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Abstract: In this study, the importance of MODIS sensor multispectral imagery on monitoring coastal and
oceanic areas as well as marine ecosystems is demonstrated. As an example, the Todos os Santos Bay (TSB),
BA, Brazil, was selected. Four 250m Sea Surface Temperature and Chlorophyll-a satellite-derived images were
processed to characterize the TSB in 2009, as well as monthly time-series from July 2002 to January 2010 and
monthly maps of 2009 off the coast of Bahia. These results were compared to the Brazilian Water Agency (ANA)
discharge data and tidal data. They showed the importance of the latter in physical forcing compared to the
former. Benefits from MODIS high temporal and spatial resolution data compared to other sensors to date
allowed the characterization between different areas within the TSB.
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1. Introduction

The launching of the Earth Observing System (EOS) —Aqua Satellite in 2002, caring
the Moderate Resolution Imaging Spectroradiometer (MODIS) enhanced the accuracy of
interpretating the ocean’s surface bio-physical response. The ascending, 1:30 PM Equator
crossing time Aqua Satellite instrument became of environmental relevance since it provides
measurement of Sea Surface Temperature (SST) and Surface Chlorophyll-a Concentration
(SCC) simultaneously without the time lag of data from different platforms, favouring coastal
and marine monitoring.

With a swath of 2,330 Km wide, MODIS covers the entire surface of the Earth in 36
high spectral resolution bands between 0.415 and 14.235um with spatial resolution of 250m
(2 bands), 500m (5 bands), and 1000m (29 bands). The radiance measured at high spatial
resolution provides improved and valuable information about the physical structure of the
Earth’s atmosphere and surface (Barnes et al., 1998).

SST plays an important role in the biogeographical distribution of living organisms
and in ocean-atmosphere flux exchanges, exerting a major influence on meteorological
systems and human activities. Despite the difference between the skin temperature and the
bulk temperature, satellite-derived SST has demonstrated its importance in several fields
including coral reef monitoring (Le&o et al, 2008; Soppa, 2008; Krug, 2008), commercial
fishing exploitation (Finney et al., 2000; Lehodey et al., 1997), ocean modelling and climate
variability studies (Reynolds et al., 2002; Lau and Nath, 1994).

SCC estimated from space can be used to assess total primary production- the amount
of organic matter produced in a given period of time through the photosynthetic process
(Winarso et al, 2006). In phytoplankton-rich areas, Chlorophyll-a strongly absorbs the blue
light (peaks around 440 nm) and thus is widely used to interpret oceanographic processes (Hu
et al, 2010). Nutrient input will commonly lead to increased phytoplankton productivity and
thus on a higher concentration of remotely-sensed SCC chlorophyll (Acker et al, 2009).

Therefore, in this paper, multispectral MODIS data of SST and SCC were used to
monitor coastal and marine environments in Todos os Santos Bay (TSBY), the 2™ largest bay
of Brazil, allowing temporal-spatial differentiation of areas.

1.1 Study area
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The TSB is the largest bay of Brazilian eastern coast (1223km? during high tide and
919km? during low tide) (Bonfim et al 2003, Carvalho 2003), surrounded by 12 coastal cities
and inhabited by around 3 million people (IBGE, 2007).

It’s a geologic structurally controlled tidal bay (Lessa et al, 2000) associated with the
Reconcavo sedimentary basin, an assimetric Lower Cretaceous (Medeiros and Pontes, 1981)
rift system, delimited by the Salvador and Maragojipe faults (figure 1). Dias (2003) presented
the most updated distribution of the surface sedimentary facies for the bay with 11 distincted
textural facies in total. Sand facies occur in the Salvador and Itaparica channels. Muddy facies
cover the middle-northern part of TSB, and Gravelly facies are found in the Paraguagu river
and as isolated areas along the muddy deposits.

Mangroves cover an area of 152 km?, specially in the vicinities of Jaguaripe, Iguape
and S.F.Conde (Carvalho 2003), while coral reefs occur bordering the south-eastern part of
Itaparica island, as well as, between Frades island and the city of Salvador.

TSB has two entrances separated by Itaparica island. The Salvador Channel is the
major water exchange body between the bay and the ocean (Lessa et al 2001, Cirano & Lessa
2007), with an average depth of 25m (maximum of 102m), while the shallower Itaparica
channel reaches an average depth of only 10m. The average depth inside the bay is between
3m (intertidal areas included) and 6m (if only areas below Om, in relation to the Navy
Authority Datum were used) (Carvalho 2003). The adjacent continental shelf off Salvador is
the narrowest of all Brazilian shelves, extending for only 8km (Knoppers 1999).

The climate around the bay is tropical humid, with annual mean temperature of 25.2°C.
Maximum temperatures occur between January and March, whilst minimum temperatures
arrive between July and September. Annual mean precipitation is 2,100mm with the wet
season between April and June (>300mm) and the dry season (<150mm) between august and
may (INMET, 1992).

Three main drainage basins and 93 peripheral drainage systems debouch into the bay,
providing a mean freshwater discharge of 111.1m%s after 1985. The Paraguacu river has the
largest drainage basin (56,000km?) and the highest water discharge with an annual mean of
52.79m°%/s, while Jaguaripe River and Subaé River discharge only 14.94m*s and 4.48m?%/s,
respectively. The 29.98m*/s annual mean discharge left accounts for the peripheral drainage
systems (Lima & Lessa 2001).

TSB is the only bay in Brazil, whose tropical waters penetrate inside. Its well mixed
water column with small/little vertical density gradient, due to the small fluvial discharge
compared with the volume of it (Lessa et al 2009)

The currents inside the TSB are clearly tide driven, with semi-diurnal characteristics
and range of 2.2m during spring tide (Lessa et al 2001). Tidal range increases up bay by a
factor of 1.5 (Cirano & Lessa 2007). Maximum current velocities occur at the two entrances
of the bay. In the main channel (Salvador channel) measured maximum superficial currents
reached up to 0.89m/s (S) during winter time and 0.12m/s (NNO) during the summer, while in
the Itaparica channel, registered values were 0.77m/s (S), during the winter, and 0.1m/s (S),
during the summer. In the northern part of the bay, maximum currents of 0.34m/s (SSO) and
0.38m/s (S) occurred during winter and summer, respectively (Xavier 2002; Cirano and Lessa
2007)

SST increases toward the bay (Lessa et al 2009). CTD profiled in stations #1 to #8
(CRA 2000), in Jan/2000 and May-June/2000 were analysed by Xavier (2002) and Cirano &
Lessa (2007), and showed that maximum vertical temperature difference was inferior to 1°C,
and maximum surface temperature difference (3.4°C), among all stations, was registered
between station #1 (30.5°C) and station #8 (27.1°C) during spring tide in the summer.
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Figure 1- Location map of Todos os Santos Bay and CRA (2000) stations 1-12.
2. Methodology

Data from 4 different dates (15/01/2009 16:20h, 05/04/2009 16:25h, 12/07/2009
16:10h, 06/11/2009 16:25h GMT) were used to characterize 2009 TSB surface. The data was
downloaded from http://daac.gsfc.nasa.gov/MODIS/ and processed using SEADAS
(http://oceancolor.gsfc.nasa.gov/seadas).

9Km MODIS monthly data from July/2002 to January/2010 was generated for the
coastal state of Bahia and a TSB area-averaged time series (13.17S-12.58S & 38.92W-
38.33W) using the GES-DISC Interactive Online Visualization and ANalysis Infrastructure
(GIOVANNI, http://reason.gsfc.nasa.gov/Giovanni/).

Tidal curve based on harmonic constituents retrieved from FEMAR (2010) and used in
PACMaré, were created in order to match the dates of these 4 images.

Brazilian Water Agency (ANA) monitoring stations of Argoim (51350000), in the
Paraguacu watershed, Subaé 11 (51060100), in the Subaé watershed, and Nazaré (51560000),
in the Jaguaripe watershed, provided discharge information for the main freshwater input.

3. Results and Discussion

January, 15" image (figure 2) showed SST inside TSB with temperatures around
29.2°C in the central part of the bay, with higher temperatures (30-31.2°C) toward the western
part between Paraguacu channel and SFConde. An abrupt drop in SST can be clearly
observed in the Salvador channel. Outside the bay, SST varying between 27°C and 28.2°C
were found in the Atlantic coast off Salvador, whereas warmer waters (up to 29.4C) were
registered off Itaparica channel. For CRA stations 1-12 values see table 1.

The warmest SST values were observed on April 05", with temperatures varying
between 28.5°C and 32.5°C inside TSB and cooler waters over the continental shelf and slope.
A sudden drop in SST was also observed in the Salvador channel, although it was displaced
toward the north.

The July 7™ image showed the coldest SST presented in all images, with SSTs
reaching a maximum of 28.8°C (W) inside TSB. The eastern part of TSB shares SST
similarities with the surrounding waters with temperatures between 26 and 27.4°C. Colder
SSTs are found over the ebb-tidal delta of Santo Antonio bank
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The November 6™ processed image showed an increase SST inside the bay, with the
highest temperatures (30.1°C) being recorded in the shallow low hydrodynamics waters of the
northern and western parts of the bay, while on the eastern part, a gradual drop from 28.3 °C

] 00 10,00

3 x . 0,01
s

/0412009, 12/07/2009 and

il ~, ol i /
Figure 2- SST (left) and Chlorophyll-a (right) data processed days 15/01/2009, 05
06/11/2009
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to 25.7 °C in temperature happens as latitude decreases towards the open ocean. The Itaparica
channel entrance presented SSTs higher (28.7°C) than the surrounding waters (26.5C).

The spotted Blue-Green areas in all 4 processed images represent cloudy areas and not
low temperatures. Therefore, these areas should not be included in our analysis.

These images are in agreement with monthly data recorded for the coast of Bahia for
the year 2009. Figure 3 shows the monthly SST recorded for the 12 months of the year.
Notice an increased SST in ocean waters, during March and April, and a decrease in the July-
August period. A close look is this dataset at the TSB shows a matching scenario regarding
the SST behavior. In the 12 monthly images (Figure 3), SSTs inside TSB gradually increased
from January to April, reaching around 30°C, then sharply decreased almost 2°C in May. In
July, SST continued to decrease (26-27°C) and in August, reached the lowest SST in 2009.
After that, SST increased (reaching 26-27°C) in November and continued to warm till
December.

ieved for the coast of Bahia

Although SSTs show a clear seasonal cycle, if we take into consideration the mean
Jul2002-Jan2010 month period (Figure 4) recorded for TSB, 2009 might be considered as a
year with warmer SSTs from May to December, with temperatures reaching 0.8°C higher
than the expected during the month of august.

—&—Jul/2002 -Jan/2010——

—m—VYearly Awerage

02
jan-03
04

Figure 4- SST Jul2002-Jan2010 TSB area-averaged time series
Table 1. SST values retrieved on CRA stations

MODIS #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
15/01/2009 29,6 29,1 29,6 30,0 29,1 29,1 27,3 30,6 27,3 27,4
05/04/2009 30,4 30,7 309 30,1 296 30,2 288 283 285 281 2872
12/07/2009 276 26,5 274 280 272 272 269 262 27,3 26,3 26,5
06/11/2009 28,8 26,9 29,1 285 270 275 275 263 279 265 259

A look into the SCC images catches one attention to the tide regime for the selected
images. The Jan 15", Jul 12" and Nov 6" images were taken close to low tide peak while on
Apr 5" the satellite passage happened during high tide as showed below (figure 5).

The January 15" image (figure 2) showed SCC inside TSB reaching 5.9 mg.m™ in the
western part and between 1.3 mg.m™ and 1.8 mg.m™ in the central. Both Salvador and
Itaparica channels registered SCC values superior to 1 mg.m™ and this concentration could be
seen 20km away from their bay entrances, as a result of the flood stream caused by the low
tide scenario.

On April 5™ the incoming tide kept the rich nutrient waters of inner TSB away from
the oligothophic waters of the open Atlantic. SCC values superior to 1 mg.m™ were only seen
close to the Itaparica channel entrance and 20 km up to the Salvador channel. The N-S
gradient registered in the main channel varied from 3.3 mg.m™ to 0.5 mg.m™. SCC reached
5.3 mg.m> close to S.F.Conde and 2 mg.m™ in the central area.
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Figure 5- Local time image acquisition (13:10h to 13:25h).

On July 7™, the highest SCC of all images was observed, with values above 1 mg.m™
seen for more than 30km off the Salvador channel and off Itaparica channel. Partially
explained by the elevated Jaguaripe river discharge during June-July months of 2009 (figure
6). SCC reached a value superior to 5 mg.m™ in all northwest, with peaks above 12 m.
gm™ in several locations. For the central part of the bay, concentration varied between 1.5
mg.m™ and 2.5 mg.m>.
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Figure 6- 2009 river discharges into TSB

On November, 6", SCC remained high inside the TSB, especially between the Frades
island and the northernmost point of Itaparica island. Concentration values for the western
corner were superior to 4mgm, reaching the highest values recorded for all CRA stations in
#4 (15.7 mg.m™) at the entrance of the Paraguacu channel. This high value might be a result
of the high discharge rates of the Paraguacu river during the months of October and
November/2009, as showed on figure 6. The central part of the bay registered a maximum
concentration of 1.9 mg.m™.

Monthly SCC data recorded for the coast of Bahia for the year 2009 shows high
concentration values between April and July, with peak concentration in the month of June
(figure 7). For the TSB selected area, SCC reached its minimum in October/2009 and
maximum in June/2009. Still in June 2009, SCC reached the 3™ highest concentration value
since July/2002 (figure 8).

. A § L L AL L

Figure 7- 2009’ 12 month SCC (mg.m*) retrieved for the coast of Bahia
Although SST images do not show a visible surface gradient between coastal and

offshore waters, the same cannot be said of the SCC images. It is surprising how the Brazil

Current innermost branch and its interaction with coastal waters can be observed over this

narrow shelf. This onshore limit is well marked by low SCC due to the Brazil Current’s

oligothropic waters.
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Figure 8- SCC Jul2002-Jan2010 TSB area-averaged time series

Table 2. SCC values retrieved on CRA stations

MODIS #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
15/01/2009 39 24 73 36 16 14 14 77 05 03
05/04/2009 40 2,6 43 25 23 34 09 05 11 03 0,2
12/07/2009 6,1 24 60 31 15 38 1,7 13 19 1,7 11
06/11/2009 4,3 157 3,2 12 17 32 13 04

4. Conclusion

SST in the TSB reaches its maximum peak in March and minimum peak in August,
while SCC lowest (highest) observed values take place in October (June). In 2009, SST
increased until April and then, decreased its surface temperature, reaching its minimum in
August. SCC behaved exactly as expected with a low peak in October and a high peak in June.

Confined waters of TSB’s northwestern part reached surface temperatures above 32°C
in April 5™ and chlorophyll concentrations of 12 mg.m™ in July 12". In the eastern part,
colder waters occur and the SCC variability depends much more on the tidal penetration than
on the freshwater input.

MODIS images, benefited from its high temporal resolution, has proven to be of
importance in coastal, estuarine and ocean monitoring. Its high spatial resolution (up to 250m)
allows the monitoring of physiographies off the Brazilian coastline, without the need of using
multiple orbital platforms, costly data and delayed access to data. These particular
characterists are crucial when dealing with spatially separated stations (hundreds of meters
apart). Clouds and radiometric processing issues are still a big problem when dealing with
MODIS data though.
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