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Case Study 10

Use of Night Satellite Imagery to Monitor the Squid
Fishery in Peru

Carlos Paulino∗1 and Luis Escudero 1

10.1 Introduction

The giant squid (Dosidicus gigas) lives mainly in the oceanic environment, but also

occurs in neritic (relatively shallow) environments, and makes horizontal and vertical

migrations. It is a physiologically tolerant species, characterized by opportunistic

consumption habits and is also considered an ecologically important species, acting

as predator and prey of a large number of species (including their own species).

The distribution of Dosidicus gigas is far reaching since it is a highly migratory

species. In the eastern Pacific Ocean its geographic habitat is from California (37◦N)

to southern Chile (47◦S) and from the coasts of North and South America to 125◦W.

The greatest concentrations are located in the Peruvian coastal oceanic region in the

southern hemisphere, and the Gulf of California in the northern hemisphere (Nesis,

1983). In Peru, the fishing activity of the giant squid or "pota" is exerted mainly

by industrial Japanese and Korean squid jigging vessels with a holding capacity of

300–1000 tonnes, which have been fishing off Peru since 1991 (Taipe, 2001).

The squid jigging vessels operate at night, using powerful lights (2000 watts) to

attract the squid. The lights are set at a specific height and angle to allow for a shade

zone next to the ship where the squid concentrate. The number of lights per ship

varies between 120 and 200 depending on vessel capacity. Squid are attracted to the

light, creating massive concentrations around the luminous source, and allowing for

easy harvest.

These lights can be observed as bright-light areas on night-time OLS (Operational

Linescan System) images of the Defense Meteorological Satellite Program (DMSP).

Cho et al. (1999), Kiyofuji et al. (2001), Rodhouse et al. (2001) and Waluda et al.

(2002) have examined night-time visible images to determine the spatial distribution

of fishing vessels. Cho et al. (1999) and Kiyofuji et al. (2001) determined that

the bright areas in the OLS images, created by 2-level slicing, were caused by light

1Remote Sensing Division, Instituto del Mar del Perú, Av. Argentina 2245 Callao, Peru.
∗Email address: cpaulino@imarpe.gob.pe
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produced by the fishing vessels. Rodhouse et al. (2001) reported the frequency of

light occurrences in cloud-free imagery, and associated these lights with fishing

vessels. Waluda et al. (2002) analyzed the relationship between the number of lit

pixels in DMSP/OLS night-time visible images and the number of fishing vessels

around the Falkland Islands" fishery for Illex argentinus. Kiyofuji et al. (2004)

examined the relationship between the number of pixels in the DMSP/OLS imagery

and the number of fishing vessels, and demonstrated that fishing vessel numbers

can, in fact, be estimated from DMSP/OLS night-time visible images. Kiyofuji and

Saitoh (2004) used night-time visible images to detect Japanese common squid

fishing areas and potential migration routes in the Sea of Japan.

The industrial fishing of giant squid (Doscidicus gigas) has been monitored

through the ARGOS satellite tracking system since 1998, and is directed primarily at

licensed vessels that fish off the Peruvian coast. However, other vessels are known

to be engaged in fishing operations within the Peruvian Exclusive Economic Zone

(EEZ), which cannot be detected by the system. For this reason, IMARPE has been

using an alternate system of night satellite imagery since July 2003, that permits

observation of the areas where squid vessels are operating.

The increasing demand for fishing resources and the necessity to exploit these

from an economical view point, have encouraged fishing countries such as Peru to

implement technologically advanced satellite systems for surveillance and control

of fishing vessels, to better manage the fishing resources. This case study describes

an example of how we use night-time satellite imagery to detection the location

of squid fleets inside and outside the EEZ with the objective of understanding the

distribution, concentration and characteristics of squid fishing fleets.

10.2 Study Area

The study area is located off the coast of Peru, between 3–18◦S and 70–85◦W.

This area is dominated by the Humboldt-Peru eastern boundary current system,

which generates the cold nutrient-rich coastal upwelling that makes this region so

productive.

10.3 Materials and Methods

10.3.1 DMSP-OLS imagery

DMSP/OLS data were provided by the NOAA National Geophysical Data Center

(NGDC) in Boulder, Colorado, USA. The DMSP satellite carries six sensors including

the OLS. The OLS sensor monitors global cloud coverage by day and night via two

channels (visible-near-infrared (VNIR) and thermal-infrared (TIR)), and has a swath

of 3000 km. The VNIR and TIR channels observe radiation from 0.5 to 0.9 µm, and
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from 10 to 13 µm, respectively. The VNIR band signal is intensified at night using

a photomultiplier tube (PMT) for the detection of moonlit clouds. The low-light

sensing capability of OLS at night permits the measurement of radiance down to

10−9 W cm−2 sr−1 µm−1 (Elvidge et al. 1997a). However, the OLS is sensitive to

scattered sun light, which saturates the visible band data (referred to as "glare"

in the literature, Elvidge et al. 1997b). The visible band of DMSP/OLS has a 6-bit

quantization, producing digital numbers (DN) ranging from 0 to 63 (Elvidge et al.

1999). Visible band digital numbers are relative rather than absolute values, with

units in W m−2.

DMSP Visible and IR images can be downloaded free of charge (June 1992 to

present) from http://spidr.ngdc.noaa.gov/spidr. The web site provides data from

9 DMSP satellites, both day and night. The format of these images is L0 level (.OIS

files) which therefore require digital processing in ENVI, ERDAS or other software.

For this case study we used the image of 2 October 2008 (20:49 local time) obtained

from DMSP for the coverage area 0–20◦S and 70–90◦W, corresponding to the area

where the squid fishery was operational. OLS information is pre-processed by

the National Geophysical Data Center (NGDC) and obtained through an annual

subscription, which includes the use of data from the F15, F16 and F18 satellites.

The images are downloaded in compressed format. The file used in this case study

is named F16201001060040.d.peru.OIS, and can be downloaded from the IOCCG

website at: http://www.ioccg.org/handbook/Paulino/. The file naming conventions

are as follows: F##YYYYMMDDTTTT.region.*, where F## = satellite number, YYYY =

year, MM = month, DD = Day, TTTT = UT time at start of ascending data, region =

Peru.

The location of fishing fleets in Peruvian waters (latitude, longitude, name and

time) was obtained using ARGOS satellite-tracked data. ARGOS receiver-transmitters

on each vessel receive information from GPS (Global Positioning System) satellites

and transmit 30 daily reports of the geographical position of each boat. This

information is received, processed and distributed to various users of the system

e.g. the Ministry of Production (PRODUCE), Captain and Ports Directorate of the

Navy (DICAPI) and IMARPE (Sisesat).

10.3.2 GIS Analysis

The spatial and temporal variability of squid fleet was analyzed using GIS, through

integration of daily fishing vessel data (derived from ARGOS) and data on the number

of illuminated pixels observed off the coast of Peru (derived from DMSP-OLS). GIS

can be used to generate daily, weekly and monthly thematic maps to determine

the spatial-temporal dynamics of the squid fleets. Thematic maps can be used to

compare the number of light pixels to the number of known vessels in the area, to

determine if any unlicensed fleets are operating illegally inside the Peruvian EEZ.

For the thematic mapping, both images must be geo-referenced. For DMSP

http://spidr.ngdc.noaa.gov/spidr
http://www.ioccg.org/handbook/Paulino/
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images, this is done using algorithms developed by the National Geophysical Data

Center (NGDC), Boulder, CO (Elvidge et al., 1999). ARGOS data are geo-referenced

using the same projection and data as the DMSP images, so that the location of

vessels (X,Y coordinates) can be compared with the satellite images. For this case

study we will select one position for each boat, closest to the time of the satellite

overpass.

10.4 Demonstration

The DMSP/OLS images were captured at night between 19:00 to 22:00 local time,

corresponding to the time when the fleets start their fishing operations. These

images have been used by researchers to understand the spatial and temporal

variability of Dosidicus gigas. In this section will show how to process the images,

and subsequently how to interpret them.

Step 1: Open the OIS image in Envi (File → open external file → DMSP - NOAA). The

image has two bands (visible and thermal-infrared ): the visible band has digital

numbers from 0 to 63, where 63 is the maximum digital number (DN) of white pixels

that represent vessel lights. In this image we can also see the lights of the main

cities in Peru. DMSP/OLS images have also been used to identify urban areas (Imhoff

et al. 1997, Owen et al. 1998).

Depending of the visibility, we can use images captured by the F15, F16 or F18

satellites, each of which passes over the study area at a different time. Figure 10.1

shows examples of these images. The image from satellite F15 (left) has missing

data. Reception time is 17:01 (local time), and since this satellite flies in a dusk orbit

it is not very useful. The image captured by satellite F16 (center) was captured at

18:04 local time, and can be considered the secondary day/night satellite. In some

cases there are missing data, as can be seen on the image. Finally, the image from

the F18 satellite (right) was taken at 19: 47 local time. This is the primary day/night

satellite for Peru, and the city lights are clearly visible in this image.

Step 2: The image we have just opened is not geo-referenced so it is necessary

to rotate the image. From the "Basic tools" menu, choose rotate/flip data. A new

window will open (rotation input file). From here you can select the image (→ OK).

In the rotation parameters window, choose angle 270 and click "yes" in transpose

(see Figure 10.2). Insert an output filename. Next, load the rotated image into a new

window. This step permits rotation of the image for better visualization (see Figure

10.3).

Step 3: To discriminate between light pixels and cloud pixels, we use the linear

stretch function from the menu "Image → Enhance → Linear". The lights from the

cities on land can now be seen, as well as some white pixels in the sea (see Figure

10.4). Cho et al. (1999) and Kiyofuji et al. (2001) determined that the bright areas
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Figure 10.1 DMSP/OLS images over the study area (0◦–20◦S and 70◦–90◦W)
from satellite F15 (17:01) (left), F16 (18:04) (center) and F18 (19:47) local time
(right).

Figure 10.2 Procedure for rotating the image using the basic tools menu, with
270◦ rotation.
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Figure 10.3 View of the study area before and after rotation, showing coastal
city lights on land and some white pixels over the sea, with digital numbers
ranging from 0 to 63.

in OLS images, created by 2-level slicing, were caused by the light produced by the

fishing vessels. In some cases we found that pixels with a range of 18 to 30 DN

could represent vessels (when compared with ARGOS data), but this does not imply

that they are necessarily catching squid; they could be searching for the best fishing

grounds. In other images we can find clouds with DN value of 63 during full moon,

one should be careful when interpreting these images.

Step 4: To discriminate even more pixels of light, we use enhanced interactive

stretching to stretch the image data using histograms (from the display group menu

bar, select Enhance → Interactive Stretching). An input and an output histogram

appear in the "Interactive Contrast Stretching" dialog, showing the current input

data and applied stretch, respectively. Two vertical dotted lines mark the current

minimum and maximum values of the stretch. For this case, choose a DN range of

15 to 63, and apply. This step will improve the image and show only the pixels of

light (Figure 10.5).

The ranges of DN values can be changed from 0 to 63 using interactive stretching.

You can try adjusting different ranges of DN, which will make the pixels light or dark

according to the range chosen. However, each pixel maintains its digital number

value. To identify the composition of the digital values of the pixels, we can perform

a classification of the DN values of one bright-light area using polygons. In this

area, at least 6 digital value ranges can be found, and are shown in Figure 10.6:

63 (red), 61 (blue), 56 (yellow), 55 (cyan), 49 (green) and 46 (magenta). After this

processing the image will be geo-referenced using geographic projection and WGS

84 data (World Geodetic System, a reference coordinate system used by the GPS)

and exported as a tiff image for visualization in GIS software.

Step 5: We used ARGOS data to determine if the bright pixel areas correspond to

vessels. For this example we use the file Calamar02102008.dbf (2 October 2008,
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Figure 10.4 This image shows bright-light areas as white pixels that could be
city lights or vessel lights.

Figure 10.5 Zoomed in view showing the use of interactive stretching. We
changed the DN value default from 0 to 63 (left) to 15 to 63 (right). According to
this image, three boats are operating outside of the Peruvian Exclusive Economic
Zone.
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Figure 10.6 Classification of the DN value of one bright-light area as polygons:
63 (red), 61 (blue), 56 (yellow), 55 (cyan), 49 (green) and 46 (magenta).

available at http://www.ioccg.org/handbook/Paulino/), which contains lat/long

information of licensed fishing fleets (Figure 10.7).

Location data for the fishing vessels can be obtained using the MacPesca software

developed for MapInfo, a powerful mapping and geographic analysis application.

Vector files such as coast line or 200 nautical mile limit can be used in MapInfo for a

better visualization of the licensed fleet positions. Load the DMS image and ARGOS

data in MapInfo to compare pixel areas and number of vessels. Remember that in

order to validate the ARGOS data, the ARGOS dbf file must have one position (X/Y)

per vessel, taken at the same time (or close to) the time of the satellite overpass.

10.5 Training and Questions

We will now examine and interpret the processed images to verify their use in the

monitoring of the squid fishery. Looking at the images from the F15, F16 and F18

satellites (Figure 10.1), please answer the following questions:

Q1: How we can distinguish pixels from vessel lights from those associated with

clouds?

Q2: If we have more than one image per day, which satellite image should we use?

Q3: Do the satellites pass over the exact same area every day?

Q4: What is the minimum value used to represent the position of one vessel?

Q5: Is noise the only problem with the images?

Q6: Is it possible to know how many vessels are in a light pixel area?

Q7: Is it possible to use this kind of imagery for detection of vessels that operate

http://www.ioccg.org/handbook/Paulino/
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Figure 10.7 Localization of fishing vessels from ARGOS data superimposed
on a DMSP/OLS image using GIS software, to compare ARGOS data with white
light pixels.

outside the 200 nautical mile limit?

10.6 Answers

A1: After processing the images, we identified bright-light areas that represent

vessel lights, which we adjust and classify according to DN values (Figures 10.3 and

10.4). Since we know that the digital number (DN) of saturated light pixels is 63, we

can use this information to discriminate between vessel lights and clouds, applying

the linear stretch function. Clouds have a DN range of 10–15 and occupy large areas,

whereas fishing vessels have DN ≥ 30.

A2: F16 is the primary satellite, but we recommend that F18 be used for over Peru,

since it has better imagery over that region. Occasionally you may see images that

are either completely black or white, as a result of missing data (Figure 10.1, F15
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and F16 images). If there is a problem with one of the satellites you can always view

the data from another one, for that night.

A3: On some nights you will get two images from each satellite and other nights

you will get only one image. This is because each satellite does not fly over the

exact same area every night, and depending on where the satellite is in its orbit, the

number of images for each night may vary. In Figure 10.1, you can see the different

overpass times of each satellite: F15(17:01), F16(18:04) and F18(19:47) local time.

A4: The DN that represents one vessel is ≥ 30, but in some images we detected

vessel lights with DN values between 18 and 30. This does not imply that they are

catching squid, but it is possible that they are looking for the best fishing grounds.

A5: Noise is not the only problem with the images: a full moon can also affect the

VIS image. When there is high lunar illumination (>50%), there may be reflectance

off the clouds in the image. In this case, it is more difficult to distinguish between

cloud reflection and fishing boats, but you can still identify pixels with a DN >15 on

the images. The thermal band can be used to identify clouds with greater accuracy.

A6: Kiyofuji et al. (2001) and Waluda (2004) investigated the relationship between

the number of pixels (area) in the DMSP/OLS imagery and the numbers of fishing

vessels, and demonstrated that fishing vessel numbers can be estimated from

DMSP/OLS night-time visible images. For this research they used ARGOS data (the

same kind of data that we used) for the time period 3 July to 31 December 1999.

A7: This case study demonstrates that light detection by satellite remote sensing

can be used to observe spatial-temporal location of squid jigging vessels both inside

and outside the Peruvian Exclusive Economic Zone.
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Case Study 11

Spring Algal Bloom and Haddock Larvae Survival on
the Scotian Shelf (Northwest Atlantic)

César Fuentes-Yaco∗1, Trevor Platt2, Shubha Sathyendranath2,
Marie-Hélène Forget3 and Venetia Stuart1

11.1 Background Information

According to the Hjort-Cushing match-mismatch hypothesis (Hjort 1914; Cushing

1974; 1990), the survival rate of fish and invertebrate larvae is a function of the

match between the timing of the hatching of the eggs and the timing of the spring

phytoplankton bloom. Testing such a hypothesis has been possible only with the

advent of remotely-sensed data, which provides information at the appropriate

scales of time and space (Platt et al., 2007). These types of data offer the opportu-

nity to characterize the spring bloom with respect to the timing of initiation, the

amplitude of the bloom, the duration of the bloom, and the timing (phase) of the

bloom (Figure 11.1). These properties can be calculated for all pixels in the region

of interest, in such a way that all spatial structure is preserved. The statistical

moments of all of these properties, and their variation between years, can also be

calculated and the results used to analyze the effect of ecosystem fluctuations on

exploited stocks. The case study presented here shows the relationship between the

phytoplankton bloom characteristics computed from remotely-sensed images and

haddock (Melanogrammus aeglefinus) larvae survival on the Canadian Scotian shelf

(Platt et al., 2003).

To understand this example, we will demonstrate how to generate a time-series

of satellite ocean-colour images from different sensors, and will also show how to

compute a climatology (temporal average) as well as the anomalies (deviation from

the normal). Finally, we exemplify the association of these results with independent

time-series data (non-satellite), on the larvae survival normalized by the spawning

stock. The study area is the "Canadian Atlantic Zone", on the eastern seaboard of

1Bedford Institute of Oceanography, PO Box 1006, Dartmouth, Nova Scotia, B2Y 4A2, Canada.
∗Email address: fuentes-yacoc@mar.dfo-mpo.gc.ca

2Plymouth Marine Laboratory, Prospect Place, Plymouth, PL1 3DH, UK
3Dalhousie University, Department of Oceanography, Halifax, NS, B3H 4J1, Canada
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Figure 11.1 Characteristics of the phytoplankton spring bloom: the maximum
observed chlorophyll-a concentration (an index of phytoplankton biomass)
referred to as the intensity; the weeks elapsed since beginning of February
when the biomass first exceeded 20% of the maximum (bloom initiation); the
weeks elapsed when the maximum intensity occurred (bloom timing); and the
period during which the biomass remained above the 20% threshold (bloom
duration).

Canada (Figure 11.2).

11.2 Materials and Methods

The ocean-colour images for the original work mentioned in this example (Platt et

al., 2003) were captured and processed at the Bedford Institute of Oceanography.

Currently, these images can be downloaded freely from the Internet at the sites

given below.

Chlorophyll concentration was estimated from three different ocean-colour

sensors: Coastal Zone Color Scanner (CZCS), POLarization and Directionality of

the Earth’s Reflectances (POLDER-1), and Sea-viewing Wide Field-of-view Sensor

(SeaWiFS). Data from CZCS and SeaWiFS are available from NASA’s Ocean Color

website (http://oceancolor.gsfc.nasa.gov/). POLDER images are available from

the French space agency CNES (http://polder.cnes.fr/en/index.htm), and the

Japan Aerospace Exploration Agency (JAXA), (ftp://ftp2.eorc.jaxa.jp/pub/ADEOS/

OCTS/GAC3BM/Ver5/CHLO/daily/).

http://oceancolor.gsfc.nasa.gov/
http://polder.cnes.fr/en/index.htm
ftp://ftp2.eorc.jaxa.jp/pub/ADEOS/OCTS/GAC3BM/Ver5/CHLO/daily/
ftp://ftp2.eorc.jaxa.jp/pub/ADEOS/OCTS/GAC3BM/Ver5/CHLO/daily/
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Figure 11.2 The Canadian Atlantic Zone (39◦N to 62.5◦N and 42◦W to 71◦W).
The 200 m isobath is also indicated.

Current CZCS Level-2 images on the NASA website are computed using the OC3

algorithm from O’Reilly et al. (2000), but tuned for bands at 443, 520, and 550 nm.

This sensor provided data for the period between 1979 and 1981 of the example

shown here. The current POLDER chlorophyll algorithm uses a bio-optical algorithm

with three wavelengths (443, 490 and 565 nm), customized for POLDER data (Loisel

et al., 2005). POLDER images for 1997 were used for this exercise. The OC4V4

algorithm is used for SeaWiFS for the interval from 1998 to 2001. Note that NASA

has maintained the flow of SeaWiFS data until the present time (May 2010).

In all cases, the algorithms were applied to individual images after selection

of cloud free pixels, and stratospheric and atmospheric corrections. Finally, the

images were mapped to Mercator projections. The time-series for the study area was

created by combining individual satellite passes to make weekly composite images

with a nominal spatial resolution of 1 km per pixel. The temporal window used for

the phytoplankton bloom characteristics is from February to September. Here we

show only half-month composite images for the period mentioned (Figure 11.3).
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Figure 11.3 Time-series of concentration of chlorophyll-a (mg m−3), for the
Canadian Atlantic Zone created by combining satellite individual passes to
make half-month composite images with a nominal spatial resolution of 1 km
per pixel. The temporal window is delimited between February and September
1999.
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11.3 Demonstration

11.3.1 Characterization of the phytoplankton bloom

The phytoplankton bloom can be characterized for each of the following ecosystem

properties: maximum intensity, initiation, timing of maximum and duration of the

bloom. To begin this process, load your 12 semi-monthly images shown in Figure

11.3, using your preferred software (SeaDAS, PCI, ENVI, etc.). For every pixel:

a) Compute the maximum observed chlorophyll-a concentration (an index of phyto-

plankton biomass) referred to as the intensity.

b) Compute the bloom initiation by counting the weeks elapsed since beginning of

February when the biomass first exceeded 20% of the maximum.

c) Compute the bloom timing, i.e. the weeks elapsed until the maximum intensity

occurred.

d) Compute the bloom duration, i.e. the period during which the biomass remained

above the 20% threshold (bloom duration).

Figure 11.4 shows the spatial distribution of these indices in the study area,

corresponding to the time-series between February and September 1999. The

ecological indicators can be evaluated for all years in the time-series using data

from all the satellite sensors, and the climatology (long-term average) can also

be computed (Figure 11.5). The indices can be estimated for every pixel in the

composite images, preserving all spatial structure in the fields.

The anomalies (deviations from the normal) for these ecological properties can

be computed for particular years, i.e. the indices of the bloom can be calculated for

individual years and compared with the climatological average (i.e. for every pixel,

the difference between individual years minus the long-term mean value). In this

way, it is possible to assess inter-annual variations in properties and also to evaluate

whether, in a particular year, events are retarded or advanced compared with the

mean. Anomalies for the timing of the maximum chlorophyll concentration can be

seen for the years 1998 to 2001 in Figure 11.6. We used local anomalies, i.e. the

climatology was calculated separately for each of the three sets of ocean-colour data:

CZCS (1979-1981), and POLDER (1997) and SeaWiFS (1998-2001), and the anomalies

in each set were calculated from the appropriate climatology.

11.3.2 Test of the match/mismatch hypothesis

The indices derived from the remotely-sensed time-series can be used to evaluate

the effect of ecosystem fluctuation on exploited stocks (Platt et al., 2003). The

operational test of the match/mismatch hypothesis is assessed under the null

hypothesis that ‘between-year’ variance in recruitment is independent of fluctuations

in the properties of the spring bloom. The time-series of the timing of the bloom was

compared to an independent data series of haddock (Melanogrammus aeglefinus)

recruitment, collected on the continental shelf off Nova Scotia. This is a 31-year time
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Figure 11.4 Spatial distribution of the ecological indices for phytoplankton
blooms in the Northwest Atlantic for the year 1999: a) intensity, b) initiation, c)
timing, and d) duration.
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series (1970 – 2001) in which two years stand out as having produced exceptional

year classes (Figure 11.7). For both years (1981 and 1999), remotely-sensed data of

timing of maxima were available. The climatology of the timing of the chlorophyll-a

maximum concentration from 1998 to 2001 is shown in Figure 11.5c.

For the study area described in Platt et al. (2003), the recruitment of haddock,

normalized to biomass of the spawning stock, was highly correlated with the timing

of the bloom. Early blooms were associated with better recruitment. The two

exceptional year classes occurred in years with unusually early spring blooms.

As a consequence, the null hypothesis was rejected. Anomalies of bloom timing

accounted for 95% of the variance in normalized recruitment of haddock under a

quadratic model (Figure 11.8).

The results shown in this example argue for the importance of a trophic link

between phytoplankton and fish stocks, especially the importance of fluctuations

between years at the autotrophic level. The tentative explanation advanced for the

result was that, for species with protracted spawning (such as haddock), an early

spring bloom would confer enhanced survival on early larvae because the larvae will

have adequate food supply.

11.4 Training

In this section you will visualize some examples before making your own time-series

to compute the ecological indices.

Figure 11.3 represents a time-series of chlorophyll-a concentration between

February and September 1999 in the northwestern Atlantic Canada region. Each

composite image is averaged over a ∼15 day period with a nominal spatial resolution

of 1 km per pixel. This time-series is used to compute the ecological indices,

described in detail in the text, and illustrated in Figure 11.1. Figure 11.4 shows

the ecological indices derived from the phytoplankton bloom in the study area

for 1999. The image 11.4a represents the maximum amplitude of chlorophyll

concentration (intensity). The most frequent values fluctuate between 1.0 and 10

mg m−3, with areas of higher concentration in the Georges Banks and the Grand

Banks of Newfoundland. The Gulf Stream can be identified in the southern part of

the study area as the region with relatively low chlorophyll values. It is important

to observe that in some coastal regions that are influenced by high river runoff or

intense tides, the standard chlorophyll algorithms do not produce viable results

as they are affected by the high concentration of detritus, sediments and yellow

substances. These waters are referred to as "Case-2" waters and are characterized

by an optical signature dominated by substances other than chlorophyll-a (e.g.

sediments, yellow substances). The resulting estimates of pigment concentration

are frequently overestimated in these waters. Figure 11.4b characterizes the onset

of algal bloom, showing the process advancing from south to north. Note that in
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some northern regions (Davis Strait and
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Figure 11.5 Climatology of ecological indicators for the period between 1998
and 2001: a) intensity, b) initiation, c) timing, and d) duration.
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Figure 11.6 Anomalies of the bloom timing (weeks elapsed when the maxi-
mum intensity occurred) for the years 1998 to 2001.
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Figure 11.7 Time-series of haddock (Melanogrammus aeglefinus) at age-0,
sampled on the continental shelf off Nova Scotia between 1970 and 2001.

western Greenland) the bloom initiation is relatively early in the year, compared with

the rest of the region. Typically, the bloom starts later on the continental shelf of

Labrador because of winter-ice that delays the event. Figure 11.4c describes the time

required to reach the maximum concentration of chlorophyll. The spatial patterns

of the ecological index are related to those of the bloom initiation, but they have

a time lag determined by local conditions. Figure 11.4d shows the phytoplankton

bloom duration. In general, in the northern regions the duration of the bloom is

shorter than in southern areas. However, some areas in the north also maintain

significant concentrations of phytoplankton for several months.

Figure 11.5 shows the average (climatology) of ecological indices for the period

between 1998 and 2001. Note that the averaging of several years of data moderates

the outlier values that are seen in the one-year images (Figure 11.4). Figure 11.5a

shows the maximum amplitude of chlorophyll concentration. High values (between

2.0 and 10 mg chlorophyll m−3) occur over the continental shelves and the lower

values are in open sea areas. Figure 11.5b displays the onset of the algal bloom and

shows a significant front north of Newfoundland. Note how the phytoplankton in

the region to the south of this geographical division start to increase well before the

northern zone. Figure 11.5c shows the timing of maximum bloom concentration and

is closely associated with the initiation of the bloom. However, the front observed

in the previous image is less obvious and in fact, some southern regions tend to

reach the bloom maximum relatively late. Enlarge the coastal area of central Nova

Scotia for a close analysis of the study area of Platt et al. (2003). These data

represent weekly measurements averaged from February to September, between

1998 and 2001. Observe that the continental shelf’s central region reached the

highest concentration of chlorophyll earlier than the western areas. In this region

the turbulence due to vertical mixing by tides (the most intense in the world)
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Figure 11.8 Quadratic regression of the recruitment of haddock, normalized
to biomass of the spawning stock, with the data of timing of the phytoplankton
bloom. Anomalies of bloom timing accounted for 95% of the variance in
recruitment of haddock.

prevents early stratification of the mixed layer, thus delaying the phytoplankton

blooming. The image 11.5d characterizes the duration of the phytoplankton bloom,

and clearly illustrates the shorter bloom duration in several parts of the northern

study area compared with the southern areas. Note that the northwestern region

also exhibits longer blooms, a critical fact for higher trophic strata.

The maps in Figure 11.6 correspond to the anomalies of the timing of maximum

concentration of chlorophyll in the years 1998 to 2001. Green colours indicate the

pixels where the chlorophyll maximum was reached sooner than the 5-year average,

while red colours represent areas where the bloom peaked later than expected. This

ecological metric is important for basic research and more directed purposes in

several areas such as ecology, oceanography, fisheries, etc. In the present case-study,

it is useful to understand that an early phytoplankton bloom can diminish the

number of larvae that may suffer from starvation. However, larval stages of different

species may not all benefit from an early bloom; some species such as the northern

shrimp (Pandalus borealis) seem to benefit if the phytoplankton bloom is delayed

until the surface waters warm (explore Further Readings).

11.5 Questions

Q 1: Why do we find such apparent high chlorophyll concentrations in the St.

Lawrence River and in the southern Gulf of St. Lawrence in Figure 11.3?

Q 2: What approach was used to circumvent the bias introduced by the use of
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different platforms to construct such a long time-series of ocean-colour data?

Q 3: In Figure 11.4a, why is the peak of chlorophyll concentration during the

spring bloom higher over Georges Bank and Grand Banks, and what is the ecological

significance.

Q 4: Is it always advantageous for fish larvae to have an early phytoplankton bloom?

11.6 Answers

A 1: The standard chlorophyll algorithms developed for Case-1 waters are affected

by high concentrations of detritus, sediments and yellow substances which may

dominant the optical signature in coastal Case-2 waters. Thus the chlorophyll con-

centration estimated using standard Case-1 water algorithms in these waters may

be biased. More complex algorithms are required to discriminate the various com-

ponents in coastal waters. For example, neural network analysis is used to retrieve

concentrations of phytoplankton pigment (Algal Pigment Index II), suspended matter

and yellow substances from MERIS data. For further information, see the MERIS

Product Handbook (http://envisat.esa.int/handbooks/meris/) and the Algorithm

Theoretical Basis Document 2.12 (ATBD) (http://envisat.esa.int/instruments/

meris/pdf/atbd_2_12.pdf).

A 2: The climatologies were calculated separately for each of the three time-series

of ocean-colour data (CZCS, POLDER and SeaWiFS). For each mission, the anomalies

were calculated in relation to the appropriate climatology, resulting in a long-term

time-series of local anomalies. Moreover, the use of the timing of the bloom, instead

of actual pigment concentration at the peak of the bloom, is independent of the

algorithm used by each mission to estimate chlorophyll concentration.

A 3: The elevated chlorophyll concentration in these regions is likely supported by

the vigorous mixing of the relatively shallow waters by tidal currents. The spring

bloom typically begins once the critical depth becomes shallower than the water

depth. The high chlorophyll concentration in these two ecosystems supports a large

marine community and results in two exceptionally productive environments, with

extensive fisheries.

A 4: Not necessarily. It is true that some species require an abundant food supply for

their early stages, but other species may not benefit from an early surplus of food.

Their life cycle may require other ecological conditions, such as warmer surface

water, to take full advantage of the seasonal event.

http://envisat.esa.int/handbooks/meris/
http://envisat.esa.int/instruments/meris/pdf/atbd_2_12.pdf
http://envisat.esa.int/instruments/meris/pdf/atbd_2_12.pdf
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Case Study 12

Application of Multi-Sensor Satellite and Fishery
Data, Statistical Models and Marine-GIS to Detect
Habitat Preferences of Skipjack Tuna
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12.1 Introduction

Advances in satellite remote sensing of the oceans have expanded our knowledge of

oceanographic phenomena at spatial and temporal scales previously inconceivable

from ship and buoy platforms. Satellite remote sensing data used in oceanographic

work is mainly from sea surface temperature (SST), ocean colour and ocean altimetry.

Application of geographic information systems (GIS), remotely-sensed imagery and

statistical models in fisheries oceanography (Valavanis et al., 2008) are also widening

the scope of marine studies in time and space. GIS, widely developed for land-based

applications, have grown to accommodate oceanographic work by incorporating

functions that handle multiple dimensionality and dynamism of marine data (Wright

and Goodchild, 1997). Analyses of remotely-sensed data and fisheries data under a

GIS environment have facilitated elucidation of fundamental relationships between

marine biota and their oceanic environment (Valavanis et al., 2008). Coupling of

GIS applications and geo-statistical models thus provide a platform for integrating

diverse forms of data to provide scientifically underpinned information for marine

resource management. The objective of this case study is to illustrate how remotely-

sensed information can be used to derive habitat indices for pelagic species such as

skipjack tuna.

1Laboratory of Marine Environment and Resource Sensing, Graduate School of Fisheries Sciences,
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12.2 Background

Global tuna catches have increased steadily from a half million tonnes in 1950 to

almost 4 million tonnes in 1999 (Miyake et al., 2004). The Pacific Ocean has the

highest proportion of catches (65%) compared to about 15 and 20% for the Atlantic

and Indian Oceans respectively (Miyake et al., 2004). Skipjack tuna is one of the

species whose catches have risen consistently in the past decade (FAO, 2009), and

in catch volumes, the species ranks third after anchovies and the Alaskan Pollock.

The western Pacific produces substantial skipjack tuna catches. Skipjack tuna

utilize the upper pelagic environment for their habitat; hence satellite data provide

appropriate observations for their horizontal habitats. Skipjack tuna are known

to associate with thermal fronts, warm water streamers and eddies in the western

North Pacific (Tameishi and Shinomiya, 1989; Sugimoto and Tameishi, 1992), which

are features that can be distinguished from satellite remotely-sensed SST, ocean

colour or altimetry data. Studying skipjack tuna’s habitat from remotely-sensed

environmental data provides a scientific basis for understanding their response to

externalities such as climate change and fishing pressure. Habitat models based on

remotely-sensed data can facilitate fishery forecasting, effort control or design of

dynamic marine protected areas.

Skipjack tuna in the western Pacific migrate as far as 44◦N off Japan (Wild and

Hampton, 1993; Langley et al., 2005). Migration patterns follow a north–south

seasonal cycle where migration to higher latitudes occurs in the fall–summer season

(Kawai and Sasaki, 1962; Matsumoto, 1975; Ogura, 2003). Migration is influenced

by ocean currents and the fish move along prevailing currents utilizing them as

foraging habitats (Uda and Ishino, 1958; Uda, 1973). The western most groups are

comprised of one originating from the Philippine islands and a second group from

the Marianna-Marshall islands (Figure 12.1). These groups migrate northwards along

the Japanese coastal waters. A third group originates east of the Marshall Islands

and moves in a northwesterly direction into Japanese offshore waters (Matsumoto,

1975). Part of this group could move farther downstream of the Kuroshio Current

to the east of the Midway Island. In late summer and early autumn, the fish begin

their southward migration.

12.3 Data and Methods

12.3.1 Study area

To enable one to appreciate the application of remotely-sensed imagery used in

tuna ecology in the western North Pacific, a brief description of the key physical

oceanographic features of this ecosystem is given here. The western North Pacific

(Figure 12.1) is a productive ecosystem influenced mainly by the Kuroshio Current,

Oyashio Current and the Tsugaru Warm Current (Talley et al., 1995). First, we
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Figure 12.1 Northern migration (mainly from spring) pattern of skipjack tuna
(green lines) off the south and east coasts of Japan in the western North
Pacific.The migration pattern is largely influenced by temperature and ocean
currents. Modified from Nihira (1996).

will describe the two main currents in this ecosystem: the Kuroshio and Oyashio

currents. The Oyashio Current (Figure 12.1), formed by waters from the Okhotsk

Sea and the Subarctic Gyre (Yasuda, 2003), flows southward, transporting low-

temperature, low-salinity and nutrient-rich waters to the North Pacific Subtropical

Gyre (Sakurai, 2007). The current commonly meanders twice after leaving the coast

of Hokkaido, generating the first and second intrusions (Kawai, 1972). The meanders

are separated by a warm core ring (WCR) originating from the northward movement

of the ring produced by the Kuroshio Current (Yasuda et al., 1992). The southern

limit of subpolar waters is often referred to as the Oyashio Front (Talley et al.,

1995). The Oyashio ecosystem is an important fishing ground for several subarctic

species and subtropical migrants (Saitoh et al., 1986). The Kuroshio Current (Figure

12.1) originates from the subtropical gyre and is distinguished by low density,

nutrient poor, warm and high salinity surface waters (Kawai, 1972; Talley et al.,

1995). The Kuroshio Extension is an eastward-flowing inertial jet characterized by

large-amplitude meanders and energetic pinched-off eddies, with high eddy kinetic

energies (Qiu, 2002). Confluence of the two currents results in a mixed region, the

Kuroshio-Oyashio Transition Zone (Yasuda, 2003). The behaviour of the Kuroshio

Extension, warm streamers and WCRs in the Transition Zone is important to the

fishing industry (Saitoh et al., 1986; Sugimoto and Tameishi, 1992). The Tsugaru

Warm Current originates from the Tsushima Current and flows with warm and saline

water from the Sea of Japan (Talley et al., 1995). The recognition of these dynamic

oceanographic features by satellite sensors at varying time scales makes remote
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Figure 12.2 A graphic representation of the core GIS data types, vector (point,
line and polygon) and raster (imagery) data.

sensing an invaluable tool in ecological studies.

12.3.2 GIS data types

Geographic information system data types are largely classified into vector and

raster data types (Figure 12.2). Vector data are data types that represent real

world features as points (fishing location or buildings), lines (a contour or road), or

polygons (a marine protected area or car park). Raster data represent real world

features as grids, which store values that are used to interpret the real world feature

(e.g. a SST image or bathymetry). Both data formats are useful in a GIS in different

scenarios. It is important to point out the differences so as to make their usage in

subsequent sections convenient. A schematic diagram illustrating how the different

types of data are integrated in a GIS during analyses is shown in Figure 12.3.

12.3.3 Image processing and GIS software

There are several types of image processing and GIS software available that can be

used to analyze remotely-sensed oceanographic data. Some are commercial while

others can be downloaded freely from the internet. It is not possible to draw an

exhaustive list of available software here, but ArcGIS, Erdas Imagine and Idrisi are

some of the commercially-available software capable of working with remotely-

sensed imagery. On the other hand, the generic mapping tools (GMT), SeaDAS and

GRASS are freely available for download from the internet. For this case study,
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Figure 12.3 A schematic flow of methods and tools used in the analyses.

we will mainly use ArcGIS 9.2 and some of the associated add-in programs that

can be ported to the program. As utilization of oceanographic remotely-sensed

imagery continues to grow, various add-in software continue be designed that enable

users to read the data directly into a GIS platform. That reduces the time used

to process the data and convert them between different formats, thus granting

ecologists more time to concentrate on their research. Two examples of such

software are the Environment Data Connector (EDC) and the Marine Geospatial

Ecology Tools (MGET) (Roberts et al., in press). The EDC can be downloaded at

http://www.asascience.com/software/arcgistools/edc.shtml while the MGET is

available at http://code.env.duke.edu/projects/mget. Both have accompanying

instructions for installation. They are useful for downloading remotely-sensed

oceanographic data directly into ArcGIS and are appropriate especially for users

who may not be conversant with other methods of reading such datasets. Once

correctly installed, they are fairly easy to use.

12.3.4 Fishery data

Fishery data are useful mainly for indicating occurrence and abundance of a species

in a certain area. Here we use fishery data from skipjack tuna fishing vessels in

the western North Pacific from March to November 2004. The data are comprised

of latitude and longitude positions, and catch per unit effort (CPUE). By mapping

these data on to remotely-sensed images at corresponding time scales, they can

http://www.asascience.com/software/arcgistools/edc.shtml
http://code.env.duke.edu/projects/mget
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reveal the conditions under which catches were made. They were also used to make

a generalized additive model (Wood, 2006) from which ranges of habitat variables

important for skipjack tuna habitat were derived. Further reading on GAMs and

their applications in fisheries work using remotely-sensed data can be obtained from

Wood (2006), Valavanis et al. (2008), and Mugo et al. (2008), among others.

12.3.5 Remotely-sensed environmental data

We will use four types of remotely-sensed environment data, sea surface temperature

(SST), surface chlorophyll concentration (chl-a), sea surface height anomalies (SSHA)

and eddy kinetic energy (EKE) derived from geostrophic velocities. Each of these

variables can be important indicators of the habitat of pelagic species. There are

different ways of analyzing satellite datasets, given their spatial and temporal

resolutions. Considering the temporal scale, one way would be to use the individual

satellite passes for a certain variable, which can differ from hours to days depending

on the repeat cycle. Another way would be to work with temporally-averaged data,

either daily, 3 days, 7 days, 8 days, monthly etc, depending on the objective of the

work at hand. Data averaging is commonly used to minimize instances of missing

data due to weather conditions (clouds or rain) or instrument malfunction. Here

we consider weekly- and monthly-resolved environment data in order to have (1)

a relatively high temporal resolution to observe fishing fleet distribution (weekly

scale) and (2) good coverage especially for SST and chl-a data (monthly-averaged

data).

Working with ArcGIS 9.2 (and above), a relatively convenient way of downloading

satellite datasets would be to use the Environment Data Connector tool or the

MGET. In principle, these tools connect to remote databases (using the internet)

and download data according to user specified input. Here we will illustrate briefly

the process of downloading and sampling raster (image) data using the EDC. It is

assumed that the user has already installed the tool and can access it from ArcGIS.

For a step by step process on how to download a chlorophyll image, refer to Figure

12.4, steps 1-3. Steps 4-6 can be used to resample the image from one resolution

value to another, and extract geo-physical values from the image using a set of

known latitude-longitude positions.

Step 1: Connect to online databases using EDC and select the type of satellite data

set to download. For example, to download monthly chlorophyll-a, select "Satellite

datasets", "Colour", and select an ocean-colour dataset that suits your work. A brief

description about the dataset is also given as metadata.

Step 2: Select the spatial extent and temporal resolution for the selected dataset.

Click "process" to download data. In this case, the western North Pacific (18-50◦N;

125-180◦E) is selected for September, 2004.
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Figure 12.4 The process of downloading satellite data into ArcGIS using the
EDC (1-3) and subsequent re-sampling of the data and extraction of geo-physical
values corresponding to fishing locations. The processes are illustrated using a
chlorophyll–a image and can be replicated with other satellite datasets such as
SST or SSHA.

Step 3: In the resulting raster image, BLACK represents land while WHITE is missing

data.

Step 4: Use the ArcGIS ToolBox to resample the data to a desired resolution by

selecting; "Data management tools", "Raster", "Raster processing" and "Resample".

Complete the dialog box to finish the process.

Step 5: Overlay the chlorophyll-a image with fishing locations and sample (extract)

the pixel values corresponding to the latitude-longitude positions. On the ArcGIS

ToolBox, select "Spatial Analyst Tools", "Extraction", "Extract values to Points",

complete the resulting dialogue box to sample the image.

Step 6: The results of the extraction process are a table showing the latitude-

longitude positions of fishing locations and the corresponding chlorophyll-a values

at those locations. These data can then be exported to Excel or any other software
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Figure 12.5 A sample fishery environment database showing the spatial in-
formation (longitude and latitude), the temporal information (year, month and
day), fishery information (CPUE) and environmental information derived from
remotely-sensed images (SST, chl-a and SSHA). Such a database is useful for
modelling the habitat conditions of the species under study.

for further analysis.

Re-sampling the image resolution is an important step, especially in cases where

the datasets in use have different spatial resolutions. Harmonizing the resolution

before analyzing the data further ensures that the pixel values for all images have

the same "dimensions". These steps assume that the user has some basic knowledge

of using ArcGIS (ArcView), with at least the Spatial Analyst extension. To obtain

data for other variables (SST and SSHA) repeat these steps for each respective image.

For this exercise, we download weekly and monthly datasets for each parameter.

Utilization of the MGET tool is not illustrated here but it is fairly straight forward.

For example, we can use MGET to download weekly geostrophic current velocity

images, 1/3◦ resolution (u and v components) as ArcGIS rasters from AVISO. The

u and v weekly rasters are then used to calculate EKE with the Raster Calculator

function in Spatial Analyst extension (ArcGIS 9.2) using Equation 1 (Robinson, 2004).

Further, we can average the weekly EKE rasters into monthly data, using the Raster

Calculator function in Spatial Analyst extension, by simply adding the rasters and

dividing by the total number of rasters. The resulting raster can then be subjected

to steps 4 – 6 in Figure 12.4.

EKE = 1
2
(u2 + v2) (12.1)

Since we have used the same latitude and longitude positions to sample/extract

values from four different monthly images, it is possible to combine the values

extracted from each image into one final database as shown in Figure 12.5.
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12.4 Demonstration Section

Thermal and ocean-colour fronts, meso-scale phenomena such as warm and cold core

eddies, and ocean currents are key features that determine the distribution of pelagic

fish. Since the advent of ocean satellite remote sensing, it is possible to monitor

the development of these features at relatively large spatial scales and hence assess

their effect on fish habitat. Information from such studies has had applications in

operational fisheries oceanography and marine resource conservation.

To enhance our understanding of satellite image interpretation in relation to

tuna ecology, we will first consider one set of four images (SST, chl-a , SSHA, EKE),

each of which is overlaid with weekly-resolved fishing locations (Figure 12.6). All

the images are of the same week (week 37). Figure 12.6a is a SST image, colour

coded from blue to red. The red represents warm waters while blue shows cold

waters or lower temperatures. The warm waters become progressively cooler as we

move northwards, where they "meet" the southward flowing cold waters driven by

the Oyashio Current. A northward flowing "stream" of warm waters ( 41◦N, 146◦E),

18-20◦C (refer to the SST image colour bar) has made an "incursion" into the cold

water region. Skipjack tuna fishing locations are also situated within this northward

flowing stream of warm waters, indicating the temperature range within which the

fish were found.

In Figure 12.6b, the same fishing locations as in Figure 12.6a are overlaid on

a chlorophyll-a image. The blue areas of this image show low chlorophyll waters

while the green to red colour represents relative high chlorophyll-a waters. It is

interesting to note that the low chlorophyll or oligotrophic waters correspond to

warm water areas while relatively eutrophic waters correspond to cold waters in the

north. In this case, skipjack tuna fishing locations are aligned along the relatively

oligotrophic waters but right at the "edge" of high chlorophyll waters. This "edge"

appears to divide two water masses, a warm and oligotrophic water mass from a

cold and eutrophic water mass, a phenomenon commonly referred to as a "front".

Fronts have been shown to be one of the mechanisms that aggregate tuna.

Figure 12.6c illustrates fishing locations overlaid on a SSHA image. Sea surface

height anomaly data are useful in showing meso-scale variability in the ocean. This

involves the distribution of eddies and surface currents. In this image, areas with

positive anomalies are shown as green to red, which are likely to indicate presence of

warm core eddies. Dark blue to purple areas indicate areas with negative anomalies

which represent cold core eddies. The distribution of fishing locations points to

a pattern where the locations are associated predominantly with zero to positive

anomalies and not much with the negative anomaly areas.

The EKE image (Fig. 12.6d) presents information on eddy kinetic energy which

can tell us more about presence of strong eddies or fast flowing currents. For

instance, the Kuroshio Current and Extension are clearly visible from this image.

Such features also influence tuna migration and are thus important to consider
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Figure 12.6 Four images (SST, chl-a , SSHA and EKE), on the same time scale
and overlaid with daily fishing locations for the same period.
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while looking at distribution of tuna resources relative to surface features. The

relationship with the fishing locations during this week is not that apparent, but

that information may be clearer with further analysis. A warm core eddy south of

Hokkaido can be identified from this image and in the previous images as well.

Figure 12.7 illustrates a series of weekly images (SST, chl-a , SSHA and EKE)

from week 36 to 41 with an exception of week 40, in September 2004. Daily fishing

positions corresponding to the respective image time scale are superimposed on the

images as red dots. All the images are colour coded to facilitate easy interpretation.

Missing data are shown in black. The set of images we discussed above is shown in

the second column. By applying the same concepts discussed above to the other

images, it is possible to interpret them as well. In week 38, contours (vector data)

have been added on the SST and chl-a images, showing the mean environmental

conditions on the fishing grounds. Temperature and ocean-colour fronts (gradients)

are observable on these images. The fishing positions show a spatial pattern

consistent with oceanographic features observable from the SST, chl-a and some

SSHA images. Notably, the fishing positions appear consistent with the 20◦C SST

isotherm, which appears to be a good proxy for the 0.3 mg m−3 chl-a isopleth (e.g.

week 38).

Having discussed the relationships between fishing locations and the four envi-

ronmental factors derived from remotely-sensed images, let us draw some ecological

interpretations with reference to skipjack tuna. Temperature as a habitat signature

may explain part of the observed spatio-temporal variability in skipjack tuna fish-

ing set distribution. SST is known to influence tuna migration (Sund et al., 1981).

Considering the distribution of fishing locations overlaid on SST and chl-a images

(both averaged on the same time scale), it is apparent that the fishing positions

were aligned on the warm and oligotrophic side of the front. There are no fishing

positions on the cold and eutrophic waters (mainly Oyashio waters). Relatively low

chlorophyll waters, especially on the frontal edges of warm oligotrophic waters, have

both physiological and trophic implications for skipjack tuna. It enables skipjack

tuna to locate prey and forage on the periphery of highly productive frontal or

upwelling zones, and also stay within tolerable temperatures (Ramos et al., 1996).

Tunas are predominantly visual predators, feeding opportunistically and unselec-

tively on micro-nekton and therefore highly turbid waters are unsuitable for them

(Ramos et al., 1996; Kirby et al., 2000), while extremely oligotrophic waters would

contain little food (Sund et al., 1981). A study in the western North Pacific on

skipjack tuna ecology by Nihira (1996) showed that stomach contents of skipjack

tunas caught near the front of a warm streamer were twice to five times heavier

than those caught at the center of the warm streamer and thus concluded that the

front was the most suitable feeding place. Fiedler and Bernard (1987) also found

that skipjack tuna aggregated on the warm edge of waters near cold and productive

water masses off southern California. Oceanic fronts are broadly understood to

mark the boundary between two different water masses, manifested as regions of



180 • Handbook of Satellite Remote Sensing Image Interpretation: Marine Applications

Figure 12.7 Spatial distribution of skipjack tuna fishing fleet in September
2004 overlaid on weekly averaged sea surface temperature (SST), sea surface
chlorophyll (chl-a), sea surface height anomalies (SSHA) and eddy kinetic energy
(EKE), off Japan in the western North Pacific. The fishing locations were in phase
with the 0.3 mg m−3 chlorophyll-a and 20◦C SST contours.
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Figure 12.8 A habitat suitability map computed from monthly averaged SST,
chl-a, SSHA and EKE whose habitat ranges for skipjack tuna were derived using
a GAM. This demonstrates some of the products that can be derived from
remotely-sensed oceanographic data. Land or areas with no data are shown in
black.

strong horizontal gradients in temperature, salinity, chlorophyll and concentration

of zooplankton and micronekton (Olson et al., 1994; Kirby et al., 2000).

The spatial relationship of fishing locations with SSHA images, though not as

apparent as that of SST and chl-a images, points to the presence of warm and

cold-core eddies near fishing locations. The fishing locations appear oriented on the

periphery of warm core eddies. The EKE images also confirm the presence of eddies

observed on SSHA images. The EKE images also clearly show the path of the Kuroshio

Current. Aggregation of tuna along eddy edges has been attributed to nutrient

injection or entrainment to the euphotic zone (Olson, 1991) and development of

phytoplankton blooms which trigger secondary production (Bakun, 2006). This

attracts nekton, with a net effect of aggregation of apex predators to forage on the

lower trophic level organisms around the eddy edge (Ramos et al., 1996; Fonteneau

et al., 2009).

The data sampled from the satellite images can be compiled into a database

that describes the conditions where fishing is taking place, as is shown in Figure

12.5. Data from such a database can be used to generate models that provide more

information on the habitat of the species in question. Different types of models can

be applied depending on the objective of the work. In this case, we highlight the
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application of a generalized additive model (GAM) (Wood, 2006), from which the

ranges of environmental variables with a positive effect on CPUE were determined

(results from GAMs are cited but not presented here). The terms derived from the

GAM can be applied on monthly averaged SST, chl-a , SSHA and EKE images to derive

a simple habitat index map shown in Figure 12.8. This can be done using tools in the

Spatial Analyst extension of ArcGIS 9.2 (or higher). From this figure, it is possible to

visualize the annual displacement of skipjack tuna habitat from the south to the

north (March to August/September) and later southwards in October and November.

Figures were done using GMT 4.4.0. Such results are important for assessing habitat

distribution at a synoptic scale, which is vital for ecosystem based management.

12.5 Questions

Q 1: With reference to the SST images shown in Figure 12.7 (weeks 36 and 38-41),

why do you think skipjack tuna fishing locations appear on the yellow to red parts

of the image and not the blue parts? NOTE: the SST image is colour coded; the red

shows warm waters while light to deep blue shows cold waters.

Q 2: With reference to the chl-a images shown in Figure 12.7 (weeks 36 and 38-41),

and also in light of the discussion above, why do you think skipjack tuna fishing

locations appear on the blue parts of the image and not the green to red areas?

NOTE: the chl-a image is colour coded; the blue shows low chlorophyll waters which

also correspond to warm waters while green to red shows relatively high chlorophyll

waters which also correspond to cold water masses.

Q 3: What important information can we derive from altimetry data such as sea

surface height anomalies? How is that information relevant to tuna ecology?

12.6 Answers

A 1: Skipjack tuna are warm water fish, and also aggressive feeders. Therefore

SST can act as an index of their distribution especially when they have migrated

towards higher latitudes where waters get progressively colder. They appear to

track warm waters and avoid the cold waters below 17◦C. They are also found on

the oligotrophic side of fronts which are rich in food as a result of high primary and

secondary production induced by upwelling.

A 2: Skipjack fishing locations appear not only in the low chlorophyll areas, but also

in areas associated with steep colour gradients which indicate ocean-colour fronts.

Such areas are productive zones that provide feeding opportunities for skipjack

tuna. However, the tuna remain in relatively low chlorophyll waters where turbidity
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is less, and visibility is good. This enhances their ability to locate food. Tunas are

known to locate their food by sight. The relatively oligotrophic waters also happen

to be regions with tolerable temperatures for the species.

A 3: Altimetry is a technology that measures height. Satellite altimetry measures

the time taken by a radar pulse to travel from the satellite antenna to the surface

and back to the satellite receiver. Combined with precise satellite location data,

altimetry measurements yield sea-surface heights. Altimetry data are important at

revealing meso-scale variability in the oceans. From these data, it is possible to track

movement of eddies and strong currents in the oceans. Such features are important

for exchange of heat and nutrients in the oceans, and thus can influence productivity

of adjacent water masses and by extension the marine biota associated with them.

Therefore, at times, movement of meso-scale features can affect the distribution

of predators such as tuna. It follows that tracking such features through satellite

remote sensing can provide information on ocean circulation and the associated

biotic interactions. Further, altimetry data may provide a "glimpse", even though

not as detailed, of oceanographic conditions where satellite surface temperature or

surface chlorophyll data are missing due to cloud cover.
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12.8 Glossary of Technical Terms

Chl-a Sea Surface Chlorophyll

CPUE Catch Per Unit Effort

EDC Environment Data Connector

EKE Eddy Kinetic Energy

GAM Generalized Additive Model

GIS Geographic Information Systems

GMT Generic Mapping Tools

MGET Marine Geospatial Ecology Tools

SSHA Sea Surface Height Anomalies

SST Sea Surface Temperature

WCR Warm Core Ring



186 • Handbook of Satellite Remote Sensing Image Interpretation: Marine Applications



Case Study 13

Monitoring Oysters Using Remote Sensing Data and
Services: a Case Study of the Apalachicola River and
Bay Watershed during Recent Droughts

Zhong Liu∗1 and James Acker2

13.1 Background

13.1.1 Study Area: Apalachicola Bay and watershed

Apalachicola Bay is located on Florida’s northwest coast, consisting of an estuary

and lagoon (Figure 13.1a). The Apalachicola River watershed provides the largest

inflow of fresh water to the estuary (Figure 13.1b). According to U.S. Geological

Survey (USGS) data in 2002, the Apalachicola River, combined with other rivers,

drains a watershed of over 20,000 sq. miles (∼52,000 sq. km) at an approximate

rate of 19,599 cubic feet per second (∼550 kiloliters per second) of fresh water.

Apalachicola Bay is renowned for its oysters, supplying 90% of the oysters in

the state of Florida. Major natural threats to the local oyster population are disease,

predation and competition from other organisms. Researchers (e.g. Wilber, 1992)

found that the balance of Bay water salinity is essential to oyster productivity.

Increased salinity can invite marine (salt water) predators to enter the bay from the

Gulf. Droughts in the watershed can thus cause less fresh water to flow into the

bay and foster a rise in salinity. By contrast, low salinity due to a large fresh water

discharge from the river can induce physiological stress to oysters, leading to oyster

mortality.

Wilber (1992) compared oyster landings for Apalachicola Bay with historical

Apalachicola River flows from 1960 – 1984 to determine how river flow and oyster

production are related. Since oysters in Apalachicola Bay require 2 years of growth

to reach a harvestable size, lag periods were incorporated into the analyses. Wilber

(1992) found that low river flows were positively correlated with oyster catch per unit

1NASA Goddard Earth Sciences Data and Information Services Center; also UCEOSR, George Mason
University, Fairfax, VA, USA. ∗Email address: Zhong.Liu@nasa.gov

2NASA Goddard Earth Sciences Data and Information Services Center, Wyle IS LLC, Greenbelt,
Maryland, USA

187

mailto:Zhong.Liu@nasa.gov


188 • Handbook of Satellite Remote Sensing Image Interpretation: Marine Applications

effort two years later. Wilber’s analyses suggest that sustained high river flows were

detrimental to the same year’s harvestable oyster population. Although Wilber’s

analyses did not include salinity data, the results imply that a possible mechanism

for this association is that lower minimum flows result in higher estuarine salinities,

permitting predation by marine species on newly settled spat (juvenile oysters), and

thus reducing harvestable oyster population sizes two years later (Wilber, 1992).

Figure 13.1 (a) Apalachicola Bay on Florida’s northwest coast, consisting of
an estuary and lagoon; (b) the Apalachicola River watershed (created by "Pfly",
based on USGS data, acquired from Wikimedia).

Several other studies have linked oyster growth to freshwater inflows and salinity.

Wang et al. (2008) modelled oyster growth rate by coupling oyster population and

hydrodynamic models for Apalachicola Bay. Their analyses and model simulations

reveal that oyster growth rates were significantly related to salinity. Huang (2010)

studied rainfall and river inflow effects on Apalachicola Bay with hydrodynamic

modelling and eco-hydrological analysis.

During the period 2006 – 2008, historical drought conditions existed in the U.S.

Southeast, resulting in severe water shortages. The water shortages were worsened

by increasing population, increasing water consumption, and insufficient water

conservation measures, which greatly reduced freshwater flow into Apalachicola Bay.

Water control for the reservoir Lake Lanier, which provides water for metropolitan

Atlanta, made the situation worse. The rising salinity in Apalachicola Bay nearly

destroyed the $134 million oyster industry, according to news reports.

13.1.2 Tropical Rainfall Measuring Mission (TRMM)

Drought conditions occur every year around the world. However, monitoring

droughts can be a challenging task, especially in data-sparse regions. Satellite

remote sensing technology (Maracchi et al., 2000; Liu et al., 2007) provides a unique

way to supply precipitation monitoring data from space. In particular, the Tropical

Rainfall Measuring Mission (TRMM) – a joint mission between NASA and the Japan

Aerospace Exploration Agency (JAXA) – is designed to monitor and study tropical
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and subtropical (40◦S – 40◦N) rainfall and latent heat (TRMM Special Issue, 2000).

The TRMM satellite flies at an altitude of 402.5 km, and carries three rain-measuring

instruments: the TRMM Microwave Imager (TMI), the Visible Infrared Scanner (VIRS),

and the Precipitation Radar (PR). TRMM data products are archived and distributed

by the Goddard Earth Sciences Data and Information Services Center (GES DISC).

13.1.3 Giovanni TOVAS (TRMM Online Visualization and Analysis Sys-
tem)

Accessing remote sensing products can be a challenging task for users in many

developing countries and for non-experts (Liu et al. 2007). For example, many

products require different software and computer platforms for processing and

visualization, which could require a significant investment from the user side (Liu

et al. 2007). To facilitate data access, GES DISC has developed the TRMM Online

Visualization and Analysis System (TOVAS), as a part of the "Goddard Interactive

Online Visualization ANd aNalysis Infrastructure" or "Giovanni" (Acker and Leptoukh,

2007; Liu et al. 2007; Berrick et al. 2009). With a Web browser and few mouse clicks,

an individual can easily obtain global Earth science data visualizations and analyses.

The principle design goal for Giovanni was to provide a quick and simple inter-

active means for scientific data users to study various phenomena by trying various

combinations of parameters measured by different instruments, arrive at a conclu-

sion, and then generate graphs suitable for a report or publication. Alternatively,

Giovanni can provide a means to ask relevant "what-if" questions and receive rapid

results that would stimulate further investigations. These procedures can all be done

without having to download and pre-process large amounts of data. A secondary

design goal was for Giovanni to be easily configurable, extensible, and portable. GES

DISC currently runs Giovanni on Linux, SGI, and Sun platforms. Another goal of

Giovanni was to off-load as much of the data processing workload as possible onto

the machines hosting the data, and thereby reduce data transfers to a minimum.

Given the enormous amount of data at GES DISC in Hierarchical Data Format (HDF),

it was a requirement that Giovanni support HDF, HDFEOS, as well as binary data.

Giovanni consists of HTML and CGI scripts written in Perl, Grid Analysis and

Display System (GrADS http://grads.iges.org/grads/) scripts, and one or more

GrADS Data Servers (GDS) running on remote machines that have GrADS readable

data. In addition, an image map Java applet can be used to select a bounding box

area to process.

GrADS was chosen for its widespread use in providing easy access, manipulation,

and visualization of Earth science data. It supports a variety of data formats such

as binary, GRIB, NetCDF, HDF, and HDFEOS. When combined with the Open-source

Project for a Network Data Access Protocol (OPeNDAP), as in GDS, the result is a

secure data server that provides subsetting and analysis across the network or even

the Internet. The ability of GDS to subset data on the server drastically reduces

http://grads.iges.org/grads/
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the amount of data that needs to be transferred across the network, and improves

overall performance. GDS provides spatial or temporal subsetting of data while

applying any of a number of analysis operations including basic math function,

averages, smoothing, correlation, and regression. An equally important feature is

the ability to run GrADS data transformations on the server.

This case study will demonstrate the use of remote sensing rainfall data products

from TRMM (and other sources), combined with data analysis services, to monitor

freshwater inflows and salinity that affect oysters in Apalachicola Bay. This study

should enhance our ability to understand the dynamics of the Apalachicola Bay

estuarine ecosystem, based on the relationships established in previous studies.

13.2 Materials and Methods

13.2.1 Tropical Rainfall Measuring Mission (TRMM) data products

TRMM standard products are available at three levels. Level 1 products are the VIRS

calibrated radiances, the TMI brightness temperatures, and the PR return power and

reflectivity measurements. Level 2 products are derived geophysical parameters

(such as rain rate) at the same resolution and location as those of the Level 1 source

data. Level 3 products are the time-averaged parameters mapped onto a uniform

space-time grid. An evaluation of the sensor, algorithm performance and first major

TRMM results appear in the Special Issue on the Tropical Rainfall Measuring Mission

(see Section 13.6.1, Further Reading).

Observations from a single satellite usually suffer from limited spatial and

temporal coverage. Multi-satellite data can provide wider spatial coverage and

often more frequent measurements than a single satellite, making monitoring

global environmental conditions a reality. Combined with other satellites (e.g.

geostationary satellites and other microwave instruments), TRMM products can

be greatly improved in terms of their spatial coverage and temporal resolution

(Huffman et al. 2007), such as a 3-hourly TRMM multi-satellite precipitation analysis.

Because the TRMM satellite was launched in 1997, its data products can only

provide limited historical records. To investigate longer periods, it is necessary

to use other products, such as the Global Precipitation Climatology Project (GPCP)

monthly precipitation product. GPCP provides a global merged rainfall analysis

for research and applications. Data from over 6,000 rain gauge stations, satellite

geostationary, and low-orbit infrared, passive microwave, and sounding observations

have been merged to estimate monthly rainfall on a 2.5-degree global grid from

1979 to present (http://www.gewex.org/gpcp.html). In this case study, we will use:

v Monthly 0.25◦ x 0.25◦ merged TRMM and other sources estimates (3B43);

v the Monthly GPCP 2.5◦ x 2.5◦ merged product.

http://www.gewex.org/gpcp.html
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13.2.2 USGS streamflow data

To evaluate rainfall impact on fresh water discharge, we use streamflow mea-

surements reported by the USGS (http://waterdata.usgs.gov/nwis/rt) for sta-

tion 02359170 near Sumatra, FL, in the Apalachicola-Chattahoochee-Flint (ACF)

River Basin (Lat 29◦56’57", Lon 85◦00’56" ). This station measures streamflow

from a drainage area of approximately 19,200 mi2 and provides records from

September 1977 to the current year. The streamflow data can be downloaded from

http://waterdata.usgs.gov/nwis/uv?02359170.

13.2.3 Giovanni TOVAS

Via the TOVAS Web interface, the user selects one or more precipitation data sets,

the spatial area, the temporal extent, and the type of output. The selection criteria

are passed to the CGI scripts for processing.

13.3 Demonstration

13.3.1 Drought Analysis

With TOVAS, users can investigate the spatial and temporal distribution of the

precipitation in their area of interest as well as its climatology and anomalies.

Examples are given as follows.

13.3.1.1 Rainfall climatology

Before analyzing drought conditions, it is necessary to understand the rainfall cli-

matology and inter-seasonal, annual variability in the Apalachicola River watershed.

First, we will generate a latitude-longitude map and a time series plot, using a web

browser to perform the following steps:

STEP 1: Visit, http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_

id=TRMM_Monthly

STEP 2: Select a region of interest. In this case, we selected a region that includes

the Apalachicola river watershed (Figure 13.2a)

STEP 3: Select "Climatology" from Analysis Options and "Rain Rate" from the TRMM

3B43 V6 pull-down menu.

STEP 4: Select Jan (January) as Begin Date and Dec (December) as End Date in the

Temporal selection menu.

STEP 5: Click "Generate Visualization". Figure 13.2b is the 12-month climatology

(average rain rate) for the region (it may look slightly different based on the area

http://waterdata.usgs.gov/nwis/rt
http://waterdata.usgs.gov/nwis/uv?02359170
http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=TRMM_Monthly
http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=TRMM_Monthly
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(a)

(b)

(c)

Figure 13.2 (a) TOVAS website showing the area of interest including the
Apalachicola watershed; (b) 12-month (Jan – Dec) climatology rain rate (mm
h−1) for the region; (c) area-averaged time series rain rate climatology.

selected). To plot a time series, repeat the first 3 steps above, except type in the

watershed region (Latitudes: 30◦ – 35◦N; Longitudes: 83◦ – 86◦W). Select "Time

series" from the "Select Visualization" menu and click "Generate Visualization". The

plot is shown in Figure 13.2c.

Repeat the above steps for different seasons (Dec-Feb, Mar-May, Jun-Aug, Sep-

Nov) to obtain the climatology maps showing seasonal changes in rainfall spatial

distribution (Figure 13.3). In winter (Dec – Feb) and spring (Mar – May), the highest

rain intensity concentrates in the NE watershed and decreases toward the SE. In

summer (Jun – Aug) and fall (Sep – Nov), the intensity gradient is reversed with highs

in the southern part of the watershed (possibly related to tropical weather systems)

along the coastal areas, and lows in the central and northern parts.

13.3.1.2 Obtaining time series and anomaly map in the watershed region

Using the latitudes and longitudes of the watershed, we next plot a 12-year time

series of rainfall intensity. The steps are as follows:

STEP 1: Go to http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_

id=TRMM_Monthly.

http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=TRMM_Monthly
http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=TRMM_Monthly
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Figure 13.3 Climatology maps showing seasonal changes in the spatial distri-
bution of rainfall (mm h−1) for the Apalachicola watershed.

STEP 2: Select a region of interest. Type: Latitudes: 30 – 35◦ N; Longitudes: 83 – 86◦

W and click on "Update Map".

STEP 3: Select "Parameter" from Analysis Options and "Rain Rate" from the TRMM

3B43 V6 pull-down menu.

STEP 4: Select "Jan 1998" as Begin Date and "Feb 2010" as End Date in the Temporal

selection menu.

STEP 5: Click "Generate Visualization". Figure 13.4a is the 12-year time series of

the average rain rate for the selected region. Select "Anomaly" from the Analysis

Options and repeat the above steps, which will obtain the anomaly time series plot

(Figure 13.4b). To understand the spatial distribution of the anomaly, we next select

two different periods: wetter years between 2003 and 2005 and drier years between

2005 and 2008, by repeating the above steps. Choose "Lat-Lon Map, time-averaged"

from the Select Visualization menu to create the figures. The results are shown in

Figure 13.5.
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Figure 13.4 (a) 12-year time series of average rain rate in the Apalachicola
watershed; (b) anomaly time series plot for the same region and time frame.

13.3.1.3 Monitor droughts and floods

With TOVAS, users can monitor drought and flood development. Using the Monthly

Rainfall (3B43) Anomaly Tool (http://disc2.nascom.nasa.gov/Giovanni/tovas/rain.

3B43_V6_anom.shtml), users can generate the latest monthly rainfall, anomaly and

normalized anomaly (normalized anomaly is defined as (rainfall - climatology) /

climatology). For example, Figure 13.6a shows the total rainfall in mm for February

of 2010, Figure 13.6b shows the corresponding anomaly while Figure 13.6c shows

the normalized anomaly in percentage. It can be seen that rainfall is highly non-

uniform, with high rainfall being recorded in the Gulf of Mexico (Figure 13.6a). The

Apalachicola watershed area also received more rainfall than the surrounding areas

(about 20% more than normal).

TOVAS also provides near-real-time monitoring services (http://disc2.nascom.

http://disc2.nascom.nasa.gov/Giovanni/tovas/rain.3B43_V6_anom.shtml
http://disc2.nascom.nasa.gov/Giovanni/tovas/rain.3B43_V6_anom.shtml
http://disc2.nascom.nasa.gov/Giovanni/tovas/
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Figure 13.5 Spatial distribution of the rain rate anomaly (mm h−1) in the
Apalachicola watershed over wetter years (2003 – 2005) and drier years (2005 –
2008).

nasa.gov/Giovanni/tovas/) with only a few hours data latency. Users can examine

rainfall conditions through TOVAS, which is very useful in monitoring floods. Using

TOVAS, users can plot rainfall maps including accumulated rainfall and time series

in the area and time period of interest.

13.3.1.4 Further analysis

Users can conduct other analyses by using additional functions (e.g. Hovmöller

diagrams, animations, exporting data in ASCII for customized analysis), or other

rainfall products (e.g. 3-hourly, daily, 10-day). The following steps show how to

download rainfall data in ASCII and import them in Microsoft Excel for further

analysis.

STEP 1: Follow Section 13.3.1.2 and generate a time series for the period of interest.

STEP 2: Click "Download Data"

STEP 3: Click the ASCII thumbnail in "Download Files" to display the ASCII output

data.

STEP 4: From your browser menu, click Edit and select "Select All". The data will be

highlighted. Select "Copy" and paste them in a Microsoft Excel spreadsheet.

STEP 5: Highlight the data column and select "Data" and "Text to Columns". The

action will split the pasted data into two columns.

http://disc2.nascom.nasa.gov/Giovanni/tovas/
http://disc2.nascom.nasa.gov/Giovanni/tovas/
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Figure 13.6 (a) Total rainfall (mm) for February of 2010; (b) rainfall anomaly
(mm) for February 2010; (c) normalized rainfall anomaly (%).

STEP 6: Plot the data and add a trend line (Figure 13.7). The files can be downloaded

from: http://disc.sci.gsfc.nasa.gov/giovanni/precipitation_case_study_files/

13.3.2 Impact Analysis

13.3.2.1 USGS streamflow discharge

As mentioned in the Introduction, freshwater discharge has important impacts

on Apalachicola Bay ecological systems. Users can obtain real-time and historical

streamflow data for the Apalachicola Bay from the U.S. Geological Survey web

site (http://waterdata.usgs.gov/nwis/rt). To demonstrate rainfall and its impact

on streamflow, we use the monthly data. Below are the steps to obtain monthly

streamflow time series:

STEP 1: Go to http://waterdata.usgs.gov/nwis/uv?02359170

STEP 2: Select Time-series: Monthly statistics from Available data for this site. Click

"Go"

STEP 3: Select Parameter Code 00060. Select Tab-separated data. Select Display in

browser. Click Submit.

STEP 4: In your web browser, click Edit, Select All and Copy, then paste into an Excel

http://disc.sci.gsfc.nasa.gov/giovanni/precipitation_case_study_files/
http://waterdata.usgs.gov/nwis/rt
http://waterdata.usgs.gov/nwis/uv?02359170
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Figure 13.7 Time-series of rain rate (mm h−1) plotted with MS Excel©, with a
trendline added to the time-series data plot.

Spreadsheet. Since the GPCP rainfall product provides a longer period of monitoring,

we demonstrate how to plot it against the USGS streamflow discharge data described

above. The results are shown in Figure 13.8. In general, rainfall in the Apalachicola

watershed region has a close tie to the streamflow discharge data measured near

the bay at Sumatra, FL, although the discharge can be controlled by many factors

including upstream water storage and withdrawals.

13.3.2.2 Salinity analysis

Salinity data downloaded from the National Data Buoy Center and imported into

Microsoft Excel can be plotted along with the rainfall data for comparison. Figure

13.9a shows the time series of the rain rate averaged over the watershed region, and

the salinity measured in the Apalachicola Bay. Note that when salinity rises, the rain

rate is low and vice versa over the 30-month period. Similarly, we can plot the USGS

streamflow discharge data along with the salinity data. Figure 13.9b shows that

when streamflow discharge is high, salinity is low and vice versa. These two figures

illustrate the impact of rainfall and streamflow discharge on salinity in Apalachicola

Bay.

13.4 Training and Questions

Q1: Why are the data presented in mm/hr? How can I convert mm/hr in TRMM 3B43

to mm/month?

Q2: Describe the spatial distribution of rainfall in the watershed region. Is it

uniform? When do the rainfall maxima in the study region occur for average

conditions?

Q3: Is the spatial distribution of rainfall consistently the same for different seasons?
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Figure 13.8 The GPCP (Global Precipitation Climatology Project) monthly
rainfall product (blue line) and the USGS streamflow discharge (red line) for
Apalachicola Bay, from January 1979 to November 2007.

Q4: 4. In Figure 13.4a, attempt to identify months and periods with unusually high

and unusually low rainfall. Then look at the anomaly time-series (Figure 13.4b). Are

the periods you identified consistent with the rainfall anomalies? What were the

main periods of below-average rainfall, according to Figure 13.4b?

Q5: 5. Is the spatial distribution of rainfall during dry years and wet years the same,

or different? What meteorological phenomena might explain these observations?

Q6: Was rainfall in February 2010 in the watershed region above normal, approx-

imately normal, or below normal, based on the climatological average? (Figure

13.6)
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Figure 13.9 (a) Time series of rainfall rate (mm h−1) averaged over the
Apalachicola watershed region (blue line), and the salinity (psu) measured
in the Apalachicola Bay (red line); (b) USGS streamflow discharge data (cubic
feet per second, green line) along with the salinity data (red line).
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Q7: 7. Based on Figure 13.8, is there a strong correlation, a weak correlation, or

no correlation between the GPCP monthly rainfall values and the USGS streamflow

discharge data? Does your conclusion surprise you?

Q8: Is there a positive correlation, a negative correlation, or no correlation between

precipitation in the watershed and salinity in Apalachicola Bay as measured by the

NOAA buoy (Figure 13.9a)?

Q9: Is there a positive, negative, or no correlation between streamflow in the

watershed and salinity in Apalachicola Bay as measured by the NOAA buoy (Figure

13.9b)?

Q10: In light of the background information provided about the Apalachicola Bay

oyster fishery, what recommendations could be made based on these observations

regarding preservation of the fishery in relation to precipitation and streamflow in

the watershed?

13.5 Answers

A1: Because the total number of days in each month are different, mm/hr is used

for easy comparison. Since the 3B43 product is a monthly average, you could simply

do the conversion by multiplying the hourly rain rate by the total number of hours

in that month.

A2: From Figure 13.2b, it is seen that the spatial distribution of rainfall is not

uniform in the watershed region. The rain intensity decreases from west to east

with highs in the northern and southern ends of the region. The time series plot

shows that there are two rain maxima, one in March and the other in July. May and

November are the two months with minimum rainfall.

A3: 3. Figure 13.3 shows that seasonal changes in rainfall spatial distribution are

different. In winter and spring, the highest rain intensity concentrates in the NE

watershed and decreases toward the SE. In summer and fall, the intensity gradient

is reversed with highs in the southern part of the watershed (possibly related to

tropical weather systems) along the coastal areas, and lows in the central and

northern parts.

A4: 4. From the time series of the past 12 years (Figure 13.4 a,b), it can be seen that

the monthly rainfall intensity is highly variable. Between 1998 and 2003, the region

experienced below normal rainfall intensity, and an above average rainfall intensity

after that period. The region experienced another below average rainfall intensity

from mid-2005 to -2008, but this dry spell has improved since 2009, with above-

average rainfall. The time series also shows that the latest dry period (mid-2005 to
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-2008) was the worst in this 12-year record. The region experienced more than 3

consecutive years of below-normal rainfall.

A5: Figure 13.5 shows that the spatial distributions of the anomaly between the

wetter and drier than normal years are quite different. In the wetter years, more rain

fell in the central and the northern parts of the region; in contrast, during the drier

years, considerably less rain fell in the northern region. During dry years, one of

the notable contributions to rainfall are storm systems in the Gulf of Mexico (either

winter lows or tropical systems), which tend to bring more rain to the coast than

inland.

A6: Rainfall in February 2010 was below normal, as demonstrated by both the

rainfall anomaly, and normalized rainfall anomaly having negative values in the

watershed region. The normalized rainfall anomaly indicates that rainfall in February

2010 was only slightly below normal.

A7: Figure 13.8 shows that during many periods of high precipitation, there is a

strong correlation between high precipitation and high discharge. This is likely due

to high discharge rates caused by a large contribution of runoff to streams in the

watershed. However, during periods of average or low precipitation, the correlation

is considerably weaker. This could be due to natural storage (i.e. replenishment

of groundwater, filling of wetlands, increased soil moisture) as well as streamflow

control by artificial impoundments, particularly reservoir lakes.

A8: There is a negative correlation between precipitation in the watershed and

salinity in Apalachicola Bay. This indicates that high precipitation leads to reduced

salinity in the Bay, and low precipitation leads to increased salinity in the Bay.

A9: There is an apparent negative correlation between streamflow (discharge) in the

watershed and salinity in Apalachicola Bay. This indicates that elevated streamflow,

which is related to increased precipitation, causes reduced salinity in the Bay, and

that reduced streamflow (likely due to both drought and some degree of human

control) causes increased salinity in the Bay.

A10: 10. Based on all of these observations, it appears that Apalachicola Bay should

be guaranteed a minimum flow of freshwater to provide suitable survival conditions

for the oyster industry. Obviously, the economic value of the oyster fishery must be

balanced against other societal concerns, but it would likely take several years to

recover from a significant degradation of the oyster fishery, under normal rainfall

conditions.

13.6 References

Acker J G and Leptoukh G (2007). Online analysis enhances use of NASA earth science data. Eos Trans
Amer Geophys Union, 88 (2), 14-17



202 • Handbook of Satellite Remote Sensing Image Interpretation: Marine Applications

Berrick SW, Leptoukh G, Farley JD, and Rui H (2009) Giovanni: A Web service workflow-based data
visualization and analysis system. IEEE Trans Geosci Remote Sens, 47 (1), 106-113

Huang W (2010) Hydrodynamic modeling and ecohydrological analysis of river inflow effects on
Apalachicola Bay, Florida, USA, Estuarine, Coastal and Shelf Science, Volume 86, Issue 3, 10
February 2010, Pages 526-534

Huffman GJ, Adler RF, Bolvin DT, Gu G, Nelkin EJ, Bowman KP, Hong Y, Stocker EF, Wolff DB, (2007),
The TRMM Multi-satellite Precipitation Analysis: Quasi-Global, Multi-Year, Combined-Sensor
Precipitation Estimates at Fine Scale J Hydrometeor, 8(1), 38-55

Liu Z, Rui H, Teng W, Chiu L, Leptoukh G, and Vicente G (2007), Online visualization and analysis: A new
avenue to use satellite data for weather, climate and interdisciplinary research and applications.
Measuring Precipitation from Space - EURAINSAT and the future, Advances in Global Change
Research, 28, 549-558

Wilber D (1992) Associations between freshwater inflows and oyster productivity in Apalachicola Bay,
Florida. Estuarine, Coastal and Shelf Science, Volume 35, Issue 2, 179-190

Wang H, Huang W, Harwell MA, Edmiston L, Johnson E, Hsieh P, Milla K, Christensen J, Stewart J and
Liu X (2008), Modeling oyster growth rate by coupling oyster population and hydrodynamic
models for Apalachicola Bay, Florida, USA , Ecological Modelling, Volume 211, Issues 1-2, 24
February 2008, Pages 77-89

13.6.1 Further Reading

Special Issue on the Tropical Rainfall Measuring Mission (TRMM) (2000) – a combined

publication including:

v The December 2000 issue of the Journal of Climate

v Part 1 of the December 2000 Journal of Applied Meteorology (American Meteo-

rological Society, Boston, MA)

13.7 Supplemental Information

What are the other commonly-used TRMM data products?

The GES DISC also archives 3-hourly and daily rainfall products for analysis. Details

are found in http://disc2.nascom.nasa.gov/Giovanni/tovas/ or

http://mirador.gsfc.nasa.gov/cgi-bin/mirador/presentNavigation.pl?tree=project&project=

TRMM.

Where can I find more information on the TRMM Data Set?

More information on the TRMM instruments and science can be found at the GES

DISC TRMM Data Web site: http://disc.sci.gsfc.nasa.gov/precipitation/

How current are the TRMM data?

The GES DISC receives, under normal circumstances, processed standard orbital/swath

data products about 2-3 days after satellite data acquisition, depending on the level

of processing required. In addition to this ongoing collection of data, archives of

older data are maintained.

http://disc2.nascom.nasa.gov/Giovanni/tovas/
http://mirador.gsfc.nasa.gov/cgi-bin/mirador/presentNavigation.pl?tree=project&project=TRMM
http://mirador.gsfc.nasa.gov/cgi-bin/mirador/presentNavigation.pl?tree=project&project=TRMM
http://disc.sci.gsfc.nasa.gov/precipitation/
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What is the GES DISC Search and Order Web Interface?

The GES DISC data search and order interface is a simple point-and-click web

interface that is based on a hierarchical organization of data, displayed as tables.

At different levels of the hierarchy, the tables contain some or all of the following:

a particular data product grouping such as data product name, year, or month in

the first column on the left; followed by columns of short description, begin date,

end date, number of items available in the archives, average item size, a preview

feature (if a data product has browse images), and documentation ("readme"). The

last column on the right allows one to "Select" an item. At certain levels of the

hierarchy, you can also use orbital and parameter search features to customize

your search. Specific help is provided at the top of each page of this system

(http://disc.sci.gsfc.nasa.gov/data/datapool/TRMM/index.html).

Where can I find some documentation describing TRMM and TRMM data?

Information about TRMM and TRMM data can be found in:

v TRMM related documentation, describing the science, the instruments, data

processing, and data access.

v TRMM "ReadMe" and "Data Access" documents on the data products and direct

data access.

v Precipitation Processing System/TRMM Science Data and Information System

(PPS/TSDIS) documentation, providing the details of all the products.

v Tutorial for "Reading TRMM Data Products"

Where can I find information describing the TRMM algorithms?

Information about algorithms used for the TRMM products can be found in the

Algorithm Status Page, where the links to the products take you to brief descriptions

of the status of the products and, for some products, key references.

How are the daily products computed from 3B42RT and Version 6 3B42 in

TOVAS?

These daily products are computed by averaging all the estimates available in the

eight observation times of a given UTC day, namely 00, 03, ..., 21 UTC. Formally,

this "day" covers the period from 2230 UTC of the previous day through 2230 UTC

of the given day. Other "day" products can be computed interactively for 3B42RT

and Version 6 3B42 by specifying similar 8-period runs of data. For example, a day

that starts at 09 UTC can be approximated by taking data from 09 UTC of one day

through 06 UTC of the next. At present, there is no capability in TOVAS for a more

exact approximation of a "day" for these data sets.

What is the key documentation describing the 3B42RT and Version 6 3B42

products?

http://disc.sci.gsfc.nasa.gov/data/datapool/TRMM/index.html
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The paper by Huffman et al. (2007) describing the 3B42RT (real-time) and Version 6

3B42 (research quality) products of the TRMM Multi-satellite Precipitation Analysis

(TMPA) is accessible at ftp://meso.gsfc.nasa.gov/agnes/huffman/papers/TMPA_

jhm_07.pdf.gz Technical documentation is also available for the research prod-

uct and real-time product, as is a WHATSNEW file, which contains recent notices

about issues with the RT product.

What is the difference between the real time and research products of the TRMM

Multi-satellite Precipitation Analysis (TMPA)?

Version 6 research products are the "real" TRMM products. They are produced

monthly, and are available 2-3 weeks after the end of the month. The upgrade

to Version 6 happened in Spring/Summer 2005. Reprocessing evaluations for the

next version of the data (Version 7) are currently being performed. Version 7 will

constitute a reprocessing of the entire record from January 2008 to the present time.

Institutionally, TRMM has been joined by a successor project, Global Precipitation

Measurement (GPM), which has a nominal launch date of 2013. In the GPM era,

a combination-product successor to the TMPA is a high priority, so there is a

strong likelihood for a long time series of a consistent data product (via episodic

reprocessing).

The real-time (RT) products are experimental products posted due to the high

demand for such information. RT products are not reprocessed (except for process-

ing failures). A major upgrade occurred in February 2005, so the processing scheme

since then has been relatively consistent. The latest upgrade in February 2010 at-

tempted to make the RT relatively consistent with Version 6 research products. For

continuity, however, the data files will also include a precipitation field that is "more

or less" the old RT result. Whenever possible, users are urged to take advantage

of the improved quality of the research products. Some operational applications,

however, cannot wait for the research products, and the RT products are intended

for those application users.

What are the caveats in using TRMM Multi-satellite Precipitation Analysis (TMPA)

products?

The following are some caveats in using TMPA:

v The key caveat is that all of the TMPA products are research products, not

"operational" (i.e. no contingency plans or backup system in case of a network

failure or a disk crash).

v The TMPA is a gridded product, which is different from the point rain gauge

data that might be more familiar to users, but grid values are more appropriate

for certain applications.

v Although the TMPA analysis scheme is consistent for the time period of a

given version, the suite of input data varies. For example, there is less of the

 ftp://meso.gsfc.nasa.gov/agnes/huffman/papers/TMPA_jhm_07.pdf.gz
 ftp://meso.gsfc.nasa.gov/agnes/huffman/papers/TMPA_jhm_07.pdf.gz
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(higher-quality) microwave data before 2001; the infrared data are on a coarser

grid in 1998 – 1999; gauge sites report individually, and are therefore subject

to availability issues, particularly in developing countries.

v Occurrence of precipitation over land tends to be underestimated because

satellite schemes tend to miss light precipitation and precipitation that is

enhanced by flow lifting over mountains.

v Occurrence and amount of precipitation in some, but not all, coastal areas

tends to be underestimated. Conversely, arid coastal areas (oceans and lakes)

sometimes show persistent artefacts. Both effects are due to issues in the

input microwave estimates.

v The RT amounts tend to be biased high in warm-season convective weather

due to biases in the input microwave estimates.

v The Version 6 data tend to be biased low in regions of complex terrain due to

gauge-location biases toward lower elevations.
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