
the SW monsoon, which is in contrast with the fishing 
activities that show more concentration in summer season. 

Monthly climatology

The daily SST and Chl-a were temporally averaged 
to produce their respective monthly climatology for 

Fig. 2. Seasonal Chl-a distribution (mg m-3) for DJFM, AMJ, JAS and ON during 2003 to 2015
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the region. The SST shows a sinusoidal seasonal cycle, 
with persistent seasonal warming trend from end winter 
(October) to summer (March). There is a clear temperature 
shift from the southern ocean to the equator from the two 
different seasons. The change in the region of study is 
clearly visible from the monthly climatology analysis, 
with a peak in February and trough in August.

This analysis is vital for identifying migrating fish 
species, since they migrate within a range of typical 
temperature along a region (Nieto et al., 2015). The 
monthly cycle of SST at a larger span of time is chosen to 
observe the trend of temperature along the latitudes. The 
climatological cycle of Chl-a (Fig. 2) shows larger spatial 
change along the Mascarene Plateau compared to the 
SST, which is mostly due to the nutrient coming up along 
the deep basin around the plateau as highlighted by New 
et al. (2005). 

Seasonal patterns of sea surface temperature 

The monthly seasonal values were labelled in 
temperature contours that are in nearly horizontal contour 
lines due to year round current, which show the water 
distribution dynamics in the seasons (Fig. 3). The north-
western area in DJFM shows the hottest season while 
the latitude of southern Madagascar in JAS indicates the 
coldest season. SST around Mascarene Plateau shows a 
constant change throughout the seasons with temperature 

range of 26-300C in DJFM, 25-270C in AMJ, 24-260C 
in JAS and 25-270C in ON. This range of temperature is 
further discussed in the time series analysis computed in 
different regions. Effect of the SEC is clearly observed 
along the seasons with the temperature contours diverting 
as they reach the coast of Madagascar showing similar 
SST along the eastern coast in JAS. The reason why the 
Seychelles regions are productive is due to the high level 
of Chl-a concentration seen in the four seasons and also 
the low temperature variations between the four seasons 
under study.

Time series analysis

Time series for seasonal mean of Chl-a and SST 
for the study period highlights the seasonal and spatial 
variability of both parameters on the sides of the plateau 
along latitudes 13 to 180S. The time series plots indicate 
mean monthly values of Chl-a and SST along with the 
minimum and maximum values that occurred during 
the study period in blocks of 10 x 10. For comparison, 
year 2015 was plotted on the same axis to indicate the  
variation on a temporal scale. Generally, Chl-a decreases 
in summer season, attaining its lowest concentration 
between January/February whereas the highest peak 
occurs during the month of July. There is a clear overview 
of the high increase in biological production (Chl-a) in 
winter season as a result of high nutrient levels converging 
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Fig. 3. Seasonal SST for DJFM, AMJ, JAS and ON during 2003 to 2015 with the line highlighting temperature contours
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to the surface waters (New et al., 2005). The west side 
of the plateau shows relatively high concentrations 
(0.15-0.2 mg m-3) between approximately 13 to 150S. 
Surface temperature shows a sinusoidal cycle with 
persistent seasonal warming trend from January to March. 
Approximately 10C decrease can be observed based on the 
monthly climatological long term analysis data between 
latitude 13 and 180S. The lowest surface temperature 
occurs in August which approximately correlates with the 
high Chl-a concentration. The Chl-a values range from 
0.1-0.15 mg m-3 on both sides of plateau, and the same 
conditions were observed in 2015. The eastern side of 
the plateau (570E) shows a high temperature recorded in 
March 2015 (Fig. 4a) compared to the long term analysis 
whereas the temperature was almost the same from 
January to March 2015 for lower latitude (Fig. 4c).  At 
higher latitudes (130S) two peaks can be observed for SST 
(2015) in January and March on the eastern part of the 
plateau (Fig. 4b), in contrast with lower latitudes (170S) 
where the highest temperature occurred in February 
(Fig. 4d).

Hovmoller plot

Hovmoller plots generated from time series of SST 
and Chl-a for the study area (57 to 590E) and (61 to 630E) 
between latitudes 10 and 180S are shown in Fig. 5a and b. 

The annual cycle of SST showed a clear seasonal pattern 
with minimum value from April to September with the 
range expanding more towards latitude 180S rather than 
towards the equator. A peak surface temperature gradient 
was also identified in February and every two years 
extrapolating along the longitudes being analysed in the 
western part of the plateau. High Chl-a concentration 
in winter was noticed in the region, from May to 
September with peak in July along the longitudes. Surface 
temperature analyses show that the year 2008 was less 
warm, with a sudden rise in SST in 2009. Also it can be 
observed that the last seven years were warmer in summer 
and years 2014 and 2015 were less cold in winter. High 
Chl-a concentration was noticed from May to August 
annually which is the result of mixing of cold water with 
nutrients coming from southern latitudes; but there was 
a decrease in 2009, 2010 and 2011 compared to other 
years. Year 2006 was more productive compared to other 
years showing relatively high Chl-a concentration (above 
0.01 mg m-3) along the temporal scale. 

Analysis based on the seasonal pattern shows the 
effect of the south equatorial current (SEC) on Chl-a 
concentration as observed by Jury et al. (2010) which 
indicates a shift from Western Indian Ocean towards the 
East African coast. Between July and September, the level 
of Chl-a concentration is higher. The input of surface 
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Fig. 5b. Hovmoller plot of Chl-a  (left) and SST (right) along longitude 610E -630E

cold water starts from AMJ to JAS across the southern 
latitudes (below 100S) and the effect is relatively low 
above the SEC. DJFM represents the hottest months with 
surface temperature ranging from 25 to 270C around the 
Mascarene Plateau. The shallow banks around the plateau 
exhibits relatively high Chl-a concentration mostly as a 
result of the shallow bathymetry (approximately 100 m) 
and also as a factor of the steep slope. In general, between 
the latitudes 250S and 300S, there is a high mixing of Chl-a 
concentration in February.

The lowest Chl-a concentration occurs between 
January and February whereas July can be described as 

the month with highest concentration. The difference in 
surface temperature between latitudes 100S and 180S is 
approximately 10C throughout the year, which could be 
a good indicator for fish niche. Results from the time 
series plots and grid analysis show similar patterns and 
the after effect of cyclone Imelda can be clearly depicted 
by Chl-a bloom in April 2013 in the region (570E, 130S) 
with recorded values above 0.3 mg m-3. Small changes in 
surface temperature show a high rate of Chl-a change in 
the western side of the plateau. Based on analysis from 
scatter plot, a high coefficient of determination (R2) 
of 0.6142 was observed on the west side of the plateau 

V. Ramchandur et al.
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compared to the lowest coefficient (0.2715) east of the 
plateau, resulting in slow rate of change between Chl-a 
and SST. Based on observations from the Hovmoller plot, 
year 2008 was less warm from actual observations with 
a drop of approximately 20C compared to the maximum 
temperature recorded from monthly mean. It can therefore 
be concluded that Chl-a concentration is higher along 
the latitude 110S southward on the west of the plateau 
(570E-590E), implying higher productive zone with 
relatively high surface temperature with regard to the 
other side of the plateau.

This study based on SST and Chl-a derived from 
satellite imagery in the Mascarene Plateau could be used 
together with fishing information (Lan et al., 2012) so as 
to determine seasonal fish aggregation.  
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