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Abstract

Satellite-based potential fishing zones (PFZs) forecasts were generated using integration of Ocean Colour Monitor
(OCM) derived chlorophyll concentration and Advanced Very High Resolution Radiometer (AVHRR) derived sea surface
temperatures (SST). Validation of the PFZ forecasts was carried out during seasons 1999-2000, 2000-2001 and 2001-2002
using Fishery Survey of India vessels. Bottom trawl catches were composed of mixed species from different habitats, i.e.
demersal and pelagic. Hence, there is a need to understand the application of satellite-derived PFZs to different species
types of fishery resources. The per cent contribution by species was determined from 30 m to 100 m depth range. Those
species contributing 5kg/haul and above were considered as a significant species. Species-wise catch per unit effort
(CPUE), seasonal mean CPUE and standard deviation (SD) were computed for remotely sensed PFZs and the entire
region. Species-wise comparisons were made between mean CPUE in PFZs and seasonal mean CPUE in other areas from
a different habitat. It was observed that fishery resource of pelagic and water column habitats contributed fairly well as
compared to the demersal resources in PFZs. The per cent contribution of pelagic and water column species were found
more in PFZs catch as compared to the seasonal mean catch in other areas. In this study, diet composition and feeding
habitat of fishes and its relationship to satellite-derived parameters have been evaluated.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction remote-sensing provides synoptic views of the ocean

and is capable of detecting mesoscale features

Fishery resources surveys using actual sampling
and data collection methods require extensive ship
time and sampling time. Remote-sensing, combined
with conventional data collection techniques, pro-
vides a powerful tool for designing harvesting
strategies for living marine resources. Satellite
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through thermal infrared and visible sensors; hence,
it can be useful for locating potential fishing zones
(PFZs). The use of satellite capabilities in fisheries
research has been studied by Lasker et al. (1981),
Laurs et al. (1984), Fiedler et al. (1984) and others.
Water masses classified by satellite-derived sea
surface temperature (SST) and ocean colour images
have been associated with different biological
and physical processes (Arnone, 1987). Indian
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remote-sensing satellite-modular opto-electronic
scanner (IRS-MOS) and NOAA AVHRR data
have been used to characterise the relationship
between the physical and biological variables in
coastal waters and it was observed that the
chlorophyll concentration and SST were inversely
correlated (Solanki et al., 1998). Synergistic analysis
of satellite-derived chlorophyll and SST features
were carried out by Solanki et al. (2001b) who
observed that chlorophyll and SST features coin-
cided at some locations indicating close coupling
between biological and physical parameters. An
integrated approach was developed by Solanki et al.
(2000, 2001b) using ocean colour monitor (OCM)
derived chlorophyll and AVHRR derived SST for
locating PFZs in the Indian waters. PFZs validation
experiments were carried out during October 1999
to March 2002 through actual fishing by Solanki et
al. (2001a, 2003). Validation of results indicated an
average increase in the catch weight by 200% in
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pelagic resources caught by gillnets (Solanki et al.,
2001a). The analysis of trawling data indicated a
70% success rate and increase in catch by weight of
about 80% in PFZs areas as compared to other
areas (Solanki et al., 2003). Trawl catches were
composed of ribbon fishes, mackerel, cat fishes,
squids, barracuda, sciaenids, etc. The objectives of
the present study were (i) to evaluate remotely
sensed PFZs forecast methodology for different
types of fishery species, (ii) to understand why this
integrated approach works better for pelagic than
for demersal resources, and (iii) to relate remotely
sensed variables with the composition of the fishery
species and their diet and feeding habitat in PFZs.

2. Study area
The study area was the highly productive region,

off the Gujarat Coast in the northern Arabian Sea
that comprises extensive fishing grounds (Fig. 1).
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Fig. 1. Location map and bathymetry of the study area, off Gujarat coast (India), in the northern Arabian Sea. Depth contours are in

meters.
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Gujarat State has the longest coastline of 1640 km
among the maritime States of India. The continental
shelf area along the State (Latitude 20°N-23°N) is
about 90,200 km?, is the largest shelf area among the
Indian maritime states and has a maximum
continental shelf width of about 305km. The
gradient of the shelf is 1:1769 at the maximum
width and 1:537 at the minimum width. The
powerful cyclonic Somalia current grazes the
Saurashtra coast during the southwest monsoon.
During the northeast monsoon, offshore winds
along the Kathiawar peninsula induce the primary
production and high fish production. The total
biomass in the continental shelf along Gujarat coast
was estimated to be 4.4 lakh metric tonnes
(Bhargava et al., 1995). About 67% of this were in
water up to 50m in depth, 26% in the 50-100 m
depth range and 6.5% in the 100-200m depth
range.

3. Data used

OCM data for chlorophyll concentration and
AVHRR data for SST computation was used.
Table 1 shows the detailed characteristics of OCM
and AVHRR payloads. PFZs catch data collected
by the survey vessels (Matsya Nireekshani and
Matsya Mohini) of the Fishery Survey of India
(FSI) during the validation experiment phase II
(2000-2001) and phase III (2001-2002) were utilised
for the present study. The sampling thus conducted
pertained to the depth zone 30-100 m.

Table 1
Technical characteristics of OCM and NOAA AVHRR payload

4. Methodology
4.1. Satellite data processing

4.1.1. IRS P4 OCM data processing

The retrieval of phytoplankton pigment (i.e.
chlorophyll a) in seawater involves two major steps.
The first is known as the atmospheric correction of
visible channels to obtain normalised water leaving
radiance and the second is the application of bio-
optical algorithm for chlorophyll concentration
retrieval. In oceanic remote-sensing the radiance
backscattered from the sea surface is typically larger
than the desired water leaving radiance L. The
process of retrieving L., from the total radiance
measured at the sensor L, is usually referred as the
atmospheric correction. In the case of oceanic
remote-sensing, the total signal received at the
satellite altitude is dominated by the radiance
contribution through atmospheric scattering pro-
cesses and only 8-10% of the signal corresponds to
oceanic reflectance. Therefore, it has become
mandatory to correct for atmospheric effects in
order to retrieve any quantitative parameter from
space. Atmospheric correction of OCM channels
was carried out using the approach suggested by
Gordon and Clark (1980).

Chlorophyll concentration was estimated from
the retrieved spectral water leaving radiance by the
application of bio-optical algorithms. An empirical
Ocean Chlorophyll 2 (OC2) algorithm suggested by
O’Reilly et al. (1998) was used with modified
coefficients (Chauhan et al., 2002) for retrieval of

Parameter OCM NOAA AVHRR

Swath (km) 1420 2700

Equatorial crossing time 12 noon 0230 & 1430h

Spectral range 402-885nm 0.58-12.5 um
Quantisation (bits) 12 10

No. of channels 8 5

Spatial resolution 360 m 1.1km

Wavelengths Channel 1—402-422 nm Channel 1—0.58-0.68 pm

Repetitive

Channel 2—433-453 nm
Channel 3—480-500 nm
Channel 4—500-520 nm
Channel 5—545-565nm
Channel 6—660—-680 nm
Channel 7—745-785nm
Channel 8—845-885nm
2 days

Channel 2—0.72-1.1 um

Channel 3—3.55-3.93 um
Channel 4—10.3-11.3 um
Channel 5—11.5-12.5 um

Daily
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chlorophyll concentration. This algorithm operates
with five coefficients:

C = 10(0.319—2.336R+0.879R2—0.135R3) —0.071 (1)

where C is the chlorophyll concentration (mg/m?)
and R =log|o[R,s (490)/R.s (555)], where R, is
remote-sensing reflectance.

4.1.2. NOAA AVHRR data processing

The brightness temperature sensed at satellite
height is influenced mainly by atmospheric moist-
ure. The signal loss due to water vapour absorption
is proportional to the radiance difference in the
measurement made at two different channels of the
thermal infrared. The MCSST approach suggested

65°E 66°E 67°E

! y ‘Go
e
‘3 ] s

23°N

22°N

by McClain (1985) was used to compute SST from
AVHRR thermal infrared channels, i.e. Ch no. 4
(10.3-11.3 um) and Ch no. 5 (11.5-12.5um). Pre-
liminary geometric correction was carried out
according to an approach suggested by Narayana
et al. (1995). This approach uses the satellite
ephemeris. The precise geometric corrections were
carried out using a set of ground control points
(GCPs) located both on an image and a Naval
Hydrographic Office (NHO) bathymetric map. This
geo-reference master image was used for image-to-
image registration of AVHRR channels in order to
generate a geo-reference data set. Colour-coded SST
images were generated which indicate the distribu-
tion of SST in the northwest Arabian Sea. The same
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Fig. 2. Typical composite image generated from satellite-derived chlorophyll concentration image (background image) and sea surface
temperature (SST in °C) contours. Synchronous near-real-time satellite data of 8 March 2000 was used. The image shows matching
features of chlorophyll and SST. Black lines in the images indicate the suggested PFZs.
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colour scheme was applied to both chlorophyll and
SST images to make easy comparison between the
two variables.

4.1.3. Generation of chlorophyll and SST composite

Geometric registration of imagery was important
for the comparison between the two different sensor
data types. To co-register these two data types, a
master image was generated using GCPs located on
an image as well as on a map. This was followed by
map-image registration. Output master images were
used to co-register chlorophyll and SST images in
order to generate geo-coded images. In order to
visualise both parameters in the single product, a
chlorophyll and SST composite product was gener-
ated. For this, SST images were filtered to remove
the noise using a low-pass filter. These filtered
images were used to generate contours showing
different SST. The contours were converted into
vectors. These vectors were overlaid on chlorophyll
images to generate a chlorophyll-SST composite
showing chlorophyll and SST features/values
(Fig. 2).

4.2. Fishery forecast and validation experiment

The common features observed in both images
were identified and monitored in the composite
image. For this, past images were used to know the
appearance and persistence of oceanographic fea-
tures such as eddies, rings, fronts with large
gradients, meanders, etc. The latitude and longitude
of these features were recorded from the composite
image. Water depths at these locations were
recorded from the co-registered digitised hydro-
graphic maps. The remotely sensed oceanic features
along with suggested tracks were communicated to
fishing vessels within 24h. Two dedicated fishing
vessels namely; Matsya Mohini and Matsya Neer-
ikshani were kept ready for fishing. The vessels
immediately proceeded to the given coordinates to
fish within the identified features. Four daily trawl
net samples were taken in the suggested areas. The
details of fishing and catch were entered in the log
sheets of FSI. These log sheets were used for fishing
data.

4.3. Analysis of fishing operations
The actual fishing data in PFZs and other areas

were procured from FSI. The abundance index of
species contributing 5kg and above was considered

Table 2
Results of statistical analysis of total catch composed of all
dominating species during validation

Sl. no. Particulars Seasonal CPUE PFZs CPUE

1 Mean 121.085 177.35

2 Observations 81 81

3 SD 36.05 136.26

4 SE 4.08 1543

5 95% confidence interval 121.085+8.13  177.354+30.72

as key species in trawling. A statistical analysis of
total catch in PFZs and other areas was carried out
(Table 2). Species-wise catch per unit efforts
(CPUEs) for each sample were -calculated to
normalise the fish catch. These species-wise CPUEs
were used to compute mean CPUEs and standard
deviation (SD). Key species caught in the trawl
catch and their per cent contribution were calcu-
lated. Table 3 represents comparison of per cent
contribution in other areas and in PFZs of each
species. Species-wise seasonal mean CPUE for the
entire fishing arca was computed and compared
with mean CPUE in the PFZs (Fig. 3).

5. Results and discussion
5.1. Remotely sensed PFZs

Satellite-derived chlorophyll concentration pro-
vides a measure of the areas of enhanced biological
production. Remotely sensed SST characterises the
oceanic environment suitable for enhanced biologi-
cal production. The zooplankton and fish popula-
tion are known to accumulate for feeding and
spawning at oceanic features like fronts, eddies,
rings, meanders and upwelling. The use of both
variables would explain the oceanic environment
and food resource availability in an ecosystem for
exploring fishery resources.

A typical output generated using integration of
the chlorophyll concentration and SST image is
shown in Fig. 2. SST contours overlaid on the
chlorophyll concentration image indicate some
matching features in images derived from both
optical and thermal infrared sensors. Cool water is
an indicator of high nutrient waters. In such areas,
the probability of enhanced production is greater
than for stratified warm waters. This indicates that
there is an inverse relationship between chlorophyll
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Table 3

Statistical analysis and per cent contribution of dominant species of different habitat in PFZs and other areas for 81 observations

% increase in

PFZs

%

% seasonal
contribution

PFZs

Seasonal (in other areas)

Habitat

Species

contribution
in PFZS

2 Standard

Standard

Mean CPUE

Standard 2 Standard
kgh®

Mean CPUE

kgh?

error of mean

deviation (SD)

error of mean

deviation (SD)

96.87

15
35

11

+2.26

61.17 10.2

+4.26

19.2

31.07
52.69
7.16

Ribbon fish* Pelagic

Catfish*
Horse*

189.18

19

+3.88

150.37 17.5 +
8.4

31.60

+3.1

14.1 +

2.0

Demersal
Pelagic

332.90

+1.86

+0.44
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mackerel
Mackerel

26.50

+0.71

32
3.8

20.25

+1.2

5.4
4.0

15.80
12.30
8.80

Pelagic
Pelagic

11.60
22.00

+0.84

13.66
10.80

+0.88

Lesser sardine

Squids

+0.46

+0.66

3.0

Column/
pelagic

—23.29
—45.70
28.57

+0.48

2.2
6.8

11.01

17.18

+1.33

6.0 +

14.34
31.66

Pelagic
62.22

Barracuda

11

23

+1.51

+2.31

10.4

Demersal

Nemipterids*
Decapterids

Dhoma

19

+2.17

9.8

80.00
20.90

+2.35

10.6
9.4

Columner

—48.60

15

4.4

+2.09

40.70

Demersal

=8

*Significantly difference comparing the PFZs and seasonal observations (sample size)

Source: Fishery Survey of India, Mumbai.

concentration and SST (Solanki et al., 1998a). Areas
of matching features were selected as PFZs and
suggested for experimental fishing (Fig. 2). The
coincidence of chlorophyll and SST features at some
locations indicates that physical and biochemical
processes are closely coupled at these locations.
High catch points were observed in the vicinity of
thermal as well as colour persistent features (Laurs
et al., 1984; Solanki et al., 2001b). Thus coincidence
of ocean colour and thermal features can be utilised
for exploring fishery resources. The selection of
features and their relevance to fishery resource
distributions have been discussed by Solanki et al.
(2003).

5.2. Per cent contribution of species

Fig. 3 depicts the comparison of species-wise
seasonal mean catch with the mean catch in PFZs
for the season October 2000—March 2001. Signifi-
cant increase in the catch of ribbon fish, catfish and
horse mackerel was observed in the PFZs as
compared to seasonal mean catch. The ribbon fish
and mackerels are pelagic. Comparatively low
catches of sciaenids, decapterids and nemipterids
were observed in the PFZs as compared to seasonal
mean catch from the entire fishing area. These are
the demersal group of species. Other species showed
marginal increase in the PFZs. Cat fishes being
demersal in habitat contributed a fairly high catch
in the PFZs as compared to their seasonal mean.
The catfishes inhabit the muddy bottom. The
nutrient supply on a muddy bottom is known to
continue for a longer period and favours phyto-
plankton growth in the areas, which can be
captured/sensed by ocean colour sensor.

The paired #-test was carried out for these
observations. The values for ¢-stat, t-critical (one
tail), and z-critical (two tail) were 4.1757, 1.66, 1.66,
respectively. The results of z-test indicated that #-
stat > ¢-critical for both one tail and two tail, which
is statistically significant. A 95% confidence interval
for the total catch composed of all dominating
species has been indicated in Table 2.

Table 3 shows the comparison of detailed
statistical analysis and per cent contribution of
dominating species by weight in the entire area
(seasonal) fished within the PFZs by trawl during
validation. The table indicates the mean CPUE,
standard deviation, standard error and per cent
contribution of different species in PFZs and other
areas for 81 observations. It may be seen that about
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Fig. 3. Comparison of fishery resources composition between
seasonal mean CPUE (normal catch) in other areas and mean
CPUE in remotely sensed PFZs. The fishery resources are from
different habitats.

50% of the catch were composed of ribbon fish and
cat fish in the PFZs, while the seasonal contribution
by these species together was 30%. The contribution
of the demersal species like sciaenids was 5% in
PFZs as compared to 15% seasonal contribution of
these species. The per cent contribution of Nemip-
terids was only 4% in PFZs while their seasonal per
cent contribution was 11%. However, rest of the
species were observed to be marginally increased or
decreased in the catches from the PFZs. This clearly
indicates that basically, the technique is more
suitable for pelagic resources as compared to the
demersal resources. However, the catch of cat fishes
is highly significant and, being demersal in habitat
then per cent contribution in trawl catch from the
PFZs is 35% as compared to the seasonal mean
contribution of 19%. This may be because of their
bottom habitat where the muddy bottom supports a
high nutrient supply enriching the ecosystem. These
results call for improvement in the technique
through incorporation of other relevant parameters
like bottom nature, wind speed, sediment concen-
tration, bathymetry, current, etc., and interpretation
of the results in a GIS environment.

The per cent contribution of pelagic and water
column resources are more in the PFZs as compared
to seasonal mean of the entire area during the
fishing season. Comparatively, the contribution of
the demersal resources in the catches is lower in
PFZs. The limitation of satellite sensors to visualise
the marine resources at the bottom is apparent, as
the catfish catches were found to be higher on the

muddy bottom. The exploration of demersal re-
sources through remote-sensing is based on the
linkages between the surface/water column produc-
tion of biomass with distribution of detritus
material and living resources at the sea floor. This
can further be linked with the vertical migration of
biomass and movement of the demersal resources
towards the upper layers of the water column in
search of food, causing variation in the local
ecosystem at different trophic levels, which supports
benthic biomass. The contribution of pelagic and
midwater fishery resources in the bottom fishing
may be due to the bottom depth (30-100m), that
happens to be within the light penetration depth.
Hence, the entire water column is suitable for
plankton production. This enables the pelagic/water
column resources to traverse and dwell on the
bottom.

5.3. Habitat of fishery resources and link with
satellite-derived in PFZs

A vast historical database of published studies
exists (Froes and Pauly, 2000; Bal and Rao, 1990)
which has enabled a number of useful general-
isations to be made for ecosystem-based manage-
ment of fisheries. The food and feeding habitats of
commercially important species that significantly
contributed to fish, to the catches in PFZs has been
compiled in Table 4. The information on food and
feeding habits of fishes is essential for a better
understanding of their life history including growth,
breeding and migration. This information is also
important for management of fishery resources
using remote-sensing. The knowledge of favorable
feeding grounds of commercial fish stocks is of great
practical significance to fishermen to expand their
fishing effort profitably. Partially, this information
can be derived through the interpretation of
remotely sensed parameters. At the same time,
knowledge of prey—predator relationship is very
useful to interpret availability and management of
fishery resources using remotely sensed techniques.

Fishing operation results indicated the mixed fish
catch of species belong to different habitats, i.e.
pelagic, demersal and water column habitat. The
sampling efforts in term of actual fishing were
carried out in 30-100m depth of the continental
shelf. In this area the majority of the water column
comes well within light penetration depth. This
enables distribution of pelagic and water column
species down to the bottom. Hence, the fishery
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resources remain largely indiscernible in the light
penetrating zone of the water column. Food and
feeding habitats play a key role in the distribution of
resources. Congregation of food in different habi-
tats (surface, water column and seabed) controls the
distribution of fish population. The production and
congregation of food resources at surface and
subsurface depths can be easily detected by the
ocean colour sensor as it has the capability to look
into the sea. The ocean colour sensor can detect the
radiation backscattered from one attenuation depth
in the water column. This helps to locate sites of
enhanced production available as food to the
resources in the habitat zones. Habitat of fishery
resources also depends on a physiologically suitable
environment. Satellite-derived SST partially ex-
plains the environmental suitability to fish with
reference to their physiology. Fishery resources of
benthic zones depend on the food resources avail-
able on the sea floor, detritus material, vertically
migrating plankton and other marine living re-
sources. Hence, wherever surface and water column
production is higher, the probability of available
food resources at different trophic levels including
benthos is comparatively higher. The majorities of
species in PFZs are primary, secondary or tertiary
consumers feeding on different stages of the life
cycle of prey, except herbivorous species like
sardines and mackerels. This indicates the high
ecosystem diversity, i.e. variations in communities
of species within an ecosystem and high physiolo-
gical diversity, i.e. variations in feeding, reproduc-
tion and predator avoidance strategies within the
community. The high ecosystem diversity reflects
availability of a wide variety of ecological niches.
High physiological diversity reflects a greater ability
of the community within an ecosystem to adjust to
the environment. High species and physiological
diversity in an ecosystem are indicators of a healthy
ecosystem. Hence, the ecosystem of PFZs is stable,
yielding high CPUE.

6. Conclusions

A satellite-based PFZs forecast methodology for
different fishery resources has been proposed.
Species diversity and their per cent contribution
were evaluated in the PFZs using fish catch data by
bottom trawling conducted during validation ex-
periments. Habitat and food of dominant species
were linked with satellite-derived biochemical and
physical parameters. The per cent contribution of

pelagic and water column species was fairly high, as
compared to demersal species. The contributions of
catfishes in PFZs were found to be significant
though they are a demersal species. The species
investigated were found to be distributed as per the
availability of food and feeding habitat. The
technique is comparatively more suitable for pelagic
and water column species as compared to demersal
resources, especially for deeper water areas beyond
the zone of light penetration. In general, higher
catches and species diversity in the ecosystem was
observed in the study area.
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