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Annex 1 

Overview of the spatial analyses 
and data sources

This annex briefly describes the processing steps used to create the results of the spatial 
analyses presented in this technical paper.

1.	 Hardware and software
The GIS software used in this study was Manifold (CDA International Ltd.) and 
ArcGIS 9.3 (ESRI). Manifold, versions up to 8.0.27, was used because it is a very 
affordable (currently about one-fifth of the cost of the most widely used GIS software) 
but fully functional GIS. ArcGIS 9.3 was used to prepare the raw data and to perform 
more complex analysis. 

The text below describes the conceptual steps necessary to replicate the analysis 
described in this technical paper. Readers should be aware that most of the ArcGIS 
analysis could not be done with the standard ArcGIS tools, and, therefore, required 
custom VBA (Visual Basic for Applications) functions (i.e. codes) were required to 
conduct the analysis. The VBA computer codes written for this technical paper are 
available upon request from the authors of this technical paper, but they will only be 
useful to readers using ArcGIS with VBA installed and licensed.

2.	 Spatial data
Spatial data used for this technical paper were: (i) exclusive economic zones (EEZ); (ii) 
bathymetry; (iii) current speeds; (iv) world ports; (v) sea surface temperature (SST); (vi) 
chlorophyll-a; (vii) marine protected areas; (viii) Global Administrative Area from the 
GADM database; and (ix) geographic zones (see Table A1.1 for details). 

All data sets used in this study are presented in Section 4 of this Annex and are 
available for download in FAO’s GeoNetwork portal (www.fao.org/geonetwork).
 
3.	 Spatial analysis
This study identifies areas that satisfy criteria for offshore mariculture development. 
The criteria include the suitability of depth and current speed for sea cages and 
longlines, and the temperatures favouring grow-out of representative species: cobia 
(Rachycentron canadum), Atlantic salmon (Salmo salar) and blue mussel (Mytilus 
edulis), as well as chlorophyll-a concentration for the last species. 

There were two important limitations to this study. First, only already-digitized or 
computer-ready data could be used for the analysis to save costs, and second, because 
offshore mariculture potential is being predicted for areas where it largely does not 
yet exist, verification was limited to using the location of a few offshore fish farms and 
relied mainly on comparisons of offshore potential with existing inshore mariculture. 
Another limitation was that the data had to be comparable for all maritime countries. 
In overview, this study consisted of three major analytical stages (Figure A1.1): 

(i)	 	 data preparation;
(ii)		 integration of data sets; and
(iii)	 verification.
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3.1 	 Data preparation
Various aspects of this analysis required analysing and processing data in both raster 
and vector formats. The general strategy with raster data was to do all analysis at the 
finest resolution of the data, and then to convert the final   to vector format for further 
analysis. For example, if a particular analysis was required to identify regions that met 
thresholds using multiple rasters, then the new raster that was generated would have 
the same resolution as the finest resolution of the multiple input rasters. The new raster 
would then be converted to a polygon feature class7 for further analysis.

7	 A polygon feature class is a geographic data set of polygonal vector objects (i.e. entities that cover 
an area, such as administrative units or analysis areas), plus associated attribute information for each 
polygon. Other examples of vector data sets include polyline feature classes (containing linear features 
such as roads or rivers) and point feature classes (containing such things as port locations).

FIGURE A1.1
Major analytical stages

Note: Fail acknowledges that verification could be incomplete, or in some cases fail.
Note: Areas with potential within EEZs, but presently outside of cost-effective areas for development were estimated by setting aside the cost-effective 
area for development (see Table 1, Criterion 4).
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EEZ boundaries to define the spatial limits for near-future offshore 
development
Exclusive economic zone boundaries were taken from the Flanders Marine Institute 
(Vlaams Instituut voor de Zee, or VLIZ) data, Version 5.

Depth and current speed to define the spatial limits on offshore cages and 
longlines
Regions suitable for offshore cages and longlines were defined according to current 
speed and depth (Figures A1.2–A1.3) based on data from manufacturers and 
mariculture practice  (Table A1.2 (depth) and A1.3a (current speed). 

FIGURE A1.2
Steps to define spatial limits on offshore cages and longlines

based on depth and current speed

Annex 1
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Depth: bathymetric data were extracted from the 2008 version of General Bathymetric 
Chart of the Ocean (GEBCO), which is a raster data set with cell edge lengths of 
approximately 0.9 km. In all analyses using this bathymetric data, regions with depths 
in the desired ranges were converted to polygon feature classes for further analysis.

Horizontal cell size: the GEBCO bathymetric data had 43  200 columns covering 
360 degrees of longitude (40 075 km equatorial circumference). This equals to 0.92766 
km per cell width along the equator. This east-west distance decreases when moving 
towards the poles. The extreme north and south rows that actually had data were < 1 
metre in width.

Vertical cell size: the GEBCO bathymetric data had 21 600 rows covering 180 degrees 
of latitude (20 004 km from the North Pole to South Pole), equal to 0.92611 km per 
cell. This north-south distance is constant for all cells.

Current speed: the current speed data (from HYCOM, representing current speed 
at 30  m depth) included separate monthly data sets over a 5-year period from 2004 
to 2008. Therefore, data were pooled by month before calculating the confidence 
intervals. Note: the original HYCOM current speed units are in metres per second, so 

FIGURE A1.3
HYCOM current speed confidence intervals subprocess
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these values were converted to centimetres per second for the final threshold analysis. 
Summarized monthly mean, standard deviation and upper/lower 95 percent confidence 
limits for current speed were calculated as follows:

Horizontal cell size: HYCOM current speed data had 4  500 columns covering 360 
degrees longitude (40 075 km equatorial circumference). This equals 8.90556 km per 
cell width along the equator. This east-west distance decreases when moving towards 
the poles. The extreme north and south rows that actually had data were < 2 km in 
width.

Vertical cell size: HYCOM current speed had 2  100 rows covering approximately 
168 degrees latitude (~18,665 km from North Pole to –78°), equal to 8.88810 km per 
cell. This north-south distance is constant for all cells.

Distance from a port and reliable access to offshore spatially define the cost-
effective area for offshore mariculture development

Cost-effective areas around ports: several steps were conducted to identify regions 
that were within 25 nm (46.3 km) of a port, intersected with depth range, current speed 
and VLIZ exclusive economic zone (Figure A1.4).
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•	Beginning with the 2009 World Port Index, 25 nm (46.3 km) buffer circles were 
first created around each port location using a custom VBA function. This 
function creates circles with 180 vertices distributed every 2° around the circle. 
Each vertex is created a specified distance and bearing from the port, and the 
new vertex locations are calculated accurately over the curved surface of the 
planet spheroid using spherical trigonometric functions so that the circles are 
undistorted by any projection issues.

•	This study was only interested in the marine portion of the port buffers, so all 
land portions were clipped off based on Global Administrative Areas (GADM) 
polygons. 

•	This study was only interested in the portion of the port buffers that were within 
25 nm travel distance from the ports, so the port buffers were further clipped to 
this region using a custom VBA function to create a cost-distance raster over each 
GADM-clipped port buffer polygon. This function calculates the cumulative 
distance from the port location, where travel is restricted to only the water. 
Note: this function is reasonably accurate but not perfect. Because of how cost-

FIGURE A1.4
Steps to define cost-effective areas around ports
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distance functions work with raster surfaces, the final data set correctly identifies 
all locations within approximately 23.5 nm (43.5 km) of the port. It correctly 
identifies approximately half the locations between 23.5 and 25 nm of the port, 
and it incorrectly identifies approximately half the locations between 25 and 25.5 
nm of the port. Therefore, there is some uncertainty about the area between 23.5 
and 25.5 nm of the port. This problem is inherent in raster-based cost-distance 
algorithms and is unavoidable.

•	The port buffer feature class was then intersected with GEBCO-derived Depth 
Range polygons (–1 m to –25 m), (–25 m to –100 m), (< –100 m).

•	Finally, the port buffer feature class was intersected with VLIZ exclusive economic 
zone polygons.

•	This final feature class reflects only maritime areas within 25 nm travel distance of 
ports, combined by country, and split by depth range and EEZ.

Eventually, the final feature class was intersected with areas favourable for the 
grow-out of the three species and integrated multitrophic aquaculture (IMTA).

Offshore mariculture potential of three representative species and IMTA of 
two of them spatially defined by environments favourable for grow-out
Chlorophyll-a, sea surface temperature and current speed: the raw data for 
chlorophyll-a (CHL2), sea surface temperature (SST) and current speed (CS) 
included mean values, number of observations and standard deviations per cell in 
raster format. Using a confidence level of  = 0.05, these original rasters were used to 
generate 95 percent confidence intervals around the mean values. A location would be 
considered to fall within a threshold if the full confidence interval around the observed 
value at that location was completely within the upper and lower threshold values. For 
example, the temperature threshold for cobia was 22–32 °C. A location would only be 
considered to fall within this temperature range if both the lower confidence limit at 
that location was ≥ 22° and the upper confidence limit was ≤ 32°. Steps for identifying 
suitable regions for cobia, Atlantic salmon, blue mussel and IMTA are illustrated in 
Figures A1.5–A1.10.
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FIGURE A1.5
Steps to define regions favorable for cobia grow-out
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FIGURE A1.6
Steps to define regions favorable for grow-out of Atlantic salmon
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FIGURE A1.7
Steps to define regions favorable for grow-out of blue mussel



95Annex 1

FIGURE A1.8
Steps to define regions favorable for grow-out
of Integrated Multi-Trophic Aquaculture (IMTA)
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FIGURE A1.9
Chlorophyll-a confidence intervals subprocess

FIGURE A1.10
Sea surface temperature confidence intervals subprocess
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CHL2 data was often unavailable at extreme latitudes in the colder months of 
the year, which complicated the task of identifying areas that met CHL2 thresholds. 
Therefore, analyses of CHL2 were done both seasonally and by the full year. In 
the Northern Hemisphere, seasonal data sets were calculated that met threshold 
requirements for the combined months of March, April, May, June, July, August and 
September. In the Southern Hemisphere, data sets were calculated that met threshold 
requirements for the combined months of September, October, November, December, 
January, February, March and April. These monthly data sets are the monthly averages 
for the years 2003–2009 (i.e. the “March” data represents the average CHL2 of all the 
months of March from 2003 through 2009). The final analysis only used the seasonal 
CHL2 data sets.

The CHL2, CS, SST and bathymetry data were in raster format at different 
resolutions. The CS had cell edge lengths of approximately 8.9 km, SST cell sizes were 
~4.9 km, and CHL2 cell sizes were ~4.6 km. When identifying regions that met various 
combinations of CHL2, CS and SST thresholds, the finest resolution data set was used 
to define the resolution of the final raster. For example, an analysis that incorporated 
both CS and SST rasters would produce a raster with a cell size equal to the SST data 
because SST had the finest resolution. Bathymetry was at the highest resolution (~0.9 
km) and was always converted to a vector polygon feature class of polygons meeting 
various depth thresholds before additional analysis.

After deriving a final raster delineating all areas that met some combination of 
thresholds, this final raster was then converted to a polygon feature class for further 
analysis.

Sea surface temperature: the sea surface temperature data were available as monthly 
values and, therefore, did not require pooling any data across years. However, to 
convert them to degrees Celsius, they needed to be rescaled according to the following 
formula:

	 True Sea Surface (SST) = [Original SST from HDF files) * 0.075] - 3

Furthermore, original SST values of 1 indicated that they were on land, and values of 
0 indicated missing data, so these regions were excluded from the analysis.

95 percent confidence intervals around the mean SST value were calculated according 
to the following definition:
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Horizontal cell size: sea surface temperature data had 8 192 columns covering 
360 degrees longitude (40 075 km equatorial circumference). This equals to 
4.89197 km per cell width along the equator. This east-west distance decreases when 
moving towards the poles. The extreme north and south rows that actually had data 
were < 1 km in width.

Vertical cell size: sea surface temperature had 4 096 rows covering 180 degrees latitude 
(20 004 km from the North Pole to South Pole), equal to 4.88379 km per cell. This 
north-south distance is constant for all cells.

Chlorophyll-a: the Chlorophyll-a data were available as monthly values and, 
therefore, did not require pooling of any data. The 95 percent confidence intervals were 
calculated according to the following definition:

Horizontal cell size: chlorophyll-a data had 8  640 columns covering 360 degrees 
longitude (40  075 km equatorial circumference). This equals to 4.63831 km per cell 
width along the equator. This east-west distance decreases when moving towards the 
poles. The extreme north and south rows that actually had data were < 3 km in width.

Vertical cell size: chlorophyll-a had 4 320 rows covering 180 degrees latitude (20 004 
km from the North Pole to the South Pole), equal to 4.63056 km per cell. This north-
south distance is constant for all cells.

Marine protected areas: a data set of marine protected areas was derived from the 
World Dataset of Protected Areas. This data set was clipped so that it only represents 
marine areas, and was intersected with geographic zones.

Shorelines: the coastline length data were obtained from the Global Administrative 
Areas database of administrative boundaries (GADM, Version 1.0), available at www.
gadm.org. The polyline data set of marine shorelines was derived by: (i) creating 
an “ocean” polygon data set by clipping out the GADM polygons from a general 
background polygon covering the entire earth; (ii) deleting all small polygons from 
the “ocean” data set that represented lakes or internal holes in the GADM data 
set; and then (iii) creating a coastline polyline data set by intersecting the GADM 
polygons with the ocean polygons. This last polyline data set is the linear intersection 
of all coastal countries with the oceans and, therefore, represents the coastline of all 
countries that face the ocean. This shorelines layer was essential to determine exactly 
how much shoreline each country has, and was intersected with other layers (such as 
the geographic zones data set) to determine how much shoreline lies within specific 
regions. The steps to generate shorelines are illustrated in Figure A1.11.
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3.2	 Integration of data sets
The compiled spatial data were used in two ways: (i) to identify all of the areas 
meeting the thresholds associated with each criterion; and (ii) to estimate temperatures 
and chlorophyll-a concentrations at specific mariculture locations. This approach 
also allowed these suitability thresholds to be compared with temperatures and 
chlorophyll-a concentrations actually experienced in inshore mariculture practice and 
to measure temperature and chlorophyll-a offshore of inshore mariculture locations.

FIGURE A1.11
Steps to define coastlines
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Raster data sets were manipulated in ArcGIS 9.3 as described above, vectorized and 
imported to Manifold as shapefiles. In Manifold, the shapefiles became drawing (map) 
components in map projects. Each map project represented a separate analytical step 
(e.g. identifying the areas with depths suitable for cages and longlines). The output 
from each project consisted of a drawing and an associated table. Component outputs 
from individual projects were then sequentially integrated in subsequent projects (e.g. 
spatial integration of depths and current speeds) to obtain the results set out in Chapter 
4. Topology overlay was the basic GIS tool used to spatially integrate the spatial data 
sets. Selection by query using spatial Structured Query Language was employed to 
organize the results into meaningful classes. Tables were exported to Microsoft Excel 
2010, where the data were manipulated in pivot tables to provide the estimates of 
potential by EEZ and nation as surface area, which were then reported as tables and 
charts. Manifold also was used to arrange individual drawings into layers in maps and 
to add legends and labels to them, which were then exported as images that, in turn, 
became the map figures in this document.

The analysis conducted for this technical paper was primarily interested in 
cumulative areas that met various criteria (in which case slivers contributed very little 
to the cumulative total) and, therefore, the results were not significantly influenced by 
the potential effects of sliver8 polygons. The data were also not the types that typically 
cause large numbers of slivers.

3.3	 Comparisons of offshore potential with inshore mariculture locations 
and verification

Comparisons of predicted offshore potential with inshore mariculture 
practice at national and subnational levels and verifications at offshore 
mariculture sites

Three kinds of comparisons were made: (i) national-level comparisons of mariculture 
production based on FAO statistics (FAO Statistics and Information Branch of the 
Fisheries and Aquaculture Department, 2012) of the three species with national-
level offshore mariculture potential of the species; (ii) known inshore mariculture 
locations of cobia, Atlantic salmon and blue mussel, obtained through a literature 
review, contacts with government entities in British Columbia, Canada, Ireland, 
the Kingdom of Norway and the People’s Democratic Republic of China, and with 
commercial farmers in eastern Canada and several other countries, were compared with 
areas identified by the analyses as possessing offshore mariculture potential; and (iii) 
offshore mariculture potential was examined at several offshore cobia farm locations 
using locational information communicated by commercial farmers. For the first two 
kinds of comparisons, good correspondence between established inshore mariculture 
practice and offshore potential indicates that offshore mariculture could be more easily 
developed using the existing inshore experience, goods and services, and access to 
markets. Good correspondence also suggests that favourable conditions for grow-out 
(water temperature and also food availability for the blue mussel) are likely to be found 
offshore from existing inshore mariculture installations. The third kind of comparison 
actually tests predicted potential against the locations of functioning offshore farms. 
Results from this analysis are described in detail in Chapter 5 of the technical paper.

8	� A sliver polygon is a small remnant polygon resulting from an intersection operation between two or 
more polygons.
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GADM database of global administrative areas

http://www.gadm.org/

Boundaries of sovereign nations

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
d8e81680-e070-11dc-9d70-0017f293bd28

Exclusive economic zones of the world - version 5

http://www.gebco.net/

General bathymetric chart of the Oceans

Depth and current speed as the fundamental criteria characterizing the technical
limits of present offshore submerged cage and longline culture systems

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
44752cb4-d5f9-4a61-a8ce-eab9bb6ab8f9  

Regions with depths ranging from lower than 25 m,
between 25–100 m and greater than 100 m

Regions with HYCOM current speeds
at 30 m depth between 1 and 10 cm/s

for all months in the year

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
485bb2c1-f84c-40e8-83c6-0d1eb97a922a

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
73fee8e5-fcb6-47ad-bef0-365f8bd0368b

Regions with HYCOM current speeds at 30m depth 
between 1–10, 10–100 and > 100 cm/s

for all months in the year

4. Global data sets for estimates of offshore mariculture
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Regions with HYCOM current speeds at 30m depth 
between 10 and 100 cm/s for all months in the year

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
acc9f071-d42f-4a5e-938b-d23f97f7d28f

Regions with no HYCOM current speed data
available 30m depth

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
88d32204-77e5-4ed6-9749-a7aada6895d7

GeoNetwork URL:
www.fao.org/geonetwork/srv/en/main.home?uuid=
4208693e-c4b8-448c-824f-ae3f4632305c

Regions with HYCOM current speeds at 30m depth
> 100 cm/s for all months in the year

Areas within 25 nautical miles (46.3 km) of a port

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
626f7bfd-e11d-444b-9335-ba85f7474c62

Distance offshore from onshore infrastructure related to economic cost limits
on transportation and on reliable access from a port to the sea

Note: Areas with no current speed data are those with depths less 
than 30m (i.e. all of the areas close to the shorelines) so they are 
difficult to see on a world map).
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Aqua MODIS climatology sea surface temperature 
(Spring 2002–2009)

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
85c03e2d-edce-4881-be4c-8ed240e1d4fb

Regions with sea surface temperatures, as defined 
by 95% confidence intervals, between 1.5 and 16°C 

over entire year for Atlantic salmon

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
ae29adcb-5128-4fb9-adef-5a6440916031

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
10531883-6f07-47b0-88cf-67c3cd484a77

Regions with sea surface temperatures,
as defined by 95% confidence intervals, between

22 and 32° C over entire year for Cobia

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
88cb7b48-7d13-4116-83c0-682ef3bb281c

Regions with sea surface temperatures, as defined 
by 95% confidence intervals, between 2.5 and 19°C 

over entire year for blue mussel

Favourable offshore grow-out environment based on temperature requirements
of representative fish and mussels and on food availability measured as chlorophyll
concentration for the latter

Regions with chlorophyll 2 concentrations, as
defined by 95% confidence intervals, greater than 

0.5 mg/m3 that were combined for the months
available in each hemisphere for the blue mussel

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
34e73ea7-d62e-403c-9217-826cc2c314b5
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2009 World database on protected areas

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
5749f8b6-d36c-4cbc-9423-2fcc2fc22fcc

Competing, conflicting and complementary uses of ocean space

GeoNetwork URL:
http://www.fao.org/geonetwork/srv/en/main.home?uuid= 
fcc3eb74-f3c9-484d-93e3-7c94e9226e2b

National and international marine protected 
areas within exclusive economic zones


