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ABSTRACT

The Study of the ocean presents many challenges due to its vast size and the difficulty in
representing such a system with the availability of few data measurements. The World Ocean
Circulation Experiment (WOCE) is the largest oceanographic experiment ever conducted. Data
collection has been completed and we are now in the analysis, interpretation. modeling and
synthesis phases (AIMS).

An analysis and interpretation of the North Atlantic Ocean was conducted using a subset
of the WOCE data. In the pre-WOCE period between Apr-11-74 and Sep-03-84 a total of 272
records were obtained having a spatial range of 23.2° - 60.2°N and 9.2° - 71.8°W. The WOCE
dataset consisted of 653 records obtained between Mar-09-90 and Aug-19-99 and having a spatial
range of 0.1° - 65.3°N and 9.5° - 76.8°W. Data rich areas included the eastern shore of North
America. especially the Gulf Stream and its extension. and the west coast of Europe and the
United Kingdom. Data poor areas were found predominately north of the equator between 3° and
15°N.

Shallow and intermediate depth water currents showed similar pathways between the two
datasets. whereas deep water current meters did not. Near bottom flows showed the effect of
bathymetry on deep water flows with acceleration of flow down the continental slope evident.
this is due to a combination of slope and water density. Annual mean circulation was examined
for the period 1991 — 1993 and revealed a steady sub-tropical gyre. Eastward movement of a
large warm water core was evident in 1992, with a smaller warm water core moving northward in
1993.

By combining vector plots, depth profiles, and flow statistics a more complete coverage
of the ocean was established. A good representation of current flows at various depths was
observed. Variability in the circulation revealed the formation of eddies. movement of deep water

masses and a highly dynamic state of the ocean.
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Roll on thou deep and dark blue ocean — roll!
Man marks the earth with his ruin —
his control stops with the shore

Lord Byron

The Gulif Stream, Winslow Homer (1899)
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1. INTRODUCTION

Water is the lifeblood of virtually all physical, chemical and biological systems
and processes. Estimates show the Earth to be made up of 70 to 75% water. roughly the
same proportion as is found in the human body (Wilson 2000). The cyclic flow of water.
including the nutrients that are transported with it, is perhaps the most important
transportation pathway within living organisms and throughout the physical world.

Mammalian physiology relies on the transport of blood through kilometers of
arteries and veins, in order to replenish oxygen supplies and dispose of waste products
(Wilson 2000). Similarly, plant physiology is dependent on the pathways provided by
xylem and phloem in order to transport water, sugars, and other essential nutrients
through the plant. In the physical world, rivers and groundwater are the transportation
network of the Earth’s water circulation system. Within the oceans. currents are the rivers
that circulate water, heat, and nutrients (Garrison 1996). These have been documented
since the fourth century B.C., when Pytheas of Massalia recorded a southward flow of
water in the Atlantic Ocean just west of the Strait of Gibraltar. He described the flow as
part of a large river that was too wide to sail across (Garrison, 1996). This river is now
called the Canary Current and is one of many such rivers flowing through the world

ocean, which are now known to be currents.



1.1 Background

The World Ocean covers roughly 71% of Earth’s surface - 361.060.000 square
kilometers, with a mean depth of 3,795 meters. The Atlantic Ocean covers an area of
100,460.000 square kilometers - 30% of the World Ocean and 21% of Earth’s surface.
has a mean depth of 3,332 meters and a volume of 354,680,000 cubic kilometers - 26%
of the World Ocean (Leier 2000, Brown et al. 1989b).

Total volume of the ocean below sea level is much greater than the volume of
land above sea level. The mean level of Earth’s crust is 2,240 meters below mean sea
level (* see below) with the mean level of the ocean floor being 3,795 meters below
mean sea level and the mean level of land being 245 meters above mean sea level. The
maximum elevation on the surface of the earth is 8,882 meters above mean sea level, and
the lowest elevation on the seafloor is 10,863 meters below mean sea level (Leier 2000,
Brown et al. 1989b).

The ocean surface has roughly the same shape as the geoid (Figure 1.1), which is
the shape that a stationary, homogeneous water envelope would have if the only forces
acting upon it were rotation and gravity (Burkov, 1993). In reality the surface of the
ocean deviates from the geoid due to various factors, including the driving effect of wind
systems over the ocean surface; atmospheric pressure being unevenly distributed over the
ocean surface; and differences between evaporation and precipitation and the mean. depth

integrated density of water (Burkov, 1993).

* Mean sea level is the average height of the sea referenced to a suitable reference
surface. With respect to the measurements contained in this thesis we are referring to the
level of the sea with all motions, such as wind waves, averaged over a period of time
such that changes in sea level also get averaged out. In addition. the changes in sca level
at various points in the ocean are so minute relative to the depths of the ocean that a value
difference of a few meters is considered not significant.
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Figure 1.1 The Geoid (Image obtained from European Remote Sensing satellite, ERS-1 from 780 km
(source: www.geoinnovations.com.au/posace/paspace.htm)

Some basic characteristics of the Atlantic Ocean are shown in Table 1.1. The
normal range of salinity in the ocean is between 33.00 and 37.00%o, and the total mass of
salt is 4.8 x 10'° tons. Temperatures range from -2°C to 35°C, density falls in the range of
1.02 to 1.06 g/em® and pressure reaches 1,000 bars or 10° dynes/cm? — approximately

1,000 standard atmospheres (Burkov 1993).

Table 1.1 Basic Characteristics of the Atlantic Ocean (Source: Burkov. 1993)

Water Properties Mean Values
Temperature (°C) 4.0
Potential temperature (°C) 3.73
Salinity (%) 34.90
Anomalies of potential specific volume (cl/ton) 45
Dissolved oxygen (ml/1) 5.26

The Atlantic Ocean is the most heterogeneous of the oceans, however large-scale
features in the distribution of temperature, salinity, density and other oceanographic
characteristics tend to have a high degree of stability (Tomczak and Godfrey 1994).
Burkov 1993 made the assumption that the oceans are generally stationary in the
temporal sense, since during the past fifty years there have been no significant changes in
the thermal or saline states of the ocean. The reason for this is the continuous circulation

of the oceanic water masses that provides the mixing that creates stability.
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1.2 The World Ocean Circulation Experiment (WOCE)

The World Ocean Circulation Experiment (WOCE) is the largest oceanographic
experiment ever conducted. One of the primary reasons for undertaking this experiment
is to better understand the ocean’s role in climate and climatic changes. WOCE is an
initiative that brings together scientists from over 30 countries (Chapman 1998). WOCE
data was available for proprietary use for the first two years and became available to the
general public thereafter. At present there is a large body of data that 1s in the public
domain. as most of the WOCE experiments have gone to completion.

Some of the initial findings of WOCE have revealed large-scale patterns of
decadal change rather than the initial assumption of a steady-state ocean. Also evident
have been large horizontal and vertical variations in small-scale mixing as opposed to the
uniform pattern which has been an underlying assumption in earlier climate models
(Grassl, 2001).

The current phase of the WOCE experiment is termed Analysis Interpretation
Modeling and Synthesis (AIMS). Due to the large extent of the ocean, and the difficulty
in collecting data, the primary challenge is in generating a realistic representation of
ocean structure and ocean circulation with the use of a few data measurements. over
varying temporal and spatial extents (Lindstrom and Legler 2001).

As opposed to the collection of meteorological data, oceanographic data
collection is in its infancy. Therefore the analyses that are a result of this data collection

initiative should give a better picture of ocean dynamics.



1.3 Why Look at Ocean Circulation?

In reading the extensive literature on the general circulation of the ocean. Wunsch
2001 came to the conclusion that the field suffers from a multiple personality disorder.
whereby the different personalities don’t recognize the existence of the other individuals.
Below are some of the personalities he describes.

The descriptive oceanographer’s classical ocean describes ocean circulation as
large scale, steady and laminar and is derived from ship-based observations between the
mid-nincteenth and late-twentieth centuries. A consequence of this view is the idea of a
unique general circulation, given in terms of mass instability, with all other changes. such
as temperature, calculated as the product of the mean flows and the local, supposed
smoothly varying, property distributions (Wunsch, 2001).

The analytical theorist’s ocean can be traced to Sverdrup and Stommel. in the
1940s, in which the ocean is viewed as almost-steady, and in which certain features such
as the Gulf Stream have nearly set paths. Time variability, as in the view above, is
referred to as noise, and indeed there are many similarities between these two views. The
field of ‘geophysical fluid dynamics’, in which geophysical systems are reduced to
sufficiently simple terms in order to understand the various dynamical processes. is a
representation of the analytical theorist’s ocean (Wunsch, 2001). The inherent problem
with this view is that the original simplifications are forgotten when analyzing results and
the reduced models become confused with the actual system under study.

The observers’ highly variable ocean focuses on the components of ocean
circulation that are time variable and display strong spatial structures over very short

distances of 30 kilometers or less. The emphasis has been on regionally varying elements
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and has emerged following studies undertaken in the early 1970s. This view espouses
multiple. local general circulations where mean mass fluctuations are thought to be
complex spatially varying fields (Wunsch, 2001). Due to the regional focus of this view.
the differing general circulations are not woven into a global picture.

Finally, the high-resolution numerical modelers’ ocean. which began about 1990,
is a basin-to-global scale model containing variability that is similar to the oceanic
mesoscale eddy field (Wunsch, 2001). When averaged these results are qualitatively
similar to some properties of the above three views, but differ quantitatively from all of
them. The changes in the general circulation differ much like the observers’ highly
variable ocean view.

The main realization of the above four points of view are that little
communication exists between these multiple personalities and the literature does not
connect these other points of view (Wunsch, 2001).

As a geographer, with no initial biased view on interpreting the general oceanic
circulation pattern, this thesis focuses on observing short-term. spatially diverse data
gathered from the North Atlantic Ocean, in order to see what these data are telling us.
The available data span a time-period of twenty years, with two decadal snapshots of
ocean circulation (1974-1984 and 1990-1999), as well as annual means for the period
1990 to 1999. Therefore this analysis is in the short-term time scale of studies, and a bias
may very well be that long-term, large-scale, steady pattems cannot be observed or
cxtrapolated from the available data.

As studies progressed in the 1970s it was clear that the actual oceanic flow field

differed greatly from the steady, large-scale simple flow field and in fact was dominated



by "mesoscale eddies’. A major hypothesis behind much of the World Ocean Circulation
Experiment design was that the ocean changes on all space scales from the local to the

entire global circulation and on all time scales out to the oceanic lifetime (Wunsch,

2001).

1.4 Goal and Objectives

The goal of this thesis is to plot the available data in order to determine current
flow patterns in the North Atlantic Ocean at various depths. Some of the objectives to be
pursued are to compare the results of this current mapping to the generalized flows that
have been analyzed in the North Atlantic by means of other methods. such as
hydrographic profiles, various direct velocity measurements, and satellite-tracked
Lagrangian drifters. A comparison of the pre-WOCE dataset collected between 1974 and
1984 with the WOCE -period dataset collected in the 1990s is undertaken to perceive if
there are any observable circulation changes.

In looking at variability of ocean currents, the need is to address the temporal and
spatial scales of interest. The majority of are hourly, collected from moored current
buoys, which has been averaged to provide decadal averages of the general circulation for
the two time periods. With respect to the WOCE data of the 1990s, the data was divided
into annual mean flows of the circulation to observe any changes over this smaller time
scale. It is thought that within these spatial and temporal limits to the study various
oceanic meanders and eddies can be discerned, since they are long-term phenomena
which ebb and flow, leaving a footprint of their paths within the decadal and yearly mean

flows.



The effect of fresh water discharges, primarily from the Amazon River into the North
Atlantic Ocean, is briefly touched upon to give some insight of what climate change may
have in store for the ocean circulation in the future. In order to add some ancillary data
that was collected during the two time periods of study, eddy kinetic energy plots were
composed to observe the differences in this parameter between the two decadal averages.

Chapter 2 is a review of the literature pertinent to the North Atlantic Circulation and
includes a general overview of the North Atlantic Ocean with respect to bathymetry,
freshwater flows, wind patterns, and sea surface temperature and salinity. An introduction
to the subtropical and subpolar gyres is presented, as well as a summary of surface
currents — including equatorial, western boundary and eastern boundary currents, and
finally an overview of deep ocean circulation is presented. A brief chronology on what is
“known™ about ocean circulation is presented, followed by a review of various graphic
display methods that are used for ocean currents.

A preview of the WOCE data for the North Atlantic Ocean is given in Chapter 3,
including a breakdown of the pre-WOCE (1974 — 1984) dataset and the WOCE (1990-
1999) dataset. Some of the data processing carried out by the Current Meter Data
Assembly Center at Oregon State University is described, as are the data preparation and
processing that was necessary to be carried out in this study before any analysis was
possible. An introduction and analysis of the suitability of Surfer7 as the mapping tool for
this thesis is carried out, followed by a discussion of how the various output maps were
produced.

Analytical results and visualizations of the pre-WOCE and WOCE data are presented

in Chapter 4. Current vector plots and depth profiles are created for each of the pre-



WOCE and WOCE decadal averaged data, as well as for two sub-sample study sites —
one along the Guif Stream Extension and the other in the Hatteras Abyssal Plain with
regards to the Low Level Waste Ocean Disposal Program (LLWODP). A comparison of
the pre-WOCE and WOCE decadal averages is undertaken, followed by a discussion on
the effects of river discharges on the current flow. The WOCE data are revisited with a
look at the mean annual circulation throughout the 1990s, including mean current flows
from 1990 to 1997, and surface mean current flows combined with the mean wind field
from 1992 to 1995. The results conclude by mapping the flow statistics. such as eddy
kinetic energy, for both the pre-WOCE and WOCE datsets.

Chapter 5 is the discussion focusing on regional patterns, the general circulation and
the average temperature depth profile and its relationship to El Nino. The conclusions
follow in Chapter 6 with a description of the limitations of this research, thesis
conclusions, and areas for future research. A list of references comprise Chapter 7, and
the appendices follow in Chapter 8 with a detailed breakdown of the pre-WOCE and

WOCE datasets and a brief note about rotor type current meters.



2. Review of Literature on North Atlantic Circulation

This chapter begins by taking a detailed look at the regional geography and
hydrology of the North Atlantic Ocean, and the various currents lying in the study area.
Particular attention is paid to bathymetry, wind patterns, surface currents. deep ocean
water masses, sea surface temperature and salinity. An overview of what we know, or
perhaps what we think we know follows. Finally some of the graphical display methods

that are used in ocean current analysis are introduced.

2.1 The North Atlantic Ocean

2.1.1 Bathymetry

The Atlantic Ocean extends from the Bering Strait in the Arctic through the Southemn
Ocean to the Antarctic continent, a distance of over 21,000 kilometers. Its largest zonal
distance spans from the Gulf of Mexico to the coast of northwest Africa, a distance of
approximately 8,300 kilometers (Leier 2000). The Atlantic Ocean contains a number of
neighbouring seas, including the Mediterranean, Caribbean, North and Baltic Seas, the
Gulf of Mexico, and the seas comprising the Arctic region. It is also divided into a
number of eastern and western basins by the Mid-Atlantic Ridge, which has a strong

influence on deep-water circulation (Figure 2.1)
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Including 1ts neighbouring seas, the Atlantic Ocean encompasses an area greater
than 106 million square kilometers. The Atlantic Ocean’s abyssal basins extend beyond
5,000 meters below mean sea level with most being deeper than 6,000 meters in their
deepest areas (Figure 2.1). However, the Atlantic Ocean has a mean depth of only 3,300
meters, due to its neighbouring seas and continental shelf zones making up over 13% of
its surface area.

Some topographic features of note that pertain to oceanic circulation are the
presence of the Romanche Fracture Zone (Figure 2.1), located about 20 kilometers north
of the equator, which allows water to pass between the western and eastern deep basins at
around 4500 meters depth. This is the first chance for southern flowing water to
circumvent the Mid-Atlantic Ridge barrier (Garrison 1996, Tomczak and Godfrey 1994).
Another feature is the Gibbs Fracture Zone (Figure 2.1) situated around 53°N which
allows the passage of Arctic Bottom Water at 3,000 meters. In the South Atlantic Ocean
there is a large difference in depth near 30°S, east and west of the Mid-Atlantic Ridge.
West of the Mid-Atlantic Ridge, the Rio Grande Ridge rises to 650 meters, while west of
this the Rio Grande Gap, running adjacent to the 40°W meridian, permits the flow of
deep water near 4,400 meters. East of the Mid-Atlantic Ridge. the Walvis Ridge blocks

flow at 4,000 meters (Garrison 1996, Tomczak and Godfrey 1994).

2.1.2 Fresh Water Inflows and Outflows to the North Atlantic Ocean

Precipitation shows wide variability over the Atlantic Ocean with a minimum of
roughly 10 centimeters per vear in the subtropics near St. Helena and the Cape Verde
Islands and a2 maximum upwards of 200 centimeters per year in the tropics along the

ITCZ along 5°N (Tomczak and Godfrey 1994). There is a secondary stretch of high



precipitation that follows the path of the Westerly storm systems from Florida to Ireland,
Scotland. and Norway. This totals 100 to 150 centimeters per year with the majority
occurring during the summer near Florida, and during the winter near Europe (Tomczak
and Godfrey 1994).

There 1s still much to leam about the mechanism of the water cycle over the
ocean, however one known fact is that evaporation is far less variable than precipitation
(Schmitt 1996). The ITCZ is a region of positive precipitation-evaporation (P-E) values,
as is the strip of high rainfall mentioned above (Xie and Arkin 1996, Trenberth and
Guillemot 1995, Tomczak and Godfrey 1994). The effect on sea surface salinity is
lessened by the large drainage area of the Atlantic Ocean, where many of the world’s
largest rivers empty either directly into the Atlantic Ocean — the Amazon, Orinoco,
Rhine, Niger and Congo Rivers, or into its adjacent seas — the Mississippi, St. Lawrence,
Nile. Ob, Jenisej, Lena and Kolyma Rivers (Vorosmarty et al. 1998). The overall
contribution of freshwater flux from the rivers to the Atlantic Ocean is not enough to

balance the low level of rainfall over the sea surface (Tomczak and Godfrey 1994).

2.1.3 Wind Patterns

There is great seasonal variation in winds in the northern hemisphere due to the
presence of the Siberian and North American landmasses and their impact on air pressure
distribution (Figure 2.2). During the northern hemisphere winter there are strong westerly
winds due to the presence of the subtropical high pressure belt running from Bermuda
across the Canary Islands, Azores, and Madeira and continuing across the Sahara and the
Mediterranean Sea into central Siberia (Garrison 1996, Summerhayes and Thorpe 1996,

Briggs et al. 1993, Gross 1993, Bishop 1984). The winds are a result of the flow from this



high towards the low pressure area lying between Iceland and Greenland, the Icelandic
Low (Garrison 1996, Gross 1993). In the northern hemisphere summer the high pressure
cell migrates northward and is centered near the Azores, the Azores high, and has more
moderate winds. When this cell migrates westward it is termed the Bermuda High
(Garrison. 1996, Gross 1993).

In the Atlantic Ocean, the position of the Intertropical Convergence Zone (ITCZ)
varies (Figure 2.2) from a location along the equator during the northern hemisphere
winter to about 7°N near Sierra Leone during the northern hemisphere summer (Garrison
1996, Gross 1993, Bishop 1984). One of the results of this migration of the ITCZ is that
the Northeast Trade Winds are stronger during the winter months (Garrison 1996,
Tomczak and Godfrey 1994, Gross 1993).

The wind stress distribution in the North Atlantic Ocean (Figure 2.2) consists of the
following major wind systems (Garrison 1996, Gross 1993):

1. The aforementioned Northeast Trade Winds sandwiched between the ITCZ and

the North Atlantic Subtropical High;

!\)

The Westerlies to the north of the Subtropical High, carrying cold, dry air over the
Gulf Stream and veering to a north-easterly direction in the eastern North Atlantic

Ocean;

(V3]

The Polar Easterlies which originate over the Arctic and move in a south-westerly
direction.

Additional phenomena of the North Atlantic Ocean are the presence of two areas that
are under the influence of seasonal wind reversals. One is located along the African

coastline from Senegal to the Ivory Coast and another off Bermuda. The east coast of
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North America experiences seasonal change in wind direction with offshore winds during
the bulk of the year and warm alongshore winds during the summer (Garrison 1996.
Summerhayes and Thorpe 1996).

(2)

(b)

Figure 2.2 Oceanic Surface Winds (a) in February. (b) in August (adapted from Gross 1993. p. 107)
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2.1.4 Sea Surface Temperature and Salinity

North of the Westerlies, sea surface salinity decreases due to an influx of
freshwater from glaciers and icebergs, the low salinity area is centred in the western
North Atlantic (Tomczak and Godfrey 1994, Briggs et al. 1993, Bowden 1983). This
salinity decrease is concurrent with advection by the East and West Greenland Currents
and the Labrador Current (Rudels et al. 1999). Along the Polar Front, at the boundary
between the Labrador Current and the Gulf Stream, a sharp salinity increase is found
(Rudels et al. 1999).

In the subtropics, highly saline water is carried west with the North Equatorial
Current (Figure 2.3) and the salinity increases due to constant evaporation along the track
of the current (Schmitz and McCartney 1993). Due to mixing with less saline water from
the North Brazil, Guyana, and Antilles Currents, high surface salinity water does not
reach the American coastal shelf (Tomczak and Godfrey 1994, Borstad 1982). This is the
water that is redirected towards the Gulf Stream and therefore is unavailable for mixing
with waters that lie to the east. The result is that some of the highest salinity water, not
including any of the adjacent seas, is found in the area of the Canary and North
Equatorial Currents (Tomczak and Godfrey 1994, Mittelstaedt 1991)

With regard to sea surface temperature (SST), the thermal equator is located at
roughly 5°N, coinciding with the ITCZ extending northwards in the western Atlantic into
the Gulf of Mexico (Kershaw and Cundy 2000, Gross 1993). The narrow strip of the
ITCZ is a region of weak and variable winds with annual mean sea surface temperatures

over 27.0°C over most of the region (Kershaw and Cundy 2000, Gross 1993).
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Figure 2.4 Sea-surface temperatures in February (left) and August (right). Note that isotherms are
generally parallel to the equator (Source: Gross 1993, pp. 126-127)

A major characteristic of the sea surface temperature distribution (Figure 2.4) is
the departure from a zonal distribution and the subsequent crowding of isotherms along
the Polar Front in the North Atlantic Ocean (Garrison 1996, Gross 1993). Temperature
variation between the shelves off Newfoundland and France is about 8°C (Tomczak and
Godfrey 1994). In the North Atlantic Ocean there is a large deviation from an east-west
isotherm track which is supplemented by Arctic water exchange (Cuny et al. 2002,
Tomczak and Godfrey 1994). The 5°C isotherm and the 35%o isohaline are oriented
across the North Atlantic from roughly 45°N near Newfoundland to about 72°N off of

Spitsbergen (Tomczak and Godfrey 1994).

2.1.5 The Subtropical and Subpolar Gyres

The Atlantic Ocean shows the largest variations between fields of flow as determined

from both wind stress and conductivity-temperature-depth (CTD) data (Huthnance et al.
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2002, Bigg and Wadley 2001, Clarke et al. 2001, Chapman and Maslin 1999. Doscher et
al. 1994, Foreman 1990).

Previous work has shown the presence of a strong subtropical gyre, and a weaker
subpolar gyre in the North Atlantic Ocean (Cunningham 2000, Reid 1994, Schmitz and
McCartney 1993, Greatbatch et al. 1991). The subtropical gyre flows clockwise and is
composed of the North Equatorial Current centered around 15°N, the Antilles Current,
and Caribbean Current, the Florida Current, the Gulf Stream, the Azores Current. and
finally the Portugal and Canary Currents (Figure 2.3). The subpolar gyre does not
resemble a typical gyre due to the presence and effect of the Arctic circulation upon it
(Garrison 1996, Reid 1994, Tomczak and Godfrey 1994, Schmitz and McCartney 1993).
This effect forces a circulation that flows around southern Greenland and along the
Labrador coast and is therefore less completely defined. The gyre itself rotates counter-
clockwise and is made up of the North Atlantic Current, the Irminger Current, the East
and West Greenland Currents, and the Labrador Current (Figure 2.3). There is a large
amount of water exchange with the Arctic Seas through the North Atlantic Current and
the East Greenland Current (Figure 2.3).

Near the equator there 1s an equatorial counter current lying between the North and
South Equatorial Currents flowing parallel to the [TCZ (Figure 2.3). This current is wide
and of moderate intensity owing to the small zonal width of the Atlantic Ocean as
compared to the Pacific Ocean, and that the ITCZ is not zonal per se, but flows obliquely

from Sierra Leone to Brazil.
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2.1.6 Surface Currents

Forces responsible for driving surface currents include (i) prevailing winds. or
more specifically the wind stress (a frictional force). which causes the formation of waves
and wind drift currents — typically at 3% of the wind speed; (ii) the Coriolis Force, which
causes currents in the northern hemisphere to deflect clockwise, and develop Ekman
spirals; (ii1) the pressure gradient, both the hydrostatic pressure gradient which at any
depth is equal to the weight of the water acting on a unit of area, and the horizontal
pressure gradient, which is balanced by the Coriolis force and results in the formation of
geostrophic currents; (iv) density variations, particularly barotropic and baroclinic
conditions, and (v) continental margins, which deflect and redirect currents (Kershaw
2000, Brown et al, 1989a).
2.1.6.1 Atmospheric Circulation and the Coriolis Force

Prevailing winds cause waves that form surface ocean currents in a particular
direction. This produces strong equatorial currents due to the prevailing trade winds and
mid-latitude easterly currents because of the prevailing westerly winds. Ocean currents in
the northern hemisphere are deflected to the right of their path of motion by the Coriolis
force and form Ekman spirals, Figures 2.5 and 2.6 (Knauss 1997, Garrison 1996). This
causes ocean currents to spiral toward the right with increasing water depth while the
current velocities decrease. At greater depths, surface ocean currents eventually subside
as they lose momentum. Due to large-scale Coriolis effects, the Trade winds push surface
water to the west and north while the mid-latitude westerlies push water east and south
(Garrison 1996, Stommel and Moore 1989). The result is a wide column of water near

30° latitude between the two wind belts. As this column builds, a pressure gradient is



formed which causes water to be deflected by the Coriolis force, and to flow in the same

direction as the prevailing winds on either side of the column (Garrison 1996).
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Figure 2.5 A model of an Ekman spiral through a wind-driven current in deep water in the North
Atlantic Ocean. Current speeds decrease with increased depth, and water movements in each
subsequent layer is shifted over to the right (Source: Gross 1993, p. 161).
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Figure 2.6 — Relationship between wind. surface current and Ekman transport for the North Atlantic
Ocean (Source: Gross 1993. p. 161)



2.1.6.2 Continental Effects

Westward flowing currents eventually collide with continental barriers and are
predominately deflected northward in the northem hemisphere by the Coriolis effect
(Garrison 1996, Brown et al. 1989a). The result is the formation of Western Boundary
Currents (Figure 2.4), of which the Gulf Stream is a prime example. The Gulf Stream is a
warm, saline meandering current approximately one hundred kilometers wide and one
kilometer in depth (Summerhayes and Thorpe 1996, Brown et al. 1989a). Water speeds
within the current are typically in the range of 5 kilometers per hour (Fratantoni 2001).
The Gulf Stream carries warm water to the North Atlantic and has high salinity, which
aids in the formation of North Atlantic Deep Water (NADW). Some water is also
deflected southward towards the equator where it meets similar northward flowing water
from the southern hemisphere (Fratantoni 2001, Garrison 1996). These currents merge
and form Equatorial Counter-Currents, which slowly flow eastward in the Doldrums
(Figure 2.7).

In the mid-latitudes, eastward flowing currents under the influence of prevailing
westerlies also collide with continental barriers and are deflected primarily toward the
south in the northern hemisphere. These groups of currents are labeled the Eastern

Boundary Currents (Figure 2.7).
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Figure 2.7 Continental Effects on Currents

Table 2.1 contrasts the differences between Eastern and Western Boundary
Currents. In general, Eastern Boundary Currents are much wider, shallower, slower and
transport smaller volumes of water as opposed to Western Boundary Currents (Garrison

1996, Gross 1993).

Table 2.1 Contrast between Eastern and Western Boundary Currents (Sources: Garrison 1996,

Brown et al. 19892).
EASTERN BOUNDARY CURRENT WESTERN BOUNDARY CURRENT
Width Broad ~ 1000 km. Narrow < 100 km.
Depth Shallow < 500 meters Deep ~ 2 km.
Transport  Slow - 10°s of km per day Fast — 100’s of km per day
Volume Small - 10-15 million m?/s Large ~50 million m*/s
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2.1.7 Equatorial, Western Boundary and Eastern Boundary Currents

The equatonial current system shows a banded pattem with the Equatorial
Undercurrent being the strongest, transporting upwards of 15 Sverdrups (Sv). where one
Sv=10"m"s", with speeds greater than 1.2 m s™ at about 100 meters depth (Fratantoni
2001, Cunningham 2000, Reid 1994). This current is stronger in the west and weakens
due to frictional losses to its surroundings. Its flow oscillates once every two to three
weeks around 90 kilometers either side of the equator, its speed ranges from 0.6 m s™ to
1.2 m s, and its transport capacity extends from 4 to 15 Sv (Schmidt et al. 2001,
Cunningham 2000). The Equatorial Undercurrent is revealed by conductivity,
temperature, and pressure (CTD) profiles through the vertical spreading of isotherms in
the thermocline (Schmidt et al. 2001, Cunningham 2000).

The North Equatorial Current, North Equatorial Counter Current, and South
Equatorial Current dominate the surface flow near the equator. The North Equatorial
Current 1s found north of 10°N; it has a broad and uniform westward flow with speeds
ranging from 0.1 to 0.3 m s™ (Stramma and Schott 1999). The North Equatorial Counter
Current flows eastward from about 3°N to about 15°S, has speeds similar to the North
Equatorial Current, and mixed together with eastward flow at the surface and below the
thermocline (Stramma and Schott 1999). The North Equatorial Under Current is a
narrow, fast current with speeds reaching 0.4 m s™' near 200 meters depth (Schmidt et al.
2001).

An important characteristic of the equatorial circulation is the powerful cross-
equatorial transport in the North Brazil Current along the coast of South America. Twelve

Sv of the 16 Sv carried by the South Equatorial Current across 30°W cross the equator



(Schott et al. 1998, Stramma et al. 1995), this is comparable to the 15 Sv which are
required to supply the NADW source in the North Atlantic Ocean. Little hemispheric
exchange takes place in the eastern equatorial zone of the Atlantic Ocean (Fratantoni
2001, Reid 1994).

Geographically, the North Equatorial Counter Current is blocked from flowing north
by the east to west orientation of the African coast (Figure 2.3). Its flow increases to a
speed of 0.4 m s near the Ivory Coast and its energy is dispersed in the Gulf of Guinea
(Zhang et al. 2003). A small portion of its flow manages to reach northward and
combines with the North Equatorial Under Current to power a small cyclonic gyre
centered at 10°N, 22°W (Schmidt et al. 2001).

The most powerful of the western boundary currents is the Gulf Stream, which was
originally thought to flow out of the Gulf of Mexico (Fuglister 1951, Iselin 1936). The
Gulf Stream is a system which incorporates the Florida Current, the Guif Stream itself,
the Gulf Stream Extension, the North Atlantic Current and the Azores Current.

The Florida Current is primarily supplied by the North Equatorial Current passing
through the Yucatan Strait, and partly by the North Brazil Current. Through the Florida
Strait the current transports 30 Sv with a maximum speed of 1.8 m s™ (Wilson and Johns
1997). The current breaks away from the coastal shelf some 1,200 kilometers
downstream near Cape Hatteras, where it attains a transport of 70 to 100 Sv (Reid 1994,
Hogg 1992). The Gulf Stream itself flows across the North Atlantic Ocean as a free
inertial jet for the next 2,500 kilometers reaching a maximum transport of 90 to 150 Sv
near 65°W (Fratantoni 2001, Reid 1994). From here water is steadily lost to the Sargasso

Sea recirculation with transport being reduced to 50 to 90 Sv near the Grand Banks at



about 50°W (Reid 1994, Hall and Fofonoff 1993). Throughout the length of the Gulf
Stream. current speed is predominately swift at the surface and decreases fairly quickly
with depth, with flow often extending to the ocean floor (Fratantoni 2001, Reid 1994).

East of 50°W the Gulf Stream Extension diverges into three distinct flows: The
North Atlantic Current continuing northeast towards Scotland transports about 30 Sv
from the subtropical gyre to fuel the Norwegian Current, and ultimately replenishes
Arctic Bottom Water (Rossby 1996, Reid 1994); The Azores Current, which is part of the
subtropical gyre, carrying about 15 Sv between 35° to 40°N where it feeds the Canary
Current (Cromwell et al. 1996); The remaining water is returned to the Florida Current
and Gulf Stream by way of the Sargasso Sea recirculation system (New et al. 2001,
Schmitz and McCartney 1993, Halliwell et al. 1991).

When free inertial jets, such as the Gulf Stream, make their way into the open ocean
they become unstable forming meanders that separate as eddies. Two types of eddies are
associated with the Gulf Stream - north of the Gulf Stream anticyclonic, warm-core
eddies are formed, while south of the Gulf Stream cyclonic, cold-core eddies are formed
(Garrison 1996, Gross 1993, Brown 1989a). Most of these rings are formed in the Guif
Stream Extension and flow back against the main current. Rings to the south of the Gulf
Stream dominate the Sargasso Sea recirculation and are responsible for the region having
a high level of eddy kinetic energy (Tomczak and Godfrey 1994).

The pressure gradient associated with the Gulf Stream is due to a 0.5 meter drop
in sea level across the current towards the coast and temperature differences
corresponding to a thermocline rise of approximately 500 meters (Garrison 1996,

Tomczak and Godfrey 1994). The Gulf Stream is an important heat sink for the ocean.



with net annual mean heat loss exceeding 200 W m™ (Frankignoul et al. 2001). This is
primarily due to advection of cold dry continental air originating from the west.
Alternatively, the Gulf Stream undergoes a period of net heat gain from late May to
August due to the advection of warm saturated southerly air (Frankignoul et al. 2001, ).

The western boundary current of the subpolar gyre is the Labrador Current, which
receives a large amount of Arctic water from the East Greenland Current (Rudels et al.
2002). Speeds for the combined flow of the East Greenland and Irminger Currents south
of Cape Farewell approach 0.3 m s™ on the shelf and at depths of 2,000 to 3,000 meters,
while slowing down to roughly 0.15 m s at the surface (Cuny et al. 2002, Fratantoni
2001, Reid 1994). These currents, like all western boundary currents, extend to the ocean
floor. The Labrador Current shows its greatest transport capabilities in February by
carrying roughly 6 Sv more water than it does in the month of August (Reynaud et al.
1995, Lazier and Wright 1993). Current variability is much greater in the winter months
with a standard deviation of 9 Sv as opposed to only 1 Sv in the summer.

The North Brazil Current and Guyana Current form another western boundary
current system along the east coast of South America and play an important role in global
heat transport. Studies have shown that the North Brazil Current is a jet-like boundary
current with speeds of 0.8 m 5! (Johns et al. 2002, Fratantoni 2001). Recent studies have
raised doubts as to whether the Guyana Current and the Antilles Current exist as
permanent currents . However, flow from the North Equatorial Current is connected to
the Florida Current by some northwest movement of water. Therefore the Guyana and
Antilles Currents must somehow play a role in this transport (Johns et al. 2002,

Fratantoni 2001).



Circulation in the eastern margin of the North Atlantic Ocean is a result of the Canary
Current. a broad, moderately flowing current in which thc temperate waters of the Azores
Current are transformed into the subtropical water supplying the North Equatorial
Current (New et al. 2001, Stramma and Muller, 1989). Water temperatures in the eastern
North Atlantic have comparatively lower temperatures than their counterparts in the
western North Atlantic (Garrison 1996, Tomczak and Godfrey 1994). From the Cape of
Good Hope at the southern tip of Africa to near the equator, and from Spain to 10°N.
winds along the eastern shores are responsible for coastal upwelling which brings cooler
waters to the surface (Tomczak and Godfrey 1994). Geostrophic eddies are commonplace
in the eastern North Atlantic and are responsible for producing current reversals
(Tomczak and Godfrey 1994).

The Canary Current upwelling system is characterized by strong seasonal variability
and a large disparity between northem and southern waters (Mittelstaedt 1991, Bishop
1984). In absolute terms, the width of the upwelling region is fairly narrow, however in
comparative terms, it is wider than the adjoining continental shelf (Tomczak and Godfrey
1994). Previous studies have indicated offshore flow to a depth of about 30 meters.
intermediate flow towards the equator, and a deeper layer of onshore flow, all occurring
in a region with a mean depth of 60 to 80 meters (Zhou et al. 2000, Mittelstaedt 1991).

In winter, when the Trade Winds are at their strongest, upwelling in the Canary
Current reaches its furthest southern extent (Verstraete 1992). The Canary Current
eventually turns westward and intersects a cyclonic circulation of water around the
Guinea Dome (Figure 2.3). This is the boundary between North Atlantic and South

Atlantic Central Water (Figure 2.9), constituents of the thermocline (Schmidt et al. 2001,



Tomczak and Godfrey 1994). South Atlantic Central Water has comparatively low
salinity compared to its neighbouring water masses, and is transported poleward along

with the surface current located along coastal Mauritania (Schmidt et al. 2001 ).

2.1.8 The Deep Ocean Circulation

The thermohaline circulation is the mechanism whereby deep, cold, saline waters
are moved around the global oceans (Figure 2.8). Changes in both water temperature and
salinity alter water mass density, causing a vertical movement until water masses of
comparable densities meet (Kershaw and Cundy 2000, Garrison 1996, Gross 1993,
Brown et al. 1989a). Due to cooling and/or increased salinity, water masses at the ocean’s
surface become denser. In the process of maintaining stable density stratification. these
dense masses sink. Thermohaline circulation affects water in the deep oceans below the
zone of surface ocean circulation, producing nutrient-rich waters that rise to the surface
during upwelling (Kershaw and Cundy 2000, Garrison 1996, Gross 1993, Brown et al.
1989a).

The Atlantic Ocean has the most heterogeneous composition of all the worlds’
oceans, primarily due to mixing with its adjacent seas, especially those in the Arctic and
the Mediterranean Sea (Leier 2000, Brown et al. 1989b). Antarctic Bottom Water
(AABW) comprises Atlantic Ocean water at depths below 4,000 meters (Figure 2.6).
Originating from the Circumpolar Current, AABW moves northward both east and west
of the Mid-Atlantic Ridge (Garrison 1996, Tomczak and Godfrey 1994). On the eastern
flank it is blocked by the Walvis Ridge, however on the western edge of the ridge it flows
into the western hemisphere past 50°N (Tomczak and Godfrey 1994). Temperatures

increase northward from the Southern Ocean to the Labrador Basin due to the effect of



thermal diffusion produced by mixing with warmer overlying waters in the tropics and

subtropics.
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Figure 2.8 Classic model of the thermohaline circulation due to heating near the equator and cooling
towards polar latitudes (Garrison 1996, p. 218).
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Figure 2.9 Deep-water masses in the Atlantic Ocean (Source: Kershaw 2000).
Notes: (1) Antarctic Deep Water (AADW) and Circumpolar Water (CPW) are terms used by
Kershaw and are not referred to in this thesis.
(2) Atlantic Central Water is subdivided into North and South Atlantic Central Water (NACW and
SACW respectively) in this thesis.

Arctic Bottom Water (ABW) is found adjacent to the Greenland-Iceland-Scotland

Ridge, and chiefly contributes to the formation of North Atlantic Deep Water (NADW)



which 1s found between 1000 and 4000 meters depth (Garrison 1996, Tomczak and
Godfrey 1994). NADW is a layer of comparatively high salinity which spans from the
Labrador Sea to the Antarctic Divergence (Tomczak and Godfrey 1994, Brown et al.
1989b). NADW consists of two varieties - eastern or lower NADW originates in the
Greenland-Iceland-Scotland overflow area and is abundant in the eastern basins; western
or middle NADW is a product of ABW mixing with water from the Labrador Sea and is
less dense than eastern NADW. As these water masses flow southward they remain
vertically layered (Reid 1994, Tomczak and Godfrey 1994, Pickart 1992). Atmospheric
and oceanic variability can affect the long-term stability of NADW when it first forms
(Pickart 1992). Thermohaline convection in the Labrador Sea during the winter produces
a volume of vertically homogenous water, however this phenomenon does not occur
every year (Cuny et al. 2002, Reid 1994).

A third type of NADW is often cited in the literature as upper NADW. This is
described as being western NADW mixed with Mediterranean Intermediate Water
(MIW), which leaves the Strait of Gibraltar (Tomczak and Godfrey 1994). This form of
NADW has higher temperatures and salinity than other water masses having the same
density. MIW follows the Portuguese shelf northward due to the Coriolis force and enters
the subtropical gyre circulation where it spreads both south and west (Tomczak and
Godfrey 1994). At the 2000 meter level there is an MIW signature throughout most of the
North Atlantic Ocean (Tomczak and Godfrey 1994). The mechanism which allows MIW
to penetrate so deeply into the ocean is high eddy activity in the easten North Atlantic,
which prevents initial mixing and allows the MIW to gradually mix with neighbouring

water masses (Ivey and Nokes 1989).



Antarctic Intermediate Water (AAIW) is formed in the South Pacific. enters the
Atlantic Ocean through Drake Passage, and spreads isopycnally into the North Atlantic
Ocean (Tomczak and Godfrey 1994). Its northward flow along the western boundary can
be determined by the northward extension of the isohalines with the Guyana and Antilles
Currents (Tomczak and Godfrey 1994, Flagg et al. 1986).

Arctic Intermediate Water (AIW) consists of two varieties: western AIW formed
in the Labrador Sea is subducted along the Polar Front between the Gulf Stream and
Labrador Current and extends southward to 40°N; and eastern AIW formed in the Iceland
Sea with subduction occurring between the North Atlantic and East Iceland Currents. and

reaching only to 60°N (Cuny et al. 2002, Bersch 1995, Aagard et al. 1985).

2.1.9 The Overall Thermohaline Circulation System in the Atlantic Ocean

NADW forms in the high North Atlantic Ocean and flows southward beneath
surface water masses and intermediate water masses until it is diverted to the surface in
the Antarctic (Figure 2.10). AABW forms in coastal Antarctica, sinks to the bottom, and
flows northward beneath all other water masses. Upon reaching the mid-latitude North
Atlantic Ocean its water is entrained with NADW and swings back southward (Figure
2.10). The AABW is so dense that it underlies NADW and deflects NADW to the surface
near Antarctica (Garrison 1996, Tomczak and Godfrey 1994). The MIW flows westward
above the NADW and AABW and reaches the western North Atlantic Ocean. The AAIW
flows northward above NADW and AABW but beneath surface water masses (Figure
2.10). The surface water is thickest in the central ocean gyres, like the Sargasso Sea. The
central gyres are warm, saline, low-nutrient waters with low biological productivity

(Garrison 1996, Tomczak and Godfrey 1994).
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Figure 2.10 Atlantic Ocean - Water Masses (Source: adapted from Garrison 1996).

2.1.10 Thermocline and Surface Layer Water Masses

There are two distinct water masses that make up the thermocline in the Atlantic
Ocean (Figure 2.9), South Atlantic Central Water (SACW) and North Atlantic Central
Water (NACW). These water masses are delineated at 15°N with SACW infiltrating
northward underneath the NACW resulting in a downward south to north slope (Tomczak
and Godfrey 1994, Tomczak 1981). One of the main consequences of the convergence of
these water masses is a south to north salinity increase between the North Equatorial
Counter Current and North Equatorial Current at around 10°N (Tomczak and Godfrey
1994, Bayev and Polonskiy 1991).

There is a large volume of water between the North American continental shelf
and the Gulf Stream that is cut off by the western boundary current from any direct

contact with ocean water masses of the same depths. This water is influenced by
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interactions between shelf water, Labrador Current water, and Gulf Stream water
(Reynaud et al. 1995, Bowden 1983). Due to freshwater influx from the St. Lawrence
River, shelf water has very low salinity, as does the Labrador Current. The mixture of
these waters results in a water mass referred to as Slope Water, existing in the upper 1000
meters north of Cape Hatteras (35°N) along the North American continental rise
(Tomczak and Godfrey 1994, Bowden 1983). This less dense, low salinity water is often
trapped in cyclonic Gulf Stream rings and carried across the Gulf Stream into the

Sargasso Sea (Tomczak and Godfrey 1984, Brown et al. 1989a).

2.2 What Do We Know?

With the data collection of the WOCE having been completed and the analysis of
data having begun, a quick look at some of the initial conclusions show the time
dependence of oceanic circulation and the turbulent nature of the flow. Some tracer
results indicate that transport to the abyssal seafloor operates on a time scale of decades
rather than on the centennial or millennial scales suggested by the ‘historical’ view
(Wunsch, 2001). In addition, coarse-resolution models using WOCE data as inputs have
shown that ocean circulation may undergo dramatic shifts on much shorter time scales
than the historical view promoted (Talley et al. 2001, Willebrand and Haidvogel 2001,
Han 2000).

One of the main climatic roles of the ocean lies in its three dimensional transport
of the scalar fields of heat, fresh water, carbon, etc. It needs to be determined whether
their variability through space and time are the result of either a simple time-dependent
version of a laminar conveyor belt, a complex integration over fully turbulent elements or

some complex combination of both (Wunsch, 2001).
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One common theme that has changed from year to year is what researchers
“know” about oceanic circulation. Tables 2-2 and 2-3 list what oceanic researchers knew

and what is claimed to be known now.

Table 2.2 Things everyone “knew”

Things evervone “knew” Year hvpothesis started being tested
No interesting currents at depth on the equator 1950
The deep interior ocean moves at climatological speeds 1958
Vertical temperature and salinity profiles are smooth 1965
No interesting abyssal flow structures in the Pacific Ocean 1965
Ocean heat transport is negligible compared to the atmosphere 1970
Ocean mixing is geographically uniform 1970

Source: Wunsch. 2001 (p. 52)

Table 2.3 Things many (some?) people “know” now

Things many (some?) people “know” now

There is a global conveyor belt whose strength controls the climate state through thousands of years.
Only the upper ocean is relevant to *climate’.

Coarse resolution ocean models can be run for 1000+ years with climate forecast skill.

The strength of the oceanic heat transport is controlled by the surface density gradient alone.

Only the upper tropical ocean influences the El Nino-Southern Oscillation phenomenon (ENSO).
All changes in the circulation have deterministic causes.

The ocean is in equilibrium with the atmosphere.

Source: Wunsch, 2001 (p. 54)

2.3 Graphic Display Methods for Ocean Currents

Currents, unlike temperature or salinity, require two quantities to be fully
described - these quantities could be speed and direction, or the resolved east and north
components of the former. Ocean currents are therefore a vector quantity requiring a
direction and a magnitude.

A coordinate system is required to display vector data. At distances up to
approximately 1000 kilometers a Cartesian coordinate system is suitable. Beyond that

scale a spherical coordinate system is necessary due to the curvature of the earth (Demers

1997).
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In oceanography, x, y and z data denote direction and distance in space. positive in
the east. north and depth directions (Figure 2.11). Another data triple, . v and w denotes
the current components in the aforementioned directions (Thiebaux 1994. Tomeczak and
Godfrey 1994). In oceanography, a “left-handed” coordinate system 1s used in which the

vertical coordinate z is positive for the downward direction.

v
north yv
X u
cast
zw
depth

Figure 2.11 Coordinate System used in oceanography

Two ways of measuring velocity and displaying vectors are the Eulerian
approach, first developed by Leonhard Euler in the mid-1700s, and the Lagrangian
approach, developed by Joseph Louis Lagrange in the late-1700s (Knauss 1997,
Thiebaux 1994, Tomczak and Godfrey 1994). The description of ocean currents by
Eulerian methods is based on observations at a fixed point, as for example, from a
moored current meter. Water flows past a measuring instrument and the current is
recorded as a function of time (Knauss 1997, Thiebaux 1994, Tomczak and Godfrey
1994). The Lagrangian method of current description is based on following the
movement of a water particle, by using either a drifting buoy or float. The position of the
buoy is recorded as a function of time (Knauss 1997, Thiebaux 1994, Tomczak and
Godfrey 1994). Both of the above methods describe the movement of water. however

they represent this movement in very different ways.



2.3.1 Vector Representations of Current Flow

2.3.1.1 The Streamfunction - Definition

If we were to consider a rectangular basin of uniform depth (width = W, length =
L). filled with water, and assume both no vertical motion and a clockwise steady flow,
then the movement of water can be broken down into its zonal component « and its
meridional component v (Tomczak and Godfrey 1994). This is a Lagrangian approach to
looking at current flow with streamline paths under the condition of steady flow (Figure

2.12 (a), (b).

{

Figure 2.12 (a) Streamfunction Diagram, (b) Lagrangian Flow (Source: Tomczak and Godfrey, 1994)

2.3.1.2 The Streamfunction - Streamlines in Time Dependent Flow

The above rectangular basin can be viewed as a model of an ocean basin in the
subtropics of the northern hemisphere, without taking into account Coriolis force, with
the streamlines representing the path of water moving in the subtropical gyre in steady
motion (Dyke 1996, Tomczak and Godfrey 1994). If we assume that the gyre is not in
steady state, but that its velocity fluctuates due to seasonal variations in wind magnitude,
the current and streamfunction become functions of time (Dyke 1996, Tomczak and

Godfrey 1994). Therefore, there can be a periodic increase and decrease about a mean



value, which represents the acceleration and deceleration of the gyre at various times of
the year (Dyke 1996, Tomczak and Godfrey 1994). A Lagrangian description of oceanic
currents is not a vector plot since positions are given by a pair of x and y co-ordinates and
not by a magnitude and a direction (Tomczak and Godfrey 1994). However, speed and
direction can be deduced from the coordinates of position.
2.3.1.3 Progressive Vector Diagrams in Steady State Flow

Intuitively, the Lagrangian method of following the movement of water parcels is
more graphic than observing data of current speed and direction. The progressive vector
diagram was developed to simulate a Lagrangian display from Eulerian measurements
(Tomczak and Godfrey 1994). Suppose that a current meter averages the current over one

hour, recording the hourly averages and giving us Table 2.4.

Table 2.4 Data for explanation of progressive vector diagram (Source: Tomczak and Godfrey. 1994).

Record number Time (UTC) East component North component
u (m/s) v (m/s)
1 08:25 02 0.1
2 09:25 0.1 0.2
3 10:25 -0.2 0.1
4 11:25 0.0 -0.2

A progressive vector diagram is constructed by placing the tail of each successive
vector on the head of the preceding vector. The x- and v- axes are in velocity units (m/s)
and are converted into space units (m), knowing that a water parcel traveling at 1 m/s for
1 hour will cover a distance of 1 m/s * 3600 s = 3.6 kilometers (Thiebaux 1994, Tomczak
and Godfrey 1994).

The problem inherent with the above is that if a current meter is located at the

position shown in Figure 2.13, the current meter will always show northward flow at that



location. while the actual water parcel will follow the streamline (Tomczak and Godfrey
1994). After some time, the progressive vector diagram won’t indicate the parcel’s actual

movement, instead it will indicate a flow beyond the edge of the basin (Figure 2.10).

vector fluw

(

Figure 2.13 Diagram to show predicted vs. actual movement (Source: Tomczak and Godfrey, 1994).

The progressive vector diagram is a hybrid between a Lagrangian and Eulerian
method, using Eulerian measurements to simulate a Lagrangian display. As seen above,
this method can lead to errors in interpretation if the nature of progressive vector
diagrams isn’t accounted for.
2.3.1.4 Progressive Vector Diagrams in Horizontally Uniform, Time-Variable Flow

How useful are these diagrams for time-variable flow due to the problems
discussed above? When a current varies with time, but direction and speed of water
movement are the same everywhere at every moment in time, the current measured at the
current meter is the same as the current at all other locations. Therefore, a progressive
vector diagram constructed from its data represents the true movement of a water parcel

(Tomczak and Godfrey 1994).

2.3.2 Other Display Methods for Ocean Currents

The development of satellite-tracked drifters and satellite altimetry has opened up
new avenues for observing ocean currents (Fu 2001, Gowda et al. 1993). However. the

use of moored current meters is essential for understanding oceanic circulation. The



Eulerian methods of data display including current component plots, speed and direction
plots. stick diagrams, hodographs, scatter diagrams, and current roses will now be
presented.
2.3.2.1 Current Component Plots

A component plot consists of a graph of the two current components against time
(Figure 2.14). The components are aligned east-west (u-component — zonal, positive
castward) and north-south (v-component — meridional, positive northward). If a current
meter is located close to a coastline, it may be more useful to display the current
component parallel to the coast along with the current component normal to the coast
(Emery and Thomson 1997, Tomczak and Godfrey 1994). The components for the plot

would be u " and v’ rather than u and v (Figure 2.14).

orientation
v (north) Z of coastline

v’ (coast
paraliel)

u (east)

u’ (coast
normal)

Figure 2.14 Different methods of plotting current components (Source: Tomczak and Godfrey. 1994).

Current component plots are useful and can display data which contain a wide
range of processes, such as tidal currents, wind-driven currents and ocean scale
variability (Emery and Thomson 1997). The plots in Figure 2.15 show the data for the
Abyssal Circulation mooring number 296, part of the Abyssal Circulation experiment
(see Appendix 8.1), which is located at 41.203°N, 63.023°W at 500 meters below mean

sea level.
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2.3.2.2 Speed and Direction Plots

This type of plot consists of a graph of speed and direction against time (Figure

2.16). There are many times where the strength or force of a current. which is related to

current speed. is of interest and a plot of current speed is therefore useful (Emery and

Thomson 1996).
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355° (Emery and Thomson 1996. Kovach 1994). Figure 2.16 shows the data from Figure

2.15 plotted as speed and direction plots.
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Figure 2.16 Speed and Direction plots for Abyssal Circulation. mooring 296 (41.203°N, 63.023°W at



2.3.2.3 Stick Diagrams

This 1s a graph that displays current as vectors against time, and is constructed by
drawing time along the x-axis. For each current record. the corresponding current vector
is positioned with its tail on the time axis at the time of observation. The x-axis gives
time, the y-axis shows north, and a unit vector shows the length of a vector of 1 m/s
(Emery and Thomson 1997, Godfrey and Tomczak 1994). When the vectors are plotted,
their length corresponds to current speed and the direction in which they point gives the
direction of the current.

Stick diagrams are useful for displaying the general position of currents and are
very good at displaying slowly varying currents which contain only changes on time
scales of days, months or seasons (Tomczak and Godfrey 1994). Figure 2.17 shows the

stick diagram for the data used in Figures 2.15 and 2.16.

Figure 2.17 Stick Diagram for Abyssal Circulation, mooring 296 (41.203°N. 63.023°W at 500 meters
depth). A time-series of sticks laid down incrementally with respect to magnitude and direction.



2.3.2.4 Hodographs and Scatter Diagrams

A hodograph (Figure 2.18) connects the endpoints of the current vectors in a
component co-ordinate system as a function of time (Emery and Thomson 1997). It’s
closely related to a scatter diagram. which shows the endpoints of the current vectors
unconnected. The primary use of a hodograph is for displaying tidal currents. since the
continuous change of current direction produces a well defined line pattern thereby
giving a good representation of tidal current strength and variability (Tomczak and

Godfrey 1994).

second ¥ {cmis) first
observation i obser-
— §.3 vation
resulting __
hodograph 7.
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current
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third I T >
observation- g2 8.1 yenvs)

Figure 2.18 Hodograph plotting three successive current vectors (from Tomczak and Godfrey 1994).

A scatter diagram (Figure 2.19) shows the endpoints of the current vectors in a
component co-ordinate system as a function of time. If the current is mainly tidal. the
scatter diagram will give the same information as a hodograph but can result in a less
confusing display for long time series. If the current record spans a period of months or
years. a scatter diagram can display the prevailing current speed and direction for
different seasons or other events (Emery and Thomson 1997, West 1996. Tomczak and
Godfrey 1994). In the scatter diagram of Figure 2.19 the center gives an estimate of the

mean current, while its width and breadth give an estimate of the variability.
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Figure 2.19 Scatter diagram for Abyssal Circulation, mooring 296 (41.203°N. 63.023°W at 500 meters
depth)

2.3.2.5 Current Roses

An alternative method of representing current flow is the current rose, identical to
the wind rose (with the exception that the direction indicated is pointing towards the
current flow as opposed to from the direction the wind is blowing from). In a current rose
the group of data are displayed in a sector of the circle, with the radius of each sector
being proportional to the square root of the relative frequency of the group (Kovach
1994, Fisher 1993). Therefore the area of the sector is proportional to the group
frequency. Figure 2.20 shows two different types of current roses for the Abyssal
Circulation data presented above. Figure 2.20 (a) is a plot of the current direction while
(b) is a plot of current speed vs. current direction. The former was produced in Oriana for
Windows, a software package which is made specifically for circular data. The latter was

produced in SigmaPlot 2000 which has a function for plotting circular data.
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Figure 2.20 Current Roses for Abyssal Circulation, mooring 296 (41.203°N, 63.023°W at 500 meters
depth). (a) Plot of current direction generated in Oriana for Windows, v. 1.06. (b) Plot of current
speed vs. current direction generated in SigmaPlot 2000.
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2.4 Summary

This chapter has provided a background of literature pertaining to the physical
properties of the North Atlantic Ocean, including its bathymetry, fresh water flows. wind
patterns. sea surface temperature, salinity, surface circulation and thermohaline
circulation. The constantly changing view of what we know about the oceans was
presented with an eye toward the impact of decadal changes rather than the centennial or
millennial scales once suggested.

Some of the graphical display methods that are used in ocean current analysis
were introduced. All of these methods were applied to the WOCE dataset, however the
remainder of this thesis focuses on the use of vector representations of the current flow.
Current vector plots are used throughout to describe the circulation of the North Atlantic

at various depths and at varying time scales.
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3. Attributes of WOCE Data and Surfer7 Methods

3.1 WOCE Current Meter Dataset for the Atlantic Ocean

The data used in this research were obtained from the Oregon State University
(OSU) Buoy Group. The records contained in their archived database include roughly
4000 records from current meters and other instruments that were deployed on current
meter moorings.

The OSU Buoy Group ensures that data available to researchers undergo thorough
quality control procedures before being placed on their database. Current meters do not
always give a truthful representation of water properties, especially if they are poorly
maintained. The OSU Buoy Group has over 35 years of experience with these
instruments and is familiar with the problems inherent in obtaining good-quality data.

Some of the problems that are addressed include (i) sticking compasses. that
result in a very narrow range of directions; (ii) sticking encoder pins, especially in the
Aanderaa RCM 4 and 5 units, that produce spikes in all the measured parameters; (iii)
rotorcounter failure, which results in a sudden drop in speed to zero for several
measurement cycles; (iv) failure of the speed sensor or its bearings, that result in a
gradual reduction in speed readings; (v) tape glitches that result in erroneous readings;
and (vi) sensor drift in which the response of the sensor varies (WOCE 2002, Woodward

Most of the errors in data measurement concern speed, and are a result of the
sensor being mechanical and therefore prone to moving parts failing, and the nature of
the medium that is being measured — with the inherent corrosive properties of salt water

(WOCE 2002. Woodward et al. 1990). The stresses on surface and subsurface meters are
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variable despite the medium being identical to both. Surface meters are subjected to a
highly energized environment of wind stresses, waves, and also shipping activities and
fishing. Subsurface meters have their buoyancy distributed vertically along a mooring
line and are not as prone to the environmental extremes of the surface (Woodward et al.
1990).

In cases where there are obvious errors in the data, interpolation is used to replace
the erroneous data. Single-point errors are replaced by linear interpolation, while longer
segments are replaced by either linear interpolation or predictive interpolation (WOCE
2002). This latter method is used if a bad segment is a few hours to a few days in length
since it uses an algorithm based on the maximum entropy method of analysis (WOCE
2002). This method extracts as much information from a measurement as is justified by
the data’s signal-to-noise ratio and has been adopted for use in many fields, such as
spectral analysis and image restoration (Wu, 1997). Therefore no contamination is
introduced into the spectral makeup of the time series, which can be a problem if using
linear interpolation. When the error in the data exceeds a few days then interpolation is
not employed, rather the bad segment is removed and a gap in the time series is inserted
(WOCE 2002).

In summary, the OSU Buoy Group endeavors to provide researchers with current
records that can be used with confidence and that are “less likely” to lead to false

conclusions about ocean dynamics.

3.1.1 Overview of the WOCE Dataset

Two dataset groups were selected for this research, one was collected during the

WOCE study and another, which augmented this dataset, was collected previous to the
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commencement of the WOCE study and is referred to here as the pre-WOCE dataset. The

complete dataset including maps for the WOCE data is given in Appendix 8.1.

3.1.1.1 WOCE Data Set

The WOCE North Atlantic Ocean dataset is a compilation of a number of datasets

made available by the OSU Buoy Group at Oregon State University. It includes current

speed and temperature data from the following WOCE components:

Experiment , , v - Number of
Name Latitude Range Longitude Range Dates Records

ACM1 26.4-26.5N 71.2-76.8W  06/19/90-06/15/97 148
ACM6 - 41.9-43.1N 44.6-49.0W  08/01/93-07/02/95 42
ACM7 0.1- 1.6N 44.0-44.4W  10/13/90-03/04/94 65
ACMS 52.3-65.3N 15.4-412W  03/09/90-08/19/99 111
ACM10/11 0.5-0.8N 14.8 -35.9W  09/29/92-11/01/94 24
ACM25/26 18.0-33.0N 22.0-34.0W  06/18/92-06/19/93 216
ACM27/28 41.0-42.2N 9.5-109W  05/29/93-06/01/95 22
ACM29 55.1-56.8N 52.4-541W  05/29/94-06/30/98 22
STACS11 3.9-309N 48.7-48.7W  09/25/90-09/14/91 3
TOTAL 0.1 —65.3N 9.5-76.8W  03/09/90-08/19/99 653

Table 3.1 Spatial & Temporal Details of WOCE Components

The ACM1, ACM7 and STACS11 data have time increments of 12 hours and all
of the time series have been filtered, with diurnal tides and all higher frequencies
removed. There were no metadata available for the remainder of the datasets. The data
consists of 653 records located between 0.087°N and 65.298°N latitude and 9.475°W and
76.850°W longitude, with depths ranging from 1 to 5483 meters below sea level. The
study area is therefore approximately 38,425,000 square kilometers in area. Calculations
are based on means for the period March 9. 1990 to August 19, 1999. Following is a brief
description of the WOCE current meter data with regards to their initial purpose for

deployment.
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ACM1 (STACS-10)

These data were a result of the third of five consecutive current meter arrays
deployed off Abaco Island in the subtropical western Atlantic Ocean. In all, the five
current meter arrays spanned a 7-year period from 1986 to 1993 and were designed to
provide data that could be used to analyze any climate-relevant flow that was transient in
the western boundary current (WOCE 2002)

ACMI1 (WATTS)

The goal of this study was to quantify the meridional volume and heat transport in
the western boundary currents and in the recirculating gyres east of Abaco Island.
Ongoing work is making simultaneous measurements of both the upper and lower layer
parts of the inter-hemisphere thermohaline circulation. The current meter deployment
also preserves the continuity of western boundary time series begun by the STACS
program in 1986 (WOCE 2002).

ACM1 (ACCP-1, ACCP-2, ACCP-3)

The goal of this study was to measure volume and heat transports of the
thermohaline circulation in the western subtropical Atlantic Ocean, and to maintain the
continuity of the western boundary current transport time series begun by STACS in
1986 (WOCE 2002).

ACM6

This involved a boundary current array deployed to measure the volume transport

and heat flux of the North Atlantic Current — the western boundary current of the North

Atlantic subtropical gyre. The moorings formed a linear array from the Grand Banks of



Newfoundland southeast into deep water, with depths of 400, 800, 1500. 2500. 3500,
4000 meters and 100 meters from seafloor being used (WOCE 2002).
ACM7

The purpose of these current meter arrays was to measure the northwestward flow
of warm water in the upper layers, and the southeastward counterflow of North Atlantic
Deep Water, along the Brazilian slope at the equator. Some of the moorings were
upward-looking current profilers (ADCPs) at 300 meters, which allowed for the
calculation of upper layer transports. Moorings K359 K360 and K361 contain vertical
velocity. as well as horizontal velocity data (Schott et al. 1993).

ACMS (Denmark Strait Overflow)

This experiment was set-up to measure the flow of cold, dense water
southwestward across the Denmark Strait and into the Irminger Basin, where it becomes
part of the North Atlantic Deep Water. This water is drawn from intermediate depths in
the Norwegian Sea, crosses a sill of some 600 meters depth in the Denmark Strait and
continues southwestward, following the topography, along the Greenland Slope. The
current meter arrays were set normal to the Greenland Slope in order to measure the
downstream changes in speed, transport, and entrainment associated with this current
(Dickson and Brown, 1994; Dickson and Gmitrowicz, 1990).

ACMS (Iceland-Faroe Overflow)

An experiment set-up to measure intermittent flow of cold, dense bottom water

southwestward from the Norwegian Sea, across the Iceland-Faroe Ridge into the North

Atlantic, where it becomes part of the North Atlantic Deep Water (Saunders, 1996).



ACMS (German Component)

This portion of ACM8 was set-up in order to measure the transports of mass. heat.
and salt associated with the dominant meridional circulation in the North Atlantic Ocean.
This circulation carries near-surface waters of tropical and subtropical origin northward,
and carries deep arctic and subarctic water southward. These data are important in order
to model the ocean’ role in climate (WOCE 2002).

ACMI10 (Deep Basin)

The objective of ACM10 was to measure the northward flow of Antarctic Bottom
Water (AABW) coming out of the Brazil Basin in the South Atlantic and flowing into the
Guiana Basin in the North Atlantic. The current meters were placed across the opening at
the equator between the Brazil Basin and the Guiana Basin west of the Mid-Atlantic
Ridge. The current meters evenly filled the passage between the Brazil and Guiana
Basins from north to south and were located in the east-west center of the zonal gap that
steers the AABW (WOCE 2002).

ACMI11 (Deep Basin)

An experiment situated in the Romanche and Chain Fracture Zones, conducted in
order to ascertain bottom water transport from the western to eastern basins of the
cquatorial Atlantic Ocean. Bottom water was defined as water with a potential
temperature less than 1.9°C (Mercier et al. 1994; Mercier and Speer, 1998).

ACM25/26 (Subduction)

This small-scale experiment was conducted in order to study the subduction

process, whereby water forming in the mixed layer of the upper ocean moves downward

into the thermocline, near the Bermuda/Azores high. The clockwise atmospheric



circulation present in this area makes the subtropical North Atlantic a good region to
study this phenomenon (WOCE 2002).
ACM27/28 (Morena)

This experiment was designed to measure slope and shelf currents, heat and salt
fluxes, and the seasonal variability of both along the Iberian continental margin. The
Morena region ranges from 40°N to 43°N and lies between the coast and 11°W. Some
distance from the wide continental shelf there is a complex bottom topography with
several submarine canyons abutting the slope of this region (WOCE 2002).

ACM?29 (Labrador Sea)

The Labrador Sea experiment was designed to obtain current and physical property data.
This data will be analyzed to better understand Labrador Sea Water formation and its
associated variability due to interannual variations in heat and sait fluxes (WOCE 2002).
3.1.1.2 Pre-WOCE Data Set

The pre-WOCE North Atlantic Ocean dataset is a compilation of a number of
datasets which were made available by the OSU Buoy Group at Oregon State University
in order to augment the later collected WOCE data. This dataset includes current speed
and temperature data from the following components itemized in Table 3.2 (ABCIRC =
Abyssal Circulation (northwest Atlantic); BIO = Bedford Institute of Oceanography
moorings; Conslex = experiment of Institute of Oceanographic Sciences; Gulf Stream =
Gulf Stream Extension; LLWODP = Low Level Waste Ocean Disposal Program;
LocalDyn = Local Dynamics Experiment; Lotus (northwest Atlantic); Nares = Subseabed
Disposal Project, Nares Abyssal Plain; Neads = British experiment in North Atlantic;

Polymode; Rise Array).



Experiment -

Name

Latitude Range Longitude Range

Table 3.2 Spatial & Temporal Details of pre-WOCE Components

Dates

Number of
Records

ABCIRC 35.6-41.2N 58.3—-65.0W 03/20/83-08/24/84 23
BIO 37.7-40.5N 42.1-56.1W 11/05/76-04/30/80 23
Conslex 51.9-60.2N 9.2-199W 03/19/82-07/05/83 14
Gulf Stream 37.0-404N 42.0-46.9W 10/24/79-11/24/80 27
LLWODP 32.3-36.4N 70.7-71.8W 09/16/80-09/03/84 26
LocalDyn 30.5-31.4N 69.1 -69.9W 05/01/78-07/23/79 22
Lotus 33.7-34.IN 69.7-70.1W  05/06/80-05/05/84 35
Nares 23.2-23.3N 63.9-64.1W 08/15/83-11/03/86 12
Neads 52.4-52.5N 17.7-17.8W  06/29/82-07/03/83 5
Polymode 28.2-41.5N 53.7-60.1W 08/04/74-07/07/77 58
Rise Array 36.4-39.2N 69.0—-70.6W 04/11/74-12/15/74 27
TOTAL 23.2 -60.2N 9.2-71.8W 04/11/74-11/03/86 272

The Conslex, Gulf Stream Extension, Local Dynamics, Low Level Waste Ocean

Disposal Program, Nares, Neads, Polymode, and Rise Array datasets had an initial time
increment of 15 minutes and were later subsampled to 1 hour time increments at OSU.
The Abyssal Circulation, Bedford Institute of Oceanography, and Lotus datasets were
filtered at OSU with a time increment of 24 hours (WOCE 2002).

This data consists of 272 records located between 23.2°N and 60.2°N latitude and
9.2°W and 71.8°W longitude, with depths ranging from 15 to 5800 meters below sea
level. Calculations are based on means for the period April 11, 1974 to November 3,
1986.
3.1.1.3 Data Processing at WOCE

All of the records in the above two datasets were examined by the Current Meter
Data Assembly Center (CMDAC), uniformly-processed and brought up to a uniform
standard in which improbable spikes were removed and sections of data that were clearly

in error due to instrument malfunctions were deleted (WOCE 2002).
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Both original current meter data supplied by the Principal Investigator and altered
versions that were cleaned are available in the data base. Cleaned data has been flagged

by CMDAC and brief comments as regard to the nature of the changes is made available.

3.1.2 Stranger Format

The OSU Buoy Group has provided current meter data to other organizations in a
simple ASCII format that has been named the Stranger format - "Stranger" because any
stranger can easily understand and use it (WOCE 2002). This format is easily readable by

both humans and computers. Following is a portion of the Stranger format:

22 header lines
11831 data lines
(14,313,£f8.2,£7.1,2f8.2,£f8.3,£8.1,16)

ExXperiment name: BEST (ACM4)
Mooring name: BEST 4
Mooring position: 30.003 deg S, 5.996 deg E
instrument depth: 210 meters
Seafloor depth: 5180 meters
Instrument type: Randeraa RCMS8
CMDB accession number: 1000
Parameters:

hour

day

month

vear

speed (cm s™)

dir (deg true)
u {em s7) - zonal component
-1 .
v {(cm s ) - meridional component
temp (deg C)
pressure (db)
line count

1800 23 6 92 16.61 283.0 -16.19 3.74 14.352 232.0 1
1900 23 6 92 15.75 289.0 -14.89 5.13 14.477 231.2 2
2000 23 6 92 17.19 286.0 -16.52 4.74 14.139 231.2 3
2100 23 6 92 20.35 282.0 -1%.91 4.23 14.050 230.5 4
2200 23 6 92 18.34 275.0 -18.27 1.60 14.103 230.5 5
2300 23 6 92 18.91 276.0 -18.81 1.98 13.935 230.5 €
0 24 6 92 19.20 276.0 ~-19.10 2.01 14.094 230.5 7
100 24 6 92 18.20 275.0 -1¢9.13 1.67 13.855 230.5 8
200 24 6 92 20.06 272.0 -20.05 0.70 13.563 230.5 S
300 24 6 92 15.46 261.0 -15.27 -2.42 13.837 230.5 10
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The file begins with metadata. Following the metadata, each line represents one
sampling cycle and contains hour, day, month, year, speed, direction, eastward
component, northward component, temperature, pressure and a line count.

Microsoft Excel proved to be a straight forward tool to prepare the data for
analysis in this thesis. Using the text import wizard one need only provide the row to
begin importing, which is one more than the number of header lines, and the data format,
which is space delimited. In this manner all the data can be processed for individual time

series.

3.1.3 Spatial Coverage of Current Meters in the North Atlantic Ocean

Appendix 8.1 gives a detailed synopsis of both the WOCE and pre-WOCE
datasets. The appendix includes information on the 3-dimensional location with respect to
latitude, longitude and instrument depth, as well as the water depth in which the data
were taken. The dates the current meter recorded data and the instrument type used are
also given. In addition there is a brief description of how the data were filtered. and a
close-up map of the location of the current meters.

A two-dimensional summary of spatial coverage is shown in Figure 3.1, while a

three-dimensional summary is depicted in Figure 3.2.
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Figure 3.1 WOCE Current Meter Moorings in the North Atlantic Ocean Categorized by Depth of
Current Meter
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3.2 Surfer7 Gridding Procedures

The software used in mapping much of the data is Surfer7. created by Golden
Software, Inc. of Golden Colorado. The powerful 3-dimensional visual capability of
Surfer7. as well as the ease of use and availability of the software made it a better choice
than any of the competing GIS packages. The WOCE data set is made up of numerous
data points that include data “rich™ sites, at certain key locations where individual
oceanographic studies have been conducted, and a huge gap over much of the ocean
where data is missing. The gridding process allows for irregularly spaced xyz data to be
converted into a regularly spaced, rectangular array of z values by extrapolating and/or
interpolating z values at locations where there is no data.

3.2.1 Duplicate Data Points

One of the gridding issues that arise due to the nature of acquiring data through
buoyed current meters is that a large number of duplicate data points are generated. This
can be illustrated in cases where there are a large number of current meters placed at the
same x- and y-coordinates but at a variety of depths (z-coordinates).

Duplicate data points are problematic when carrying out the gridding process.
This is especially true for the kriging, natural neighbour, radial basis function, and
triangulation with linear interpolation methods available in Surfer7.

Kriging is a geostatistical gridding method that attempts to illustrate the trends in
the data, an example would be the interconnectivity of high points along a ridge rather
than plotting them in isolation (Golden Software 1999). The equation used for Ordinary
Kriging is

F(«"*J’)"'Z::]Wi i 3.1
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where n is the number of scatter points in the set, f; are the values of the scatter points,
and w; are weights assigned to each scatter point. The natural neighbour gridding method
shrinks some of the neighbouring polygons when interpolating new points and modifies
these areas in order to implement this interpolation. The interpolation algorithm uses a
weighted average of neighbouring observations in which the weights are proportional to
these modified areas (Golden Software 1999). The radial basis function method of
interpolation is the method used in this thesis and will be described in more detail in the
next section. Finally, the triangulation with linear interpolation method uses the optimal
Delaunay triangulation, in which the algorithm creates triangles by drawing lines between
data points (Golden Software 1999).

A case in point of the problems inherent with duplicate data points is shown with
the ACM25 Southeast Mooring data, particularly the Southeast 3 mooring with data
collected between 07 October 1992 and 19 June 1993. As can be seen in Table 3.3, the
mooring consists of sixteen instruments placed at varying depths at the same x- and y-
coordinates.

When it comes to duplicate data points Surfer7 gives you the option of keeping:
none, first, last, min_x, max_x, median_x, min_y, max_y, median_y, min _z, max_z,
median_z, sum, average, midrange, or a random data point (Golden Software 1999).
Therefore in using any of the gridding methods listed above, only one data point will be
kept while the remaining fifteen data points are deleted. The resulting statistical point is a
fair compromise if the variation in depths is not great, but in some instances an “average”
data point will be used for readings at 100, 2000, and 5000 meters below mean sea level.

This compromise is not conducive to revealing any variation between depths.
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Table 3.3 Data Summary for WOCE ACM25 Southeast Mooring

Mooring lat lon instr dcgth water dqrnh instr type dates
name (meters) (meters) N
Southeast 3 | 17.995 -22.005 | 3297 Brancker Temp Recorder 07 Oct 92 - 07 Jun 93
Southcast 3 | 17.995 -22.005 10 3297 VMCM 070ct92-19Jun 93
Southeast 3 | 17.995 -22.005 30 3297 VMCM 07 0ct 92 - 19 Jun 93
Southeast3 | 17.995 -22.005 50 3297 VMCM 07 0ct 92 - 19 Jun 93
Southeast 3 | 17.995  -22.005 60 3297 Brancker Temp Recorder 07 Oct 92 - 07 Jun 93
Southeast 31 17.995 -22.005 80 3297 Brancker Temp Recorder 07 Oct 92 - 19 Jun 93
Southeast 3 | 17.995 -22.005 90 3297 Brancker Temp Recorder 07 Oct 92 - 19 Jun 93
Southeast3 | 17.995  -22.005 110 3297 Brancker Temp Recorder 07 Oct 92 - 19 Jun 93
Southeast3 | 17.995 -22.005 130 3297 Brancker Temp Recorder 07 Oct 92 - 19 Jun 93
Southeast 31 17.995 -22.005 150 3297 Brancker Temp Recorder 07 Oct 92 - 19 Jun 93
Southecast 3| 17.995 -22.005 200 3297 Brancker Temp Recorder 07 Oct 92 - 19 Jun 93
Southeast3 | 17.995 -22.005 300 3297 Brancker Temp Recorder 07 Oct 92 - 19 Jun 93
Southeast 3 | 17.995 -22.005 400 3297 Brancker Temp Recorder 07 Oct 92 - 19 Jun 93
Southeast 3 1 17.995 -22.005 580 3297 Brancker Temp Recorder 07 Oct 92 - 07 Jun 93
Southeast3 | 17.995 -22.005 750 3297 Brancker Temp Recorder 07 Oct 92 - 19 Jun 93
Southeast 3 | 17.995 -22.005 1500 3297 Brancker Temp Recorder 07 Oct 92 - 07 Jun 93

3.2.2 Appropriate Gridding Methods

In constructing the current flow fields for the North Atlantic Ocean a much larger
number of interpolated points will be created from a fairly small number of control
points. There are many gridding algorithms available in Surfer7, however these are
dependent on the size of the data set. In looking at the North Atlantic Ocean it would
appear that the data set is quite extensive, however due to the problem of duplicate data
points, the data set is reduced by a large factor.

In gridding small data sets of fewer than 250 data points, or larger data sets
ranging from 250 to 1000 data points the kriging using the linear variogram algorithm or
the radial basis function using the multiquadric function produce good data
representations (Golden Software 1999).

Both kriging using the linear variogram and the radial basis function using the
multiquadric function generate high-resolution maps that reveal the flow pattern of the
data. In addition these methods are able to extrapolate grid values beyond the data sets z

range.



In experimenting with both gridding algorithms it was found that either one
produces satisfactory results. The radial basis function using the multiquadric function is
the method employed in this study, due in large part to the success found in many studies
when using this procedure (Hardy 1971, Franke 1982, Saunderson 1992, 1994. Nuss
1994, Nuss and Titley 1994 and Sinha et al. 2002). The equation used by Surfer7 for the

multiquadric function is
B(h)y=JI' + R® (3.2)

where / is the anisotropically rescaled, relative distance from the point to the node and R’
is the smoothing factor specified by the user.

Franke 1982 evaluated a number of methods of scattered data interpolation, with
regards to fitting ability, and visual smoothness, Hardy’s multiquadric method was
deemed the most impressive and gave the most accurate results of all tested methods. In
equation 3.2 above, the B(l) denote the upper sheet of a hyperboloid of revolution, and
the parameter R is specified by the user and is a shaping or smoothing factor (Franke
1982). The larger the R shaping factor, the smoother the contour lines appear. There is no
universally accepted method for computing an optimal value for R, and indeed research
in this area is ongoing, however a good compromise is somewhere between the distance
between sample points and one-half the average distance between sample points (Golden

Software 1999).

3.2.3 The Use of Exact and Smoothing Interpolators

Although one of the strengths of the multiquadric method is that it may be used
for scattered points, the gridding algorithm employed by Surfer7 is necessary to

maximize the number of available data points captured by the software. When using the



interpolation algorithms in Surfer7, coincident data points are assigned a weight of 1.0
while all other data points carry a weight of zero (Golden Software 1999). If data points
do not line up exactly with the specified grid nodes, specific data points will not be
registered by the software. Increasing the number of grid lines in both x- and y-
coordinates increases the number of data values that are captured by the software.
Smoothing interpolators are used to reduce small-scale variability effects between
neighbouring data points by assigning weighting factors to all coincident data points. The
radial basis function using the multiquadric function defines the optimal set of weights to

apply to the data points when interpolating a grid node.

3.3 Generation of Maps in Surfer7

3.3.1 Generation of Vector Plots

Traditional vector plots are drawn so that the direction of the arrow represents the
direction of the vector and the length of the arrow represents the magnitude being
measured. In this research vector plots have been superimposed on contour plots, wire-
frame plots and base maps to ascertain as much information as possible from the data.

Two separate grid files can be used to determine the vector direction and
magnitude by Surfer7. The WOCE dataset includes both u- and v-components of current
velocity, with positive numbers indicating the eastern and northem magnitude of flow
respectively, and negative numbers indicating western and southern magnitudes
respectively. Both grid files must have the same grid line geometry in order to be merged

together (Golden Software 1999).
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Head to tail addition of the u- and v-components of current velocity gives the
direction of the resultant vector, while the magnitude of the vector is determined by the x-

and y-coordinates of the head of the resultant vector as follows:

[Magnitude] = \/x* + y° (3.3)

determined analytically by summing the respective components to obtain the resultant

vector for current speed.

3.3.2 Generation of Contour Maps

A grid file is read into the plot window as an array of x, y, z grid nodes, which
consist of rows and columns of z values. Rows contain grid nodes with the same y-
coordinate, and columns contain grid nodes with the same x-coordinate. Contour lines are
drawn as a series of straight line segments between adjacent grid lines, and the point a
contour line intersects a grid line is determined by interpolation between z values at

adjacent grid nodes (Golden Software 1999).

3.3.3 Generation of Wire-Frame Maps

Wire-frame maps are three-dimensional representations of a grid file or digital
elevation model (DEM), created by joining z values along lines of constant x, y values.

Earth Topography — 5 Minute (ETOPOS) digital average seafloor bathymetry was
compiled by the U.S. Naval Oceanographic Office and made available by the United
States Geological Survey (USGS) and is composed of a gridded dataset with a grid

spacing of 5 minutes of latitude by 5 minutes of longitude.
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In analyzing near-bottom currents, the effect of the seafloor on current flow can

be understood by visualizing current vectors overlain on a wire-frame mesh showing

bathymetry.

3.4 North Atlantic Bathymetry

Figure 2.1 shows some of the major topographic features in the North Atlantic
Ocean. The main characteristic to note is the main division of the North Atlantic Ocean
into eastern and western basins surrounding the Mid-Atlantic Ridge. In addition there are

numerous smaller basins, abyssal plains, and plateaus throughout the study area.

3.5 Location of WOCE and pre-WOCE Data

The location of the WOCE North Atlantic Ocean experiments are shown in Figure
3.3 and includes the current meter components described in Table 3.1. Data rich areas are
found in the Irminger Basin, in the Newfoundland Basin off the Grand Banks, in the
Iberian Basin off the coast of Europe, in the Guiana Basin along South America, and
throughout the Bermuda Rise.

Locations of current meters for the pre-WOCE North Atlantic Ocean experiments
are illustrated in Figure 3.4. This map includes the current meter components described in
Table 3.2. The data rich areas are predominately located between 45°W and 75°W
longitude and between 30°N and 40°N latitude. There is a good concentration of data
along the Newfoundland Basin, the Sohm Abyssal Plain, and along the continental slope

off of Cape Hatteras extending into the Nores Abyssal Plain and Bermuda Rise.
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Figure 3.3 WOCE North Atlantic Ocean Experiments, Sep-89 to Aug-99. Note that the current meter

moorings are denoted by elongated tacks, the tops of which indicate latitude/longitude position and

the bottom which points to the depth at which the current meter is situated.
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Figure 3.4 Current Meter Moorings of Pre-WOCE North Atlantic Ocean Experiments Decadal
current meter is situated.

Averages from April 1974 to August 1984. Note, current meter moorings are denoted by elongated
tacks — tops of which indicate latitude/longjtude position and bottoms which point to depth at which
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3.6 Preliminary Analysis of Surfer 7.0 Vector Plots

The vector plots created in this study were all derived using the radial basis
function interpolation gridding system and the multiquadric basis kemel type (as
described in the methodology). Surfer allows for both Cartesian co-ordinates (x- and y-
values) and polar co-ordinates (angle and length values) as inputs in order to generate 2-
grid vector plots. Observation of Figure 3.5 (page 63) shows that the resulting
interpolated vectors appear to differ somewhat with respect to both size and direction.
The constancy of vectors situated at the data points appear to differ slightly in their
orientation and magnitude.

The plots for Figure 3.5 were generated from the following sample data, which

were synthesized in order to test the two procedures.

Table 3.4 Synthesized Sample Data

speed ' dir_num. dir_text lat long.

Note that the data consisted of four cardinal directions plus the inclusion of a
second northing with increasing speed, and position north and west. The map produced
using the polar co-ordinates of speed (length) and dir_num (angle) appears to show a
more symmetrical pattern in a line from the north-east to south-west comers of the plot,
with magnitudes nearly equal to the values at the 50N, 40W data point. Vector
dimensions to the north-west exceedingly increase in magnitude towards the 60N. 50W

data point, and those in the south-east diminish towards the 40N, 30W data point.
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Variation in Interpolation of Vector Plots
Polar (angle, length) co-ordinates vs. Cartesian (x, y) co-ordinates
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Figure 3.5 Variation in Interpolation of Vector Plots between Polar (angle, length) co-ordinates and

Cartesian (X, y) co-ordinates

The map created by using the Cartesian, u and v, co-ordinates gives a different
result to the interpolation algorithm. In the north-western sector of the plot there is a more
northerly component in the flow direction, while in the north and north-east a more
westerly flow than the southerly flow depicted in the polar co-ordinate plot. In general
the north-west and south-east corners of the plot are similar to the polar plot, where as the
north-east and south-west sectors differ greatly in beth direction and magnitude. An

analysis of the data filter report produced by Surfer reveals the way apparently small

differences in the data can result in some major variation in the processing of the

interpolation algorithm.
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In the relatively small synthetic dataset above, the standard deviation of the z-
variable (which is the directional speed component) ranges from 19.60 for the u-
component to 25.77 for the v-component. with the variance being 384 and 664
respectively. The final gridding summary gives a value for z-variables ranging from —
26.87 to 13.19 for the u-component, and between —19.8 and 41.3 for the v-component.
Alternatively for the polar co-ordinate gridding process the standard deviation for
direction is 127.3 with a variance of 16200, while the speed variable has a standard
deviation of 14.14 with a variance of 200. The corresponding ranges are 15.68 to 344.32
for direction and a range of 11.74 to 48.26 for speed.

Various sample sizes and locations were tried in order to determine the closest
coincidence of pattern given by the two methods. Nearly all of the datasets tested showed
similar differences between the two methods. One of the pitfalls of the Polar Grid method
is that within the gridding technique chosen to interpolate the data, negative values may
appear In the magnitude variable. There are a number of ways around this problem that
involve regridding the magnitude data and consequently the angular data as well (Goldcn
Software 1999).

Having acknowledged this, it would appear that the use of the Cartesian co-
ordinate system gives a better approximation of the prevailing current flows and
temperature regimes. The main reason for selecting the Cartesian data is that it reduces
the pre-preparation necessary to analyze the data. Indeed, if both Cartesian and Polar co-
ordinates are available for a dataset, it is far more expedient to use the Cartesian co-

ordinate system.
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3.6.1 The Relevance of Anisotropy

Another factor to consider is the usage of an anisotropy ratio in order to avoid
clustering around data points. Anisotropy is the characteristic of an object in which its
physical properties differ when measured in different directions (Golden Software 1999).
Figure 3.6 illustrates the difference in changing the anisotropy ratio from 1.0 to 2.0.

When looking at the general pattern of current flow in the North Atlantic Ocean.
anisotropy is not important since the distance between current meters is large enough to
prevent clustering around data points. However in the analysis of some of the vertical
profiles. such as in WOCE Component ACM7 which looks at a narrow band of ocean
through a series of different depths, then the use of an anisotropy ratio is appropriate
(Golden Software 1999). The rationale in this case is that data may vary greatly with
respect to depth, but not so much between horizontal sample locations. Therefore the use
of an anisotropy ratio will result in contours that give a better representation of the data.

Anisotropy is also useful when data sets use fundamentally different units in the x
and y dimensions (Golden Software 1999). In the case of Figure 3.6, the solid gray
vectors represent the original gridding process with anisotropy set to 1.0 (with vector
magnitudes ranging from 0.37 to 41.80). while the red vectors indicate the new
interpolation with anisotropy set to 2.0 and vector magnitudes now ranging from 2.56 to
45.69. Note the difference in vector orientation, which gets exaggerated at points further

away from known data values, and in some instances approaches a directional change of

180°.
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Figure 3.6 Variation in Interpolation of Vector Plots by using an Anisotropy Ratio

In Surfer7, anisotropy is controlled by both ratio and angle settings. The ratio is
the primary range divided by the secondary range (considered mild if less than two and

severe if greater than four), and the angle is the orientation of the primary axis (Golden

Software 1999).

3.6.2 Are We Really Going to Get it Right?

The result of all this preliminary analysis is simply to underscore the reality of
what the data, and more importantly the interpolated results, reveal about the actual
physical processes that are occurring in the North Atlantic Ocean. As mentioned in the

Introduction of this research, much of the WOCE data was made available to the research



community from a series of more localized studies that were conducted for very specific
purposes. Therefore in using this data to observe patterns in the entire North Atlantic
Basin a certain level uncertainty exists. Yet. a broad picture of the dynamics of current
flow can be portrayed using current vector plots, and can then be compared to what 1s

known about the general circulation of the North Atlantic Ocean.

3.7 A Note on Interpreting Current Flows

One important distinction to note when interpreting the text is that ocean currents
are depicted in the direction they are flowing to, as opposed to winds, which are shown in
the direction they are coming from. Therefore a south flowing current flows towards the

south, whereas a southerly wind is blowing from the south and moving northwards.
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4. Analytical Results and Visualization of pre-WOCE and WOCE
Data

4.1 Introduction

Chapter four is a comprehensive look at the results obtained from the mapping
and statistical analysis of the WOCE data set. An analysis of the pre-WOCE data set
includes an overview of the dataset, an analysis of the dynamics of current flow. and
depth profiles showing the distribution of current speed and temperature with depth. A
look at two sub-basin components, the Gulf Stream Extension and the Low Level Waste
Ocean Disposal Program (LLWODP) are also included. As with the pre-WOCE dataset,
an extensive mapping analysis was conducted on the entire WOCE dataset.

The results presented here begin with a look at the temporal and spatial
distribution of the current meter data. Analysis of current flow is divided into surface
water current vectors along with the associated mean surface wind data; shallow water
current vectors, intermediate water current vectors, deep water current vectors, and near-
bottom current vectors. Near-bottom is defined as being within 500 meters of the seafloor
and ranges in depth from 250 meters below mean sea level, for areas along the
continental margins, to the maximum depths in the dataset. Three dimensional plots of
current vectors and temperature contours are included as an aid in comparing the flows at
various depths. Additional analysis of the WOCE data set includes current speed depth
profiles vs. latitude and longitude; and water temperature depth profile vs. latitude and
longitude. A comparison of the two datasets is undertaken with the sets of data overlain

to observe the two decadal flows. A section on whether fresh water discharges along the
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continental margins of the ocean effect current flows is presented. Then the WOCE data
is revisited in order to look at the annual mean circulation in the 1990s — particularly the
flows between 1991 and 1993 which are data rich throughout the study region. Finally
flow statistics of eddy kinetic energy in the North Atlantic Ocean is presented for the two

decadal time periods.

4.2 Pre-WOCE Dataset

These data are a compilation of a number of datasets made available by the
Current Meter Data Assembly Center. The compilation includes current speed and
temperature data from the pre-WOCE period as described in Table 3.2.

Means, minima, maxima, and standard deviations have been calculated at all
moorings for the variables of interest. These are current speed, u-component and v-
component of current speed, and temperature. Only 46 (19.1%) moorings had pressure
data available and none of the moorings had salinity or conductivity data available,
therefore density calculations were not possible.

The minimum number of days recorded at any one mooring was 73.3 days. the
maximum 3523.0 days, the mean was 319.5 days, and the median 300 days. Only 90
(37.3%) of the 241 records had data for 365 days or longer, 141 (58.5%) records had data

for nine months or more, and 228 (94.6%) had data for six months or longer.
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Table 4.1 Current Meter Recording Days for pre-WOCE Dataset

Experiment Name Maximum days

Minimum days - Mean days

Rise Array 233.8 239.2 243.8
Polymode 73.3 239.6 307.0
Bedford 79.0 223.0 285.0
Local Dynamics 139.0 377.4 446.0
Gulf Stream 166.0 3802 397
Lotus 166.0 326.9 387.0
LLWODP 289.5 378.8 493.9
Abyssal Circulation 320.0 4992 523.0

The Rise Array experiment had no data collected between December 16 and April
10, and so is missing winter seasonal data. Data for the Polymode experiment were
collected over a period of three years with only six of the moorings collecting data for
fewer than 213 days. The calculated means are largely a representation of two or three
seasons, therefore any variability in the means for this experiment could be related to
seasonal differences rather than annual variations. The Bedford data were also collected
over a long time period with only one mooring having data collected for fewer than six
months, the same precautions for variability are extended to this data. Five of the
moorings for the Local Dynamics Experiment have time series of less than one year.
seven Lotus experiments are in this category, and only one of the moorings from the Gulf
Stream Extension. Five moorings of the LLWODP dataset have time series of less than
nine months. The Abyssal Circulation moorings had the most extensive and complete
record of data of all the pre-WOCE experiments and so a more thorough analysis was
undertaken on this data. The tabular and graphical results of this analysis are presented in
Appendix 8.2. Geographically this dataset occupies the mid-western area of the North
Atlantic Ocean including the Nores Abyssal Plain, Bermuda Rise, Sohm Abyssal Plain,

Newfoundland Basin, and the Grand Banks (Figure 3.4).
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4.2.1 Variation in Range of Variables for the pre-WOCE Dataset

The graphs in Figure 4.1 indicate no relationship between mean current speed and
either latitude or longitude. However with regard to depth, the increased speed and the
increased variability of speed are seen in the upper layers of the ocean, particularly above
approximately 600 meters. The temperature curve shows the warm temperatures in the
upper 500 meters of water, along with the thermocline of rapidly decreasing temperatures

below that to about 1500 meters, and then a fairly consistent pattern to the seafloor.
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Figure 4.1 Variable Plots of Min, Mean, and Max Values for Current Meter Speed (cm s) vs.
Latitude, Longitude and Depth and for Mean Temperature (°C) vs. Depth

4.2.2 Dynamics of the pre-WOCE Data

Four sets of current vector plots were produced for the pre-WOCE dataset,
shallow water, surface to 530 meters depth (Figure 4.2); intermediate water, 550 to 1,030
meters depth (Figure 4.3); deep water, 1,200 to 5,430 meters depth (Figure 4.4); and two
near-bottom plots for moorings found between 2,512 and 5,430 meters situated less than
10% from the seafloor (Figures 4.5 & 4.6). Also 3-dimensional plots of current vectors
and of temperature and current vectors were produced showing the three different levels

of water depth — shallow, intermediate, and deep (Figures 4.7 & 4.8).
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The shallow water vector plot (Figure 4.2) shows the fastest currents between
50°W and 65°W - north of 35°N. These currents are oriented in an casterly direction.
corresponding roughly to the location of the Gulf Stream, and begin to alter direction to
the south at about 48°W. Currents to the west of 62°W flow westward towards North
America. A mass of slow moving water can be seen near 40°N and 65°W. Intermediate
depth water (Figure 4.3) shows a more varied pattern with relatively rapid eastward
flowing water from the Labrador Current north of 40°N, meeting up with southern
flowing water from the East Greenland Current. Masses of slower moving water are seen
near the Middle Atlantic Blight at 70°W, between 33°N and 40°N. Deep water (Figure
4.4) gives a clearer picture of the actual current conditions due to the larger number of
current meter records that are available. A gyre is noticeable near 37°N and 55°W with a

clock-wise flow of water around this area.
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Figure 4.2 Pre-WOCE North Atlantic Ocean Components Shallow Water Current Vector Plots
recorded from Apr-11-1974 to Aug-12-1984 for depths <= 530 meters
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Figure 4.3 Pre-WOCE North Atlantic Ocean Components Intermediate Depth Water Current
Vector Plots recorded from Apr-11-1974 to Aug-09-1984 for depths of 550 to 1,030 meters
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Figure 4.4 Pre-WOCE North Atlantic Ocean Components Deep Water Current Vector Plots
recorded from Apr-11-1974 to Sep-03-1984 for depths of 1,200 to 5,430 meters
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Figure 4.5 Pre-WOCE North Atlantic Ocean Components Near-Bottom Water Current Vector Plots
recorded from Apr-11-1974 to Sep-03-1984 for depths within 10% of the Seafloor
(2,512 to 5,430 meters depth)
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Figure 4.7 Three-Dimensional pre-WOCE North Atlantic Ocean Components Mean Cur
Shallow, Intermediate and Deep Depth Regimes of Figures 4.2 to
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Figure 4.8 Three-Dimensional pre-WOCE North Atlantic Ocean Components Mean Current Speed Vector Plots
superimposed on Mean Temperature Contour Map for Shallow, Intermediate and Deep Depth Regimes
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Near-bottom water (Figures 4.5 and 4.6) shows a pattern of more spiraling water
movement with southern flowing water near the continental margin, fed by southeast
flowing water from the north, veering to an easterly flow and then moving northeast.
Figure 4.6 shows the movement of NADW water making its way down the continental
slope, while a counter-clockwise gyre is evident near 38°N and 60°W.

Figures 4.7 and 4.8 are 3-dimensional views of the data with shallow,
intermediate and deep water layers overtop one another. The upper layer shows a zone of
rapidly changing water temperature near 65°W, which corresponds to the mixing of
warm Gulf Stream water with cold water from the Labrador Current. A more stable
temperature stratification is seen toward the central North Atlantic Ocean and along the
North American continental margin, with the exception of a warm water mass in the
south-west sector of the map. Warm water masses are observed in the intermediate layer
at three distinct locations —~ the mass located at 45°W can be attributed to MIW; the warm
water mass located at 55°W is situated along the North Atlantic Current and may be due
to the presence of warm core rings which are found north of the Current (Garrison 1996,
Summerhayes and Thorpe 1996); the warm water in the south-west sector of the map is
due to the North Equatorial Current flow. Though the range of water temperature is only
about 2°C for deep water, there are some interesting areas of dense isotherms found at
35°N, 50°W and another near 35°N between 65°W and 75°W. Both these regions are in

areas where current flow diverges.

4.2.3 Pre-WOCE Depth Profiles

Figures 4.9 and 4.10 show mean temperature depth profiles for longitude and

latitude, while Figure 4.11 shows the mean current speed depth profile. The temperature
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depth profile with respect to longitude in Figure 4.9 shows the thermocline extending
from about 500 to 1,300 meters depth, and below about 2,500 meters temperatures are
less than 3°C. Temperatures near the surface, in the upper 500 meters, are warmer in the
western portion of the study area, possibly as a result of the warm water mass extending
northward as seen in Figure 4.8.

Figure 4.10 illustrates the effect of anisotropy in smoothing out the isotherms for
a more realistic temperature profile. As discussed in Section 3.6.1 (pages 69 to 70), the
rationale with respect to depth profiles is that the data vary greatly with respect to depth,
but not so much between horizontal sample locations. Therefore the use of an anisotropy
ratio will result in contours that give a better representation of the data.

The ultimate goal of producing the depth profiles of Figures 4.8 to 4.11 is to
observe the mean temperature gradients at depth throughout the North Atlantic Ocean
(with regard to Figures 4.8 to 4.10), and the mean current speed gradients at depth (with
respect to Figure 4.11). Since there was a dearth of salinity and pressure data, the
rationale behind these plots is to try to gain some understanding of the thermohaline
circulation by combining mean temperature and mean current speed. The aspiration
inherent in this exercise was to create a three-dimensional plot whereby one could view a
volumetric slice through the ocean. Various processes and combinations of software were
tried to achieve this affect but they were all to no avail. Therefore the intent of these
profiles is for the reader to envision both latitude and longitude plots as a cohesive whole
in order to view the water masses flowing through the ocean. For example, in Figure 4.11
there is a water mass flowing at greater than 12 cm s™ which is vertically located at 4,000

meters depth and is situated at 35°N and 55°W.
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Figure 4.9 Pre-WOCE North Atlantic Mean Temperature Depth Profiles vs. Longitude for
Moorings sampled between April 11, 1974 and August 28, 1984
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Figure 4.11 Pre-WOCE North Atlantic Ocean Mean Current Velocity Depth Profiles for Current
Meter Moorings sampled between April 11,1974 and August 28, 1984 (Red square denotes
homogeneous water mass — see discussion on page 90)
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The surface temperature profile appears to follow the latitudinal pattern of
decreasing temperature northward, with the exception of a warm water area near 37°N
and a cold water area near 39°N. When Figure 4.10 is viewed in conjunction with Figure
4.9 these appear to be a result of the warm water mass between 70°W and 75°W and the
cold water mass between 65°W and 70°W. Using kilometers as the scale of depth it is
difficult to get a precise location of the thermocline layers - more will be said on this in
looking at Figure 4.11.

Figure 4.11 shows the mean current speed depth profile, which is given in both
kilometers and decameters for latitude. The selection of different measurement scales
affects the appearance of the map and any interpretation that can be done on the map.
With a depth scale of kilometers, the mean current differences at varying latitudes can be
discerned. Using a depth scale of decameters the depth differences are apparent. but the
subtle variations in latitude are lost. The end result is dependent on the range of values
for each variable. This is noticeable in Figure 4.11.C which gives a fairly good resolution
for both depth and longitude. The main point to note in manipulating the x- and y-axes is
that stretching one axis at the exclusion of the other skews the data in that direction and
detracts what one can visualize from this representation of the data.

Figure 4.11.A shows a plume of slower moving water surrounded by faster water
at a depth between 1000 and 2000 meters between 38°N and 40°N, and a larger region of
slow moving water between 28°N and 33°N. Figure 4.11.C shows that this slower water
lies across the entire longitudinal area between 42°W and 72°W. The former would
appear to be water lying to the north of the North Atlantic Current, while the latter is the

presence of the Sargasso Sea south of the North Atlantic Current.
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4.3 Pre-WOCE Individual Components

In an effort to include some results of local current conditions an analysis was
conducted on two sets of pre-WOCE data. The Gulf Stream Extension. due to its
relationship with the Gulf Stream Current, and the Low Level Waste Ocean Disposal
Program (LLWODP) dataset due to the nature of the original study, which will be

explained in Section 4.3.2.

4.3.1 Gulf Stream Extension

This dataset consists of 27 records located between 37.002°N and 40.367°N
latitude and 42.007°W and 46.908°W longitude ranging in depths from 506 to 4,928
meters below sea level (Figure 4.12). This results in a study area that is roughly 159,000
square kilometers, or 703,500 cubic kilometers encompassing an area at the terminus of
the Gulf Stream and at the start of the North Atlantic Current (Figure 4.13). The mean
values calculated are annual means for the period October 1979 to November 1980.

The Gulf Stream begins upstream of Cape Hatteras and leaves the North
American coast at various positions throughout the year, shifting north in the fall and

south in the winter and early spring (Frankignoul et al. 2001).
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Figure 4.13 Location of Gulf Stream, North Atlantic Current and Gulf Stream Extension (Source:
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4.3.1.1 Variation in Range of Variables
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Figure 4.14 Variable Plots of Min, Mean. and Max Values versus Current Meter Depth for Current
Speed (cm s"') and Temperature (°C)

The above two charts illustrate the trends in the two variables of main concern,
mean current speed and mean temperature. Mean current speed shows greater values and
greater variability near the surface especially above 600 meters.

Mean temperatures follow the recognized pattern of decreasing values with depth
until stabilizing at approximately 2°C at 4,000 meters depth. The range of each record
also decreases by an approximate magnitude of 10 at each break in water depth, from a
range of 10 degrees for shallow waters, 1 degree for intermediate water and 0.1 degree
for deep water.

4.3.1.2 Dynamics of the Gulf Stream Extension

Three-dimensional plots of current velocity for shallow, intermediate, and deep
water are shown in Figure 4.15. The shallow water plot includes current meters lying
between 506 to 640 meters, intermediate water is for those between 1,491 and 1,530
meters, and deep water is for those between 3,989 to 4,928 meters. The magnitude of the

vectors is equivalent to current velocity, while vector colours show changes in water

lemperature.
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The plots of mean current speed need to be interpreted carefully due to the sparse
placements of the current meter moorings. Greater certainty can be gleaned in the area
circumscribed by 37.5°N and 40°N latitude and 44.5°W and 47°W longitude. In this 2.5°
X 2.5° grid, shallow water shows a south to south-west flow west of 45°W. East of here
the flow north of 38°N begins to spiral northward. The south-west flow from accession
361 (number adjacent to current meter location) becomes southerly near accession 381
and returns to a south-west flow at accession 378. The data rich areas of accessions 359
and 368 cause the interpolation algorithm to make the flow pattern veer to the north-east.
Average current speed increases in a north-westerly direction. Intermediate water flow
patterns seem more consistent with all current meters showing a general westerly flow
and mean current speed increasing to the north-west as in the shallow water plot.

Current flow patterns in the deep water plot indicate a westerly flow south of
39°N. North of this area water tends to flow in an easterly direction with the indication of
a rotational gyre. The easterly flow at depth is contiguous with the tail-end of the eastern
flowing Gulf Stream at about 40°N. However, the north-east flow of the North Atlantic
Current does not appear to be captured by the vector plot. This probably is a result of the
absence of current meters in the north-east quadrant of the study area.

The general pattern across volumetric space shows a steady increase in mean
current speeds to the north-west with consistent flows in the intermediate layer, spiraling

flows in the deep layer, and a break in the south-west flow pattern near accession 368.
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4.3.1.3 Gulf Stream Extension Depth Profiles

The locations of different water masses are difficult to identify based only on
current speed and temperature because these data contain an incomplete record on
salinity, making density calculations impossible. Therefore only general trends are
discussed to determine the main patterns found in the depth profiles (Figures 4.16 &
4.17).

The temperature profile (Figure 4.16) shows temperatures greater or equal to
12°C at depths above 500 meters, which corresponds roughly to the surface zone.
Temperatures then begin dropping rapidly from this depth to about 1,800 meters, where
they reach 4°C, giving the thermocline a depth of roughly 1,300 meters for this area.
Below about 2,000 meters temperatures remain steady below 3°C.

Current profiles (Figure 4.17) portray similar patterns for both mean and
maximum current speeds. With respect to latitude (Figure 4.17.a.), surface speeds are
greater than speeds at depth. However an area of faster currents at depth are found north
of 40°N which coincides with the inflow from the Gulf Stream. These current speeds are
especially pronounced at a depth below 4,000 meters. Faster current speeds are found
between 38.5°N and 39.5°N at 4,500 to 5,000 meters depth. These should be considered
as accurate due to the density of current meters at these locations which allow for a better

representation of the data.
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Figure 4.16 Pre-WOCE Gulf Stream Extension Component in the North Atlantic Ocean
Depth Profile indicating Mean Temperature with Latitude and Longitude
(October 1979 — November 1980)
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Looking at longitude versus depth (Figure 4.17.b), the main features to note are
the faster surface currents, and what appears to be a plume of slower moving water
intruding into the faster water at a depth of 2,000 to 3,000 meters. Figure 2.4 indicates the
movement of water masses along different latitudes and shows NADW making up the
majority of the water between 37.0°N and 40.5°N beginning at a depth of approximately
1,200 meters. Above this depth there is an inflow of MIW from the Strait of Gibraltar.
Taking this water mass into account, and the nature of the westward flowing surface
water, the narrow contours of decreasing current speed above 1,500 meters could be

related to the presence of this water mass.
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Figure 4.17 Pre-WOCE Gulf Stream Extension Component in the North Atlantic Ocean
Depth Profile indicating Mean and Maximum Current Velocity with (a) Latitude and (b) Longitude
(October 1979 — November 1980)

4.3.2 Pre-WOCE Low Level Waste Ocean Disposal Program (LLWODP)

These data are included as an example of a deep water set of current meters. The
dataset includes 29 records, 26 of which are deep water moorings located between
32.342°N and 36.362°N latitude and 70.787°W to 71.822°W longitude, at depths ranging
from 2,730 to 5,430 meters below sea level. The extent of the study area is approximately
42,400 square kilometers, or 114,500 cubic kilometers. Mean values are annual means for
the period September 16, 1980 to September 3, 1984.

The current meters are located south-east of the origin of the Gulf Stream (Figure
4.18), and though no study has been found to confirm this, it would appear that they were
initially deployed in order to determine if the absence of currents at depth was conducive

for a possible abyssal waste dump. This has been presumed since grant money was




awarded to researchers implementing LLWODP by Sandia National Laboratories, who

specialize in nuclear waste (hup://sheff caeds.eng.uml.edw/hazwaste/ocean. htm).
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Figure 4.18 Pre-WOCE Low Level Waste Ocean Disposal Program (LLWODP) Component in the
North Atlantic Ocean — Current Meters Deployed Sep-16-1980 to Sep-03-1984
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4.3.2.1 Variation in Range of Variables

Figure 4.19 shows that mean current speed is faster north of about 34°N and west
of roughly 71°W. Mean current speed versus depth shows no discernable pattern. while
temperature indicates the usual pattern with temperatures stabilizing at approximately

2°C below 4,000 meters.
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4.3.2.2 Dynamics of LLWODP

The Low Level Waste Ocean Disposal Program focused on deep water, with 26 of
the 29 data records being for depths below 2,700 meters. When looking at the near-
bottom current vector plot (Figure 4.20) and the near-bottom bathymetric current vector
plot (Figure 4.21), the current meters appear to be located in part of a gyre, with current
speeds greatest between 34° and 36°N, spiraling in a south-east to south-west clockwise
direction. South of 34°N current speeds slow down and flow direction becomes more
chaotic with a westerly flow west of 71°W, and a southerly flow east of 70.5°W. The
deeper waters south of 34°N, within the Hatteras Abyssal Plain, where current speeds are
much slower, and where the majority of current meters were deployed, would appear to
be the array which was under consideration for waste disposal.
4.3.2.3 LLWODP Depth Profiles

The depth profiles (Figure 4.22) mirror the current vector plots in showing a faster
current speed regime north of 34°N and slower speeds over the Hatteras Abyssal Plain.
This same tendency occurs east of 71°W, again over the Hatteras Abyssal Plain.

The depth profiles also shed some light on the nature of the current flow with
some of the faster speeds and highest variability occurring between 4,500 and 5,500
meters depth, and some of the slowest speeds between 2,500 and 3,000 meters depth in

the area over the Hatteras Abyssal Plain.
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Figure 4.20 Pre-WOCE LLWODP East Experiment Near-bottom Current Vector Plots
2,370 to 5,430 meters depth (09/16/80 — 09/03/84)
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4.4 1990°’s WOCE Data and Patterns in the General Circulation

The WOCE dataset for the 1990s includes 653 records comprising 285 deep water
current meters (at depths below 1,000 meters), 151 intermediate depth current meters (at
depths of 200 to 1,000 meters), and 217 shallow water current meters (to a depth of 200
meters). In addition two subsets were generated which looked at surface water (to a depth
of 60 meters) and 114 records of near-bottom water, which coﬁsisted of water varying in
depth from 250 to 5,500 meters. The main constraint for near-bottom water is that it
followed the contours of seafloor topography in order to determine the impact of
bathymetry in the movement of the deep water masses.

The spatial extent of the entire dataset extends from 0.087°N to 65.298°N latitude
and from 9.475°W to 76.850°W longitude (Figure 3.3), while the temporal domain
stretches from March 9, 1990 to August 19, 1999. A large portion of the WOCE dataset
comprising 101 records for the Strait of Gibraltar was not included for two reasons.
Firstly, it is not part of the Atlantic Basin per se, and more importantly the data set
consisted of only 4 actual data points for this study since the experiment was based on a
variety of different depth regimes over the Strait of Gibraltar (re: Section 3.2.1 on
duplicate data points).

Shallow, intermediate and deep water were selected based on established depth
profiles of the mixed surface layer (descending to 200 meters), the pycnocline extending
to 1.000 meters (an area of rapid change in temperature, salinity and therefore density
with increasing depth), and the deep layer below the pycnocline which comprises 80% of

ocean water.
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In addition to the individual plots of these different depth regimes (F igures 4.24 to
4.29). two three-dimensional maps are presented (Figures 4.30 — 4.3 1) in order to
describe the variation in flows amongst the different layers. It is hoped that the combined
visualization of these layers can shed some light on the variation which exists at different

depths.

4.4.1 Variation in Range of Variables

As was the case for the pre-WOCE data, Figure 4.23 shows no apparent
relationship between mean current speed and either latitude or longitude. It is Interesting
to note the absolute difference in current speeds with pre-WOCE data having values
between 0 and 20 cm s’ and the WOCE data shown in Figure 4.23 having values
extending to 40 cm s™', though the largest proportion still fall between 0 and 20 cm s™'.
The pattern of current speed vs. depth is similar to the pre-WOCE data in F igure 4.1, with
increased speed and variability in speed in the upper 500 meters. Distribution of the mean
temperature shows the thermocline roughly running between 500 and 1,500 meters. as

was the case in Figure 4.1.

4.4.2 WOCE Data Dynamics

Surface wind data were available for the period March-1991 to December-1994
and therefore a map of surface water current vectors is produced to show the relationship
between wind and surface flow (Figure 4.24). The data used for current speed were
limited to the period Sep-25-1990 to Apr-16-1995 in order to better coincide with the
range of data for wind speeds. The data for surface currents was limited to records with

depths of up to 60 meters, in order to acquire a sufficient number of data points. In



addition maps were created for shallow water current flows — to a depth of 210 meters
(Figure 4.25), intermediate water current flows — 250 to 1,000 meters depth (Figure 4.20),
deep water current flows — 1,108 to 5,483 meters depth (Figure 4.27), and near-bottom
current flows — defined as depths within 500 meters from the seafloor and ranging
between 250 and 5.483 meters in depth (Figures 4.28 and 4.29). Three-dimensional plots
were developed as in the case of the pre-WOCE data analysis to better visualize the

vertical differences in current flows (Figures 4.30 and 4.31).
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Figure 4.27 WOCE North Atlantic Ocean Deep Water Current Vector Plots

recorded from Aug-1989 to Aug-1999 for depths of 1,108 to 5,483 meters
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Figure 4.28 WOCE North Atlantic Ocean Near-Bottom Water Current Vector Plots
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Figure 4.31 Three-Dimensional WOCE North Atlantic Ocean Mean Current Speed Vector Plots
superimposed on Mean Temperature Contour Map for Surface, Shallow, Intermediate and Deep Water
Depths
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For the majority of the study area, the plot of surface currents and surface wind
data (Figure 4.24) shows a strong relationship between the directional flow. The surface
current flows at right angles to the mean surface wind field, which is in agreement with
the principle of Ekman transport for the Northern Hemisphere, whereby current flow
direction is affected by a combination of Coriolis deflection and wind stress. Of primary
interest is the clock-wise flowing Sub-tropical gyre of the North Atlantic Ocean, clearly
visible in both the current vector plots and the mean current speed contours.

The map of shallow water current flow (Figure 4.25) shows that the faster
currents lie south of 20°N and tend to a westerly flow, this is in sharp contrast to the
pattern that was seen in Figure 4.2. In addition, a clockwise rotating gyre is evident
between 15° and 40°N and 10° to 50°W, associated predominately with a large mass of
slower moving water. The intermediate water (Figure 4.26) shows an area of faster
moving water near 40°N and 45°W which is associated with the Gulf Stream Extension
and largely shows up due to the dense array of current meters situated in the area. The
large patch of slower moving water located near the Middle Atlantic Blight and which
was discussed with regards to Figure 4.4 is evident in the 1990s dataset as well. The deep
water plot (Figure 4.27) is characterized by large distances between clusters of current
meter arrays. The resulting current vectors show the southward flow of NADW from the
Irminger Basin, which is superseded by the northerly flow of AABW near the mid-
latitudes of the map. This is primarily a result of the lack of current meters throughout the
mid-latitudes and the tendency of the interpolation algorithm to weigh more heavily on
flows adjacent to the current meter arrays. Near the equator the cross-equatorial

movement of NADW is evident especially near the WOCE ACM7 array near 45°W.



The plots of near-bottom water (Figures 4.28 and 4.29) give a good representation
of the flow of bottom water. Beginning in the north-west, the flow of water from the
Labrador Basin into the North Atlantic is evident, along with its mixing with NADW
originating from the Irminger Basin. AABW water which has crossed the equator and
made 1ts way into the Caribbean Sea can be seen flowing into the abyssal plains of the
North Atlantic. One discrepancy to note is the apparent flow of deep water over the Mid-
Atlantic Ridge. In reality the flow of deep water is impeded by this structure and tends to
flow towards and through gaps in the bottom topography. However, since this plot
included water of shallower depths (with distance from seafloor being the only
determinant), then the mixture of various water masses tends to generalize the flow.

The 3-dimensional plots shown in Figure 4.30 illustrate the differences in both
magnitude and direction. A large part of these discrepancies are due to the spatial
distribution of the current meters, whereby points close to the instrumentation give a
good account of the data, and points further away are less reliable. When the current
vectors are coupled with temperature contours, Figure 4.31, some of the main patterns
that emerge are predominately northward flowing water transporting warm equatorial
waters — particularly in the upper two plots; and the areas of warm water in the
intermediate plot, which would seem to be associated with the formation of warm-core
rings due to the Gulf Stream (Summerhayes 1996, Brown et al. 1989a, 1989b), but which

should be found further west then 35°W.

4.4.3 WOCE Depth Profiles

Depth profiles for mean temperature vs. latitude and longitude, and for mean

current speed vs. latitude and longitude are shown in Figures 4.32 and 4.33. Both plots of
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mean temperature vs. latitude and longitude do not show a characteristic representation of
the upper warm layer and the thermocline. In Figure 4.32 (a) this is due to the lack of
current meters between 50° and 70°W and for Figure 4.32 (b) it is due to the lack of
current meters between 5° and 15°N and the lack of surface data between 60° and 70°N.
By excluding these ranges from any interpretation of the data, a regular pattern emerges
which corresponds to the characteristic surface layer to 500 meters in depth, and a
thermocline varying between 1,000 and 1,800 meters in depth for Figure 4.32 (a). With
regards to Figure 4.32 (b) the effect of latitude causes a much sharper gradient with a
homogenous cold layer developing at about 1,500 meters depth north of 15°N and the
thermocline disappearing and giving way to warmer surface waters as one proceeds
south. Of primary interest is the uniform distribution of current meters at 75°W longitude
which clearly defines the boundaries of surface water, thermocline and deep water and
the corresponding uniform distribution of current meters at 27°N latitude which does
likewise. It is evident at these locations that the thermocline extends down to about 1,000
meters depth, with water of 4° to 6°C between 1,000 and 1,600 meters depth, and
temperatures between 2° and 4°C from 1,600 meters depth down to the seafloor. The
general pattern to be observed are the presence of two thermoclines, a long-term
thermocline from the equator to about 30°N which is deeper, and a short-term seasonal
thermocline north to 55°N which is shallower.

In Figure 4.33 large masses of homogenous water are evident in areas which are
lacking data points. In these areas the homogeneity is an effect of the interpolation
algorithm as discussed in Section 3.2.3 on page 57 (Golden Software 1999). Focusing on

the areas which are data rich and comparing these patterns with Figure 2.5 of the Atlantic



Ocean water masses the patterns which emerge with respect to Figure 4.33 (a) are the
presence of slow moving NADW at depth, and the influx of faster moving MIW near the
surface between the equator and 40°N latitude. Figure 4.33 (b) shows the results of mean
current speed vs. longitude after applying an anisotropy ratio of 3.0 to smooth out the
contours and eliminate some of the noise (Golden Software 1999). Deep pockets of faster
moving water found between 30° and 50°W longitude are associated with the Gulf
Stream jet which reaches speeds in excess of 100 cm s™ on a regular basis (Garrison
1996, Ross 1988). The phenomenon of the Gulf Stream jet is also apparent in the fast
moving zone of water evident at the surface between 45° and 50°W. These observations
are made without the luxury of having any salinity or pressure data which would give a
much better understanding of the composition of the various water masses and allow a
more detailed undertaking of locating the deep water masses.

One further observation is the mass of faster moving water shown in Figure 4.33
(a) between 65° and 70°N. This water mass is shown in Figure 4.33 (b) between 30° and
35°W at a depth of 1,000 to 1,500 meters. This would appear to be related to the
convergence of the Irminger Current with the East Greenland Current (Figure 2.3) and is
corroborated by the flow of fast moving water in the intermediate water plot of Figure
4.27 around Greenland. This is an example of how observation of all relative plots can

give a good indication of the location and characteristics of various water masses.
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4.5 Comparison of pre-WOCE and WOCE General Circulation

Figures 4.34 to 4.37 are overlays of the pre-WOCE and WOCE datasets in order
to see the differences in the general circulation of the North Atlantic Ocean between the
two time periods of 1974 to 1984 and 1990 to 1999. There are a few items of note when
interpreting the current flows on these maps. Firstly due to the vertical distribution of
current meters during both time periods, the comparison depths do not agree with one
another. Secondly, the spatial scale of the analysis was set at 25° - 45°N latitude and 40° -
80°W longitude (Westemn North Atlantic) since this was the spatial scale used for the
analysis of the pre-WOCE dataset in section 4.2 and therefore common to both sets of
data. Thirdly, the locations of current meters for the pre-WOCE dataset are all inclusive
on these views.

On the other hand, the current meter locations for the WOCE dataset extends
beyond the map boundaries, since the spatial extent of this analysis was from the equator
to roughly 65°N latitude, and from 10° - 75°W longitude. For the pre-WOCE data,
current flows in areas not adjacent to current meter sites are a result of the interpolation
algorithm of the software; whereas for much of the WOCE data, current flows are
affected by the position of current meters not in the map boundary. For example, for the
shallow water plot there are a series of current meters situated at 25°N, 35°W and 35°N,
35°W which are just off the right of the map boundary in Figure 4.34 that determine the
direction of flow for the edge of the map. In addition, since the spatial extent of the
WOCE data was limited to 75°W longitude, notice that there the red current flow vectors
for the WOCE data end abruptly just west of 75°W. It should also be noted that these

differences may very well be real differences in the decadal mean flow over time.



The shallow water depth current vector plots (Figure 4.34), have pre-WOCE
depths are 530 meters and WOCE depths to 210 meters. The degree of association
between the two datasets is not very close, with the general flow of the North Atlantic
Sub-tropical gyre evident in the pre-WOCE plot (green vectors), compared to more local
peculiarities, such as the southern flow of the Labrador Current near the coastline and the
strong North Equatonial Current flow below 30°N in the WOCE plot (red vectors). Where
both pre-WOCE and WOCE instrumentation are spatially adjacent to one another the
flow regimes are similar to one another, i.e. pre-WOCE meters located between 31° and
34°N, 70°W and WOCE meters located between 27°N, 72° and 77°W. However in many
areas of the map the current flows are 180° in the opposite direction, i.e. south of 35°N
and running from 50° to 60°W, as well as flows 90° opposed to one another east of
48°W.

The intermediate depth plots (Figure 4.35) show stronger association with respect
to current direction, especially west of 55°W longitude and south of 37°N latitude. In
general the current speeds are greater for the 1990 dataset. Even though the comparison
depths are not the same, the depths are deep enough to not be influenced by surface
conditions. The pre-WOCE plot (green vectors) appears to be picking up various flow
regimes, such as the Gulf Stream Extension and North Atlantic Current flows to the
north-center of the map, including some of the turbulence that results in eddies about the
Gulf Stream. The WOCE plot (red vectors) are characteristic of flows from the Labrador
Current and the Slope Current around the coast near Cape Hatteras, as well as the more

complex intermediate water flows of the NACW which flows counter to the Gulf Stream.



The deep water current vector plots (Figure 4.36) show quite a few areas of
agreement, and here the comparisons are generally over the same water depth. The
complexity of the cold and warm core eddies about the Gulf Stream are in evidence in the
vicinity of the pre-WOCE current meters (blue stations). In addition, with current meters
arrayed between a gap of 4,230 meters there is a wide range of intermediate and deep
current data that the pre-WOCE instruments obtain. Both the southerly flow of NADW
and the northerly flow of AABW is apparent, thus explaining the rather complex flow
patterns throughout the map. These seemingly contradictory flows are due to the distance
between stations, both in horizontal and vertical terms, and in the interpolation algorithm
of the software. The south-west and north-east corners of the map are where the WOCE
instruments are located. In the north-east sector, where there is also a dense concentration
of pre-WOCE current meters, the WOCE circulation is offset some 45° to the ri ght of the
pre-WOCE flow but also shows current flows directly opposed to the pre-WOCE flow.

The near bottom circulation shown in Figures 4.37 and Figure 4.38 reveal
opposing flows adjacent to the North American coast, with WOCE data following the
flow of the deep Gulf Stream along the coast, while pre-WOCE flow is predominately
equatorward along and down the continental slope. This discrepancy between pre-WOCE
and WOCE data in the area of New England and Nova Scotia could be due to edge
effects. or it can be a true reflection of differences in near-bottom flow over the two time
periods. East of 70°W and south of 35°N the two flows are more in agreement with each
other, with WOCE circulation offset to the right of the pre-WOCE flow. Both datasets,
particularly the pre-WOCE current vectors, show a somewhat counterclockwise

rotational cell near the bottom of the Western North Atlantic Ocean.



The bathymetric view of Figure 4.38 shows quite plainly the flow of water down
the continental slope into the Hatteras Abyssal Plain. Nores Abyssal Plain and Sohm
Abyssal Plain and the flow of water over the Bermuda Rise. Also evident is the
acceleration of flow down the continental slope, due to the combined additive effects of
slope and water density. The mixing of NADW and AABW throughout the abyssal plains
is evident, and towards the eastern sector of the map there would appear to be MIW
making its way westward. Just past the boundary of the north-east sector of the map, lies
the Gibbs Fracture Zone which allows the passage of cold NADW through the Mid-
Atlantic Ridge mountain chain. Therefore, in addition to MIW water heading westward,
much of this flow could be water that has been diverted through the Gibbs Fracture Zone

and into the abyssal plains.
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Figure 4.34 Comparison of pre-WOCE and WOCE North Atlantic Ocean Current Vector Plots
for Shallow Water Currents (pre-WOCE depths <= 530 meters, WOCE depths <= 210 meters)
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Figure 4.35 Comparison of pre-WOCE and WOCE North Atlantic Ocean Current Vector Plots
for Intermediate Depth Water Currents
(pre-WOCE: depths 550 to 1000 meters, WOCE depths: 250 to 1000 meters)
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Figure 4.36 Comparison of pre-WOCE and WOCE North Atlantic Ocean Current Vector Plots for
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4.6 Does River Discharge Affect Current Flow along the
Continental Margins?

Current flow is typically measured in millions of m®> s and is denoted in
Sverdrup (Sv) units, where 1 Sv=1x 10° m’s". The Guif Stream transports greater than
150 million m* s™ (150 Sv), while smaller currents such as the deep western boundary
currents transport 10 to 20 million m? s (10 to 20 Sv). Overflows, which contribute to
the general circulation, such as that coming from the Mediterranean, are in the range of 1
to 3 millionm®s™ (1 to 3 Sv). In comparison, all rivers flowing into the Atlantic Ocean
transport approximately 0.6 million m* s™ (0.6 Sv). The largest of these is the Amazon
River which transports 0.2 million m* s (0.2 Sv), while the Mississippi River only
transports 0.02 million m? s™, about 1/10,000" of the Gulf Stream’s transport (Garrison
1996. Tomczak & Godfrey 1994).

Figure 4.39 shows the major river discharges into the North Atlantic Ocean and
includes the Amazon River since it is the largest fresh water source (though it technically
feeds into the South Atlantic Ocean). The data were obtained from the Oak Ridge
National Laboratory Distributed Active Archive Center and consisted of monthly average
discharge records. The mapped data indicate the mean discharge over all the records.

In terms of fresh water discharge into the Atlantic Ocean the Amazon River is the
only major river with any significant impact. Figure 4.40 combines the location and
impact of the Amazon River, as well as the location lesser impact of the St. Lawrence and
Magdelana Rivers (which each have roughly 5% the discharge output of the Amazon
River). Mean current velocity vectors and contours for shallow water were derived from

the WOCE data (as in Figure 4.25).
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The time interval of the Amazon River discharge data differs from the data used
to plot the current flow for the North Atlantic Ocean. The current flow record comprises a
ten-year period between 1990 and 1999, while the Amazon discharge records consist of a
55-year period between 1928 and 1983. Though discharge data were not available for the
Amazon River for the past twenty years, it can be assumed that the impact of the river has
only increased during that time frame owing to the massive deforestation which has taken
place in the Amazon (Zeng 1999, Muller-Krager et al. 1988).

The reason for undertaking this analysis is due to the observation of the increase
in velocity along the South American coast in proximity to the Amazon River outflow. Is
this a result of salinity changes due to the fresh water being added to the coastline? Or is
it just a matter of the additive effects of water from the North Equatorial Current flow and
cross-equatorial flow from the South Atlantic funneling into the Caribbean Current?

Research on large-scale buoyancy driven circulation on the continental shelf has
shown that freshwater plumes and coastal currents are produced from freshwater
discharges of rivers and estuaries (Narayanan and Garvine, 2002). The extent to which
this water infiltrates into the ocean is dependent on scaled inlet volume transport, scaled
breadth and scaled diffusivity (Narayanan and Garvine, 2002). Indeed, fresh water
discharge from the Amazon River can be found in surface waters at a distance of some
1000 to 1200 kilometers from the coast (Fedorov and Ginsburg 1992). Behaving much
like the eddies which emanate from the Gulf Stream, these fresh water “lenses™ have
salinity values some 3 to 5%o lower than the surrounding waters and effecting upwelling
(Fedorov and Ginsburg 1992). Therefore it would appear that the outflow of fresh water

from the Amazon does have an impact on the current velocities we are observing.



4.7 WOCE Data Revisited — A Look at the Annual Mean
Circulation in the 1990s

4.7.1 Mean Current Flows (1990 — 1997)

A further analysis of the annual mean circulation was carried out on the WOCE
data from 1990 — 1997. These are the years in which a sufficient number of data points
were available to plot the mean circulation. Both 1998 and 1999 lacked sufficient data
points to implement any sort of interpolation regime, indeed the 1999 dataset contained
only 6 stations all located at the southern tip of Greenland (Figure 4.41).

Figure 4.42 extends from pages 130 to 133 with each vector plot representing the
mean current flow for that year. The plots were produced by using the entire data
available for each year of WOCE data. In the case of duplicate data, data with the same
X-, y-co-ordinates, selection was based on the point closest to the surface. This was done
in order to better approximate surface conditions for the year in question. In addition to
these plots a CD-ROM is included with this thesis that includes animations compiled in
Microsoft PowerPoint. There are three animations included,

1) one to show the yearly circulation from the data available, these plots include
water temperatures in order to visualize the changes in water temperature
through the decade;

11) the second animation has the same current vector plots but without the
temperature contours in order to better focus on the circulation pattern;

111) the final animation shows surface current flows combined with the wind field
in order to visualize both parameters

It should be noted that the first two animations each contain nine frames, spanning

from 1990 to 1998 - note the absence of data points throughout the study region for the
years 1996 to 1998. These years were included to show the extreme change in circulation

based on an incomplete spatial sample. The third animation contains only four frames

since wind field data was only available for the years 1992 to 1995.

143



Note: There is a shift in emphasis from the Gulf Stream
to the eastern subtropical gyre to the supolar gyre to the
western fropical Aflantic and Caribbean Seas.

Figure 4.41 Temporal and Spatial Distribution of Current Meter Moorings for the WOCE Period of
1990 to 1999 (n = number of current meter moorings)
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The current vector plots were produced in Surfer7 with radial basis function
interpolation using the multiquadric kernel method. Next to each annual plot the number
of data points that were retained in implementing the interpolation are given. Note that
there was a significant loss of data necessary in producing the current vector plots.
Though the data retained is sufficient to give some general circulation pattems.

Between 1990 and 1991 the annual mean circulation diverges northward with
temperatures increasing throughout the North Atlantic. This observation is largely due to
the inclusion of current meters along the eastern portion of the study area that were not
present in 1990. Therefore a more accurate circulation and temperature distribution
appears in 1991.

Moving forward through to 1993 the same patterns appear as in the 1991 plot.
The flow of the sub-tropical gyre is clearly evident in these three plots, though a lack of
current meters in the Labrador Sea results in no indication of the sub-polar gyre. It is also
interesting to note the eastward movement of the large warm water core that is centered
near 25°N, 40°W in 1991 positioning itself near 20°N,30°W by 1993. Also a smaller
warm water core forms and moves north to center itself around 50°N, 15°W, following
the path of the Gulf Stream and North Atlantic Drift. These observations appear to
coincide with the expansion and compression of the sub-tropical gyre, and the changes in
current flow between 1991 and 1993 are tied to the transfer of heat westward towards the
Caribbean and north-eastward toward the United Kingdom.

The loss of key current meter moorings in the south-east North Atlantic by 1994
causes 2 loss of information regarding both the sub-tropical gyre flow and the

temperature distribution, resulting in an apparent northward shift to 40°N of a somewhat
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cooler warm core by 1995. The extreme loss of data points by 1996, with only a few

northern current meters, results in the loss of current and temperature information.

4.7.2 Shallow Mean Current Flows and the Mean Wind Field (1992 — 1995)

Figure 4.43, on the next two pages, shows four current vector plots of annual
mean Eulerian current speeds for shallow water (less than 60 meters depth) overlaid with
annual mean wind field vectors and annual mean temperature contouring.

The mean wind field gridded dataset was obtained on-line from the French
Processing and Archiving Facility (CERSAT 2002). The annual mean wind field for all
four years is very consistent, with most of the variance occurning north of 30°N in the
area of the subtropical high. The annual mean current flow shows some wildly fluctuating
patterns with a predominate south-east flow in 1992 near the equator turning into a north-
west flow in 1993 and maintaining this direction in 1994. The plot for 1995 does not give
much information since the current meters situated near the equator at 45°W are gone and
the result is a generalized western flow based on the current meters near 25°N, 75°W.
An interesting pattern to note is that the annual mean north-west current flow of 1993 and
1994 match up quite well with the WOCE decadal mean flow of shallow water in the
1990s shown in Figure 4.34.

The 1993 to 1994 maps are similar to Figure 4.24 on page 106 with the mean
current flow at right angles to the wind. The predominate flow for 1992 in the opposite
direction of the 1993 and 1994 plots, could be a factor of current reversals or perhaps
some discrepancy in the data. The 1995 map shows a general south-east flow due to the

absence of instrumentation.
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4.8 Eddy Kinetic Energy Flow Data in the North Atlantic Ocean

4.8.1 Introduction

Data made available through the WOCE initiative included global datasets for
cddy Kinetic energy per unit mass, kinetic energy of the mean flew, and the covariance of
east with north, i.e. distance with respect to direction, for both the pre-WOCE and WOCE
periods (Dickson and Medler 1998). The pre-WOCE flow statistics include data collected
up to January 1989. Descriptive statistics of the flow from experiments that ended prior
to January 1989 are shown in Table 4.1, with extreme values highlighted. Depths are
given in meters, and KE denotes eddy kinetic energy per unit mass and has cgs units of
cm? s%; KM 1s the energy per unit mass of the mean flow with units ¢cm? s2; and UV is

the mean eddy momentum flux (cm? s?) calculated as the mean value of (U - Umean)(V -
Vmcan)'

Table 4.1 pre-WOCE Flow Statistics for Shallow (< 500 meters depth), Intermediate (500 — 2000
meters depth), and Deep (>2000 meters depth) Water

Water Instr

Pre-WOCE Period Latitude | Longitude | Depth Depth KE KM uv Davs
Min(shallow) 0.00 -79.98 -6015 -499 4.8 0.0 -610.8 | 28
Mean(shallow) 34.74 -54.18 -2204 -218 252.8 901.5 65.9 259
Median(shallow) 32.52 -69.98 -992 -200 144.5 45.5 19.3 201
Max(shallow) 79.02 -0.92 -75 -7 1765.7 | 29153.4 | 830.9 3204
Min(intermediate) 0.00 -79.58 -6015 -2000 1.0 0.0 -168.2 | 31
Mean(intermediate) 40.75 -40.67 -3597 -1045 70.8 64.4 0.8 333
Median(intermediate) | 36.17 -35.71 -4250 -1000 33.2 3.8 0.2 330
Max(intermediate) 79.01 -2.98 =521 -500 1044.8 | 1796.0 | 208.1 3204
Min(deep) 4.02 -76.77 -6015 -5800 0.2 0.0 -53.3 35
Mean(deep) 41.62 -35.07 4397 -3698 25.5 134 0.0 321
Median(deep) 41.7 -25.14 4335 -3943 8.2 1.9 0.0 327
Max(deep) 79.02 -0.92 -2045 -2002 280.5 312.7 36.0 2057

The ranges of values for the three key statistics are as follows:

Shallow AKE =1760.9 AKM =29153.4 AUV = 1441.7
Intermediate AKE = 1043.8 AKM = 1796.0 AUV = 3763
Deep AKE = 280.3 AKM = 312.7 AUV = 893




In most cases KE, KM, and UV were calculated from filtered data, from which
the diurnal tides and higher frequencies were removed (Dickson and Medler 1998). For
the pre-WOCE data above there were 3,090 values available (984 shallow, 1,037
intermediate, and 1,069 deep).

The WOCE pertod flow statistics include data collected up to May 1998. In table
4.2 gives the descriptive statistics for the WOCE period include 1,628 values (606

shallow, 452 intermediate, and 570 deep).

Table 4.2 WOCE Period Flow Statistics for Shallow (<500 meters depth)., Intermediate (500 — 2000
meters depth). and Deep (>2000 meters depth) Water

Water Instr

WOCE Pcriod Latitude Longitude | Depth Depth KE KM UV Davs
Min(shallow) 0.09 -76.85 -5670 -499 2.9 0.0 -218.3 92
Mean(shallow) 43.56 -32.62 -3365 -212 146.7 158.4 -1.9 334
Median(shallow) 39.49 -28.95 -3481 -181 70.7 10.8 2.9 316
Max(shallow) 75.57 -0.80 -198 -10 1229.2 6675.0 | 473.7 701
Min(intermed) 0.42 -76.85 -5670 -2000 2.0 0.0 -167.0 94
Mean(intermed) 47.19 -32.13 -3054 -1162 69.4 49.4 -0.7 391
Median(intermed) | 47.91 -20.01 -2920 -1192 29.8 7.0 1.2 357
Max(intermed) 75.48 -0.80 -506 -500 705.8 2628.1 74.5 712
Min(deep) 0.42 -76.52 -5670 -4758 0.3 0.0 -82.4 150
Mean(deep) 35.00 -37.09 -3998 -3309 39.8 20.9 3.8 441
Median(deep) 37.87 -35.9 -4235 -3409 22.6 4.0 1.1 373
Max(deep) 75.06 -5.45 -2056 -2020 193.8 292.6 68.2 712

The ranges of values for the three key statistics are as follows:

Shallow AKE =1226.3 AKM = 6675.0 AUV = 692.0
Intermediate AKE = 703.8 AKM = 2628.1 AUV = 2415
Deep AKE= 1935 AKM= 2926 AUV = 150.6

Figure 4.45 plots KE, KM and UV against depth for both the pre-WOCE and
WOCE datasets in order to discern the differences between study periods and within

study periods at different depths.
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Eddy Kinetic Energy vs. Depth for the North Atlantic Ocean
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Figure 4.44 Plots of Eddy Kinetic Energy (KE). Energy per Unit Mass of the Mean Flow (KM). and
Mean Eddy Momentum Flux (UV) against Depth for the North Atlantic Ocean for pre-WOCE (left)
and WOCE (right) Period Datasets
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First, note that energy is much greater in the upper 500 meters of the ocean, and
shows much more vanability than at greater depths. Values for pre-WOCE are generally
much larger than for the WOCE period. with the exception of AKMinermedize and
AUV yp. KE for the pre-WOCE period was generally much higher than for the WOCE
period, as was KM. With respect to UV, there appears to be greater eddy momentum flux
in the upper 500 meters for the pre-WOCE period, but slightly greater fluxes (though

very much smaller in actual size) at depth for the WOCE period.

4.8.2 Eddy Kinetic Energy Plots

Using the data from these two periods, plots were constructed for eddy kinetic
energy per unit mass (cm? s2) and for the kinetic energy of the mean flow (cm? s2).

Figure 4.45 (a) shows the eddy kinetic energy per unit mass and the kinetic
energy of the mean flow for the North Atlantic Ocean pre-WOCE and WOCE periods at
shallow depths (0 — 499 meters); Figure 4.45 (b) shows the same flow statistics for the
North Atlantic pre-WOCE and WOCE periods at intermediate depths (500 — 2,000
meters); and Figure 4.45 (c) shows the same flow statistics for the North Atlantic pre-
WOCE and WOCE periods at deep depths (2,000 — 5,000 meters).

An intense region of eddy kinetic energy in the western portion of the North
Atlantic Ocean off the coast of North America and roughly analogous to the position of
the western boundary currents, particularly the Gulf Stream is evident in the pre-WOCE
plot of Figure 4.45 (a), extremely high values of KM are also observed indicating the
large amount of energy still present in the mean flow. Another intense area is situated

where cold water from the Irminger Basin mixes with warm water from the Gulf Stream.
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(2) Flow Statistics for pre-WOCE and WOCE Shallow Water (0 to 500 meters depth)
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Figure 4.45 (a) - (c) Pre-WOCE Flow Statistics to January 1989 and WOCE Period Flow Statistics
to May 1998 for Shallow, Intermediate and Deep Waters in the North Atlantic Ocean (Shallow = 0 to
500 meters, Intermediate = 500 to 2000 meters, Deep = >2000 meters)
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(b) Flow Statistics for pre-WOCE and WOCE Intermediate Water (500 to 2,000 meters)
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(c) Flow Statistics for pre-WOCE and WOCE Deep Water (> 2,000 meters depth)
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The WOCE portion of Figure 4.45 (a) illustrates a localized high energy area
along the Gulf Stream, though of a magnitude of some 50% of that of the pre-WOCE
period. The highest values of KM occur around the coast of South America, near the
Amazon River delta with values approximately 30% that of pre-WOCE levels.

Intermediate depth water for the pre-WOCE period, Figure 4.46 (b), show high
cddy kinetic energy levels in through the Bermuda Rise with more moderate KE levels
further north where the Gulf Stream and Labrador Current meet. High KM values lie
along the East Greenland Current and just off Cape Hatteras. Maximum values which are
some three times less intense than pre-WOCE levels, are observed in the WOCE portion
of Figure 4.45 (b) along the North American continental shelf where the Gulf Stream and
Labrador currents converge. North of the United Kingdom where warm North Atlantic
Drift water collides with colder Irminger Current water, high KM values, some 2.5 times
greater than for the pre-WOCE time period, are revealed.

Figure 4.45 (c) shows maximum KE values in the Gulf Stream along 40°N and at
the terminus of the cold East Greenland Current and Labrador Currents and warm Gulf
Stream waters. High KM areas are found along the southern tip of Greenland and in two
areas south of 40°N. The last two maps of WOCE deep water in Figure 4.45 (c) are
associated with the lowest maximum levels of both KE and KM for all study areas with
local maxima of KE observed around the terminus of the Caribbean Current. in the Gulf
Stream and surrounding Iceland. These same locations are localized maxima for KM,

with the addition of an area adjacent to the Amazon delta.
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Figure 4.46 Surface Water Flow Statistics of KE, KM, and UV for the pre- and WOCE Periods of
Study for Waters that are 0 to 60 meters below mean sea level.



Figure 4.46 differs from Figure 4.45 and attempts to shed some light on surface
conditions of the North Atlantic Ocean by looking at KE, KM and UV (all having units
cm? s?) for surface waters of 60 meters or less below mean sea level. The feature that
makes these plots unique from the shallow water plots in Figure 4.45 (a) is the effect of
wind incorporated into the kinetic energy statistics. Many of the high energy areas
associated with the Gulf Stream show up at these depths. with the pre-WOCE levels (left
plots) having far greater values than WOCE levels (right plots). The pre-WOCE eddy
kinetic energy per unit mass plot shows a maximum KE value around Cape Hatteras but
this area does not appear in the WOCE plot to the right. However also shown are
generally higher levels of energy during the WOCE period, with large homogenous areas
near the Caribbean and north-east coast of South America.

Values of KM are low throughout most of the North Atlantic Ocean with higher
values through the Caribbean Sea in pre-WOCE years and towards the equator in the
WOCE years. Mean eddy momentum flux, UV, shows largely no activity during the
WOCE years and has maximums through the Labrador Sea in the pre-WOCE plot. The
general energy profile that is revealed is a movement of energy from the Guif Stream.
Caribbean Sea and Labrador Sea during the pre-WOCE period to a more central position

north of the equator (as evidenced by the post-KE and post-KM plots of Fi gure 4.40).
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5. Discussion

5.1 Regional Patterns

An examination of the various regional characteristics of the general North
Atlantic Ocean circulation the current vector plots reveal some interesting phenomena.
Though the dataset is not exhaustive in terms of its spatial coverage of the area, in terms
of latitude and longitude, it does give a good representation of current flow at various
depths. This is one aspect of the general circulation that is missing from studies that look
at only surface currents by means of Lagrangian surface drifters and satellite altimetry.

First, the Gulf Stream and North Atlantic Current mean flow along and ultimately
away from, the coastline is somewhat evident, especially in the shallow current plots
(Figures 4.2 and 4.25). The current vector plots (especially Figures 4.7 and 4.30) do a
good job of picking up the counterflows that are due to the southern recirculation gyre
(Hogg 1992). In addition, the intermediate depth current vectors (Figures 4.3 and 4.26)
and the energy plots (Figures 4.45 and 4.46) for both the pre-WOCE and WOCE data,
clearly indicate a region of instability and high energy which is part of the Gulf Stream
Jet.

The near-bottom circulation contains an anticyclonic gyre, evident in the
Newfoundland Basin, near 43°N and 45°W (Figures 4.28 and 4.29) which has been
associated with seafloor topography (Lazier 1994). Indeed one of the strengths of these

visualizations is the ability to view the current flow superimposed on the seafloor

165



bathymetry; as generalized paths and flows can be traced which follow the topography. If
one were to expand the spatial range of this study and include the northern Mediterranean
scas and South Atlantic Ocean, and also isolate and focus on some of the fracture zones
through the Mid-Atlantic Ridge, one would get a clear picture of the through-flow of
water at depth and the meandering necessary in the global circulation.

North of the Gulf Stream along the continental shelf there is a general equator
ward flow, which is reinforced by the Labrador Current. This is assumed to be a
continuous current spanning from the southern coast of Greenland to the Mid-Atlantic
Bight (Chapman and Beardsley 1989). This general flow is most pronounced in the
vector plots associated with both intermediate and deep water, and is clearly more evident
in the WOCE data, Figures 4.26 and 4.27, due to the greater amount of sampling points
available for the interpolation.

The flows of water originating around Greenland are due to the effects of the East
and West Greenland Currents as they mix with the Labrador Current which merges into
them. An anticyclonic flow has been shown to exist at the confluence of this area
(Lavender et al. 2000) and is apparent in the intermediate and deep water plots
constructed for the WOCE data.

Other studies have observed an area of instability in the region surrounding the
Labrador Sea, especially around the area of Cape Farewell, at the southern tip of
Greenland (Figure 2.1). The coastline in this area shows an abrupt change in slope
topography which can possibly aid in destabilizing the West Greenland Current (Pickart.
2000). Figure 4.29, page 107, illustrates this abrupt slope change and shows how the

current is thrust southward due to this topography.
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As the North Atlantic Current proceeds eastwardly through the North Atlantic
Ocean 1t must pass through a constriction connecting the Mid-Atlantic Ridge with the
Reykjanes Ridge. This area is shown in Figure 2.1 as the deep passageway located at
about 52-53°N and 30-32°W adjacent to the Iceland Basin. Once through the gap the
North Atlantic Drift Current proceeds northeasterly toward Iceland (Garrison 1996). The
current vector plots show this relatively fast flowing water (especially some of the deep
water vectors that show up in Figure 4.29), however the actual flow directions are
somewhat misleading. This is in large part due to the vector plots combining the effects
of this current flow with the flow of NADW originating from the area of the Norwegian
Sea. The depth profiles in Figures 4.32 and 4.33 help in distinguishing between these two
water masses with the warmer, faster flowing water being typical of the North Atlantic
Drift Current. The presence of high energy witnessed in Figure 4.46 (e-f) also gives us
another clue in tracing this water mass.

Figure 4.33 (a) shows an abundance of slower moving water (the green water with
current velocity ranging between 0 and 20 cm s™'). The blue water nearer the surface can
be associated with the North Atlantic Current. In Figure 4.33 (b) this faster moving water
can be seen extending to 2500 meters depth between 30° and 45°W longitude, which is
generally in agreement with the location of the gap through the Mid-Atlantic Ridge. More
certainty could have been ascertained with respect to these water masses by having had a
record of salinity.

The Caribbean Current connects the western tropical Atlantic Ocean with the Gulf
of Mexico and is the process whereby warm waters are moved northward into the North

Atlantic Ocean (Murphy et al. 1999, Richardson et al. 1994). Much of this warm water

167



originates from the North Brazil Current and continues along as a western boundary
current eventually becoming the Gulf Stream. The flow of this cross-equatorial water is
evident in Figures 4.24 to 4.26 for the decadal WOCE data and also in Figure 4.42
showing the mean annual circulation.

Surface velocities in the tropical North Atlantic (Figure 4.24) are highest along
the coast of South America, approaching 70 to 75 cm s™', and in close agreement with
some previous studies (Gordon 1967, Johns et al. 2002). The plots of intermediate, deep
and near-bottom current vectors show the deflection of the North Brazil Current into the
North Atlantic, however the shallow water current vectors indicate the passage of this
water along the South American coastline into the Caribbean Sea. The energy associated
with this current flow has been associated with the North Brazil Current rings (Johns et al
1990, Richardson et al. 1994), and indeed Figure 4.46 (d-f) and 4.47 show this region as

an area of high eddy kinetic energy.

5.2 The General Circulation

Most of the research on flow variability has resulted from studies conducted with
Lagrangian drifters (Fratantoni 2001, Reid 1994). The WOCE moored current meter
dataset has a course spatial structure, due to the patching together of various smaller scale
experiments, which nevertheless is able to capture detail on current circulation. The
variability that has been discovered in the data shows the formation of eddies, the
movement of deep water masses, sections of the flow of the sub-tropical and sub-polar
gyre, and the highly dynamic state of the ocean. In particular the subtropical gyre’s
tendency to expand and contract in size (see especially Figure 4.42 — 1991 to 1993). helps

in explaining some of the reverse flows that are observed in the current vector plots. Flow
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statistics of eddy kinetic energy reveal the high energy areas of the North Atlantic and
further help in delineating the various current flows.

An initial objective of this research was to determine the effect of the wind- and
thermohaline-driven parts of the circulation. It is known that wind stress and
thermohaline forcing do not act in a linear fashion in driving the general circulation.
Furthermore, 1t has been suggested that the thermohaline-driven part of the circulation
plays a far more significant role. Based on the observations gleaned from this research.
particularly in the maps created for surface water velocity and surface winds (Figure 4.44
and animations) the wind stress does appear to play a large role in driving the North
Atlantic circulation.

Even though the current flow is at an angle to the wind speed, it is apparent that
the upper layer circulation is indeed influenced by the wind. Even though decadal and
mean annual current flows were plotted in this study, the general circulation is not that
variable that there is much loss of information from this. Perhaps a seasonal plotting of
the current flows would have produced a better relationship between current flow and
wind speed.

The combined effects of the zonal subtropical tradewinds and mid-latitude
westerlies determines the wind stress curl and affects the general flow of surface waters
(Garrison 1996, Gross 1993). Along with the Coriolis Force, due to Earth’s rotation, the
main effect is to drive water into the interior of the subtropical gyre and out of the
subpolar gyre (Garrison 1996, Gross 1993). The equatorward movement of water in the
subtropical gyre and poleward movement of water in the subpolar gyre tend to conserve

momentum (Garrison 1996, Gross 1993).
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With the addition of the ETOPO-5 bathymetry data to the WOCE current data. a
comprehensive picture of the near-bottom circulation emerged. In general. near-bottom
ocean currents appear to be influenced by their interaction with the underlying bottom
topography. Looking at the bathymetric plots of current flow in combination with the
eddy kinetic energy plots at depth gives an indication of the movement of water through
fracture zones (Figures 4.6, 4.29, 4.38 and to a lesser extent Figure 4.45 (c)) and tends to
give a more comprehensive picture of the thermohaline circulation.

While the WOCE dataset is an expansive collection encompassing the world
oceans, It is not exhaustive. Though the WOCE plan was intended as a means of
acquiring a large spatial and temporal chunk of data from throughout the World Ocean.
the majority of individual datasets were implemented to research specific areas of ocean
circulation and therefore spatial and temporal extents do not merge into a cohesive whole.
However, by careful selection of appropriate temporal and spatial scales, a study of the

general circulation can, and has, proven fruitful as described in this chapter.

5.3 Average Temperature Depth Profile and Relation to El Nino

The primary goals of this thesis were to visualize the general circulation of the
North Atlantic Ocean, by means of mean current vector plots, mean temperature
contours. and eddy kinetic energy plots. Though not examined and not of prime concemn
in this study, one question that has been asked by numerous researchers is if an El Nino
originates in the Atlantic Ocean (Cook et al. 1998, Griffies and Bryan 1997. Rogers
1984). Analyses of historical data have shown that the dominant feature in tropical
Atlantic Ocean large-scale variability is the annual cycle (Rogers 1984). From late May

until October surface currents are driven by the tradewinds, while warm water along the
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American coast is replaced by an upwelling of cold, deep water originating in the Guif of
Guinea (Tomczak and Godfrey 1994). As in the Pacific Ocean, though not reaching the
scale of the El Nino phenomenon. warm waters appear in the Gulf of Guinea during these
events, which are linked to equatorial dynamics and lasting along the time-scale of a few
months. Though the mechanism involved is that they are either locally driven or forced
by El Nino events in the Pacific Ocean, the results are that strong tradewinds in the
tropical Atlantic Ocean tend to cause a buildup of warm water in the western Atlantic
with a reciprocal flow a few months later (Rogers 1984). These patterns were observed in
the Atlantic Ocean in 1984 and 1988 following the El Nino events of 1982-1983 and
1986-1987 respectively (Ross 1988). In the beginning of 1995 a similar pattern was
observed in the Atlantic Ocean. Of concern in the 1995 event was the fact that the
phenomenon continued growing well past the usual time period, resulting in the
disruption of the fishing industry, droughts in the Sahel and floods in north-east Brazil
(Lody 1995).

It was hoped that some of the mean annual circulation patterns in the North
Atlantic Ocean would shed some light on these matters. The plots of Figure 4.42 would
have certainly shed some light on this phenomenon. Unfortunately, 1991 to 1993 were
the best years of data collection and 1994 to 1996 did not reveal any information due to
the scarcity of current meters. However, just by analyzing the 1991 to 1993 plots one can
see the expanse of warm water throughout the North Atlantic extending from the Gulf of

Guinea to the South American coast in the 1991 plot.

171



6. Conclusion

6.7 Limitations of Research

6.1.1 Physical Limitations

The biggest limitation in mapping out the current vector field of ocean circulation
is the absence of important variables that can help in ascertaining the make-up and
origins of various water masses. Most important of these would be to have salinity data in
order to aid in determining the general pathways of water mass origin and destination.

Though these data were not available at the time this thesis commenced, the
WOCE initiative has enabled access to a wealth of information in the past two years.
Salinity and pressure records, though not corresponding perfectly in either spatial or
temporal boundaries, is now available to complement the dataset used in this study.

Another important variable to include with the data would have been pressure.
Measurements of pressure would have given us confidence that the data collected was
actually for the spatial location intended. There is inherent instability in the oceanic
environment, from extremes of storm surges to normal, everyday oceanic characteristics
such as tides and the corroding effects of salt water, to mechanical failures in the
instrumentation itself, to the intrusive effects of commercial shipping on the placement of

current meters.



All of these factors lead to current meters being knocked out of commission or
knocked out of their proper spatial orientation. Part of the verification procedure for data
quality and control is the collection of pressure readings for a sample of current meters in

order to determine if the readings match-up to the correct depth.

6.1.2 Computational Limitations

The various pitfalls and comprises required in the use of any interpolation
program have been mentioned in the body of this work. Whether devising a
computational or mathematical model to simulate the oceanic circulation, or whether
using interpolation to fill in data from the sampling measurements taken, the assumptions
and methods chosen will invariably lead to some bias in the results obtained. However. if
one takes these measures into account, a useful picture of the oceanic circulation can be
obtained which can give us some understanding of the mechanisms at work. Appendix
8.2 gives a brief description on the rotor-type current meters used to collect data in this

study.

6.2 Research Conclusions

Much of the current literature focuses on the modeling of the general ocean
circulation due to an inconsistency and sparse network of reliable data gathering
(Willebrand and Hadivogel 2001). Recently, there has been much information obtained
by a combination of surface drifters and remote sensing, which is giving us a clearer
picture of surface flows (Fratantoni 2001). However, this thesis illustrates that moored

current meter buoys can give an accurate picture of current flows.



This is especially important in lieu of the fact that surface drifters and remote
sensing are only able to observe the surface and upper few meters of the shallow water
circulation. Moored current meters are the only data collection method available in
collecting characteristic variables for the deep water circulation.

This thesis adds to the body of literature by visualizing the general circulation of
the North Atlantic Ocean and by relating this circulation to underlying assumptions in
order to strengthen the validity of ocean general circulation models.

Current flow patterns in the North Atlantic Ocean were plotted for various depths.
A comparison between the pre-WOCE dataset of the mid-1970s to mid-1980s versus the
WOCE dataset of the 1990s was undertaken, but was limited due to the spatial variation
of the two datasets. More specifically, the pre-WOCE dataset was a spatial subset of the
much more encompassing WOCE experiment.

The addition of annual mean circulation to the decadal circulation revealed
similar patterns in both flows. Also, the addition of eddy kinetic energy measurements
helped isolate pockets of activity that were associated with such features as high-speed
surface currents and high-speed thermohaline circulation due to the effects of bottom

topography.

6.3 Future Research

The influence of freshwater inputs from rivers was briefly touched upon in
Section 4.6 of this thesis. Existing research has shown that the North Atlantic Ocean
circulation is indeed sensitive to these freshwater inputs (Garrison 1996, Wiffels 2001).

There is room for much research into the full effects of freshwater discharge with the
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availability and constant expansion of the WOCE dataset in the public domain. and with
the availability of other datasets, such as the RivDis river discharge data used in this
thesis.

When freshwater gets mixed into the North Atlantic the rate of the overturning
process is slowed (Fedorov and Ginsberg 1988, Bowden 1983). Studies have shown that
freshwater from land-based melting glaciers which drained into the North Atlantic Ocean
at the end of the last ice age, would have shut down the NADW circuiation system in a
few hundred years (Chandler and Dybas 2001). It has been hypothesized that there is a
linear relationship between the NADW and the addition of freshwater, with its effect
being a largely less energetic Gulf Stream. Due to the effect of the wind stress on surface
currents. the Gulf Stream would not be entirely shut down (Chandler and Dybas 2001).

To what depth the freshwater influence affects the circulation would be an
interesting avenue to pursue (Weaver and Hughes 1994). As mentioned moored current
meters would be the only data collection method to obtain information on the deeper
parts of the ocean and to see the shifts that are occurring there.

The movement of surface water northward from the equator by the Gulf Stream
results in this warm water cooling, and becoming denser due to evaporation which
increases ocean salinity. Once this equatorial water reaches the Grand Banks. the
Labrador Basin and the Norwegian Sea, it sinks due its increased density. This water
then travels southward via the NADW completing the circulation. This thesis has touched
on the expansion and contraction of the subtropical gyre. Further research on the effects
of this change in circumference with respect to atmospheric heat transfers and therefore

climate change would be a further avenue to pursue. Furthermore, an analysis of seasonal
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circulation with the effects of the seasonal wind stress could possibly give us more
information of the mesoscale changes in oceanic circulation.

One of the lessons learned from digging in to this massive dataset is that various
other analyses could have been conducted and may have indeed shed more light on the
circulation of the North Atlantic Ocean. For example, mean current speeds. mean
temperatures, and mean wind speeds were used in gathering the vector and contour plots
in this thesis. However, after having plotted this data and seen some of the discrepancies
that are more than likely attributable to the spatial and temporal differences inherent in
the two datasets, it would have perhaps been more beneficial to plot the variations in the
above variables in order to see the degree of change during the two time periods. Having
spent the better part of one year in cleaning and processing the data, the thought of what
would lay down the road was not totally obvious. In hindsight. it would have been
prudent and would be very beneficial in the future to analyse the variability in the data in

order to get a better understanding of decadal changes.
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8. Appendices

8.1. WOCE in the Atlantic Ocean

The World Ocean Circulation Experiment took place in the 1990's. This section looks at
all the current meter records that were used in this thesis. These data were collected by
the WOCE Current Meter Data Assembly Center, which was operated by the OSU Buoy
Group.

WOCE component ACM1 (NW Atlantic near Abaco Island), 1990 - 1997
WOCE component ACM6 (NW Atlantic), 1993 - 1995

WOCE component ACM7 (Brazil continental slope), 1989 - 1994
WOCE component ACMS (North Atlantic), 1986 - 2000

WOCE component ACM10 (Deep Basin), 1992 - 1994

WOCE component ACM11 (Deep Basin), 1992 - 1994

WOCE component ACM25/26 (Subduction), 1993 - 1995

WOCE component ACM27 (MORENA). 1993 - 1994

WOCE component ACM28 (MORENA), 1993 - 1995

WOCE component ACM29 (Labrador Sea), 1994 - 1998

WOCE component ACM1

ACMI included a series of current meter arrays deployed east of Abaco Island. The first
was placed in June 1990 as part of the Western Atlantic Thermohaline Transport Study
(WATTS). This was followed by three phases of the Atlantic Climate Change Program
(ACCP). Also included is the STACS 10 array, which was deployed in the same area, in
October 1988.

Western Atlantic Thermohaline Transport Studies
(part of WOCE component ACM1)

ACHM1 (WATTS) current meter moorings
depths are in kin

Latitude, Jeg

Longitude, deg W

186



M268 26.528
M268 20.528
M268 206.528
M269 26.496
M269 20.490
M269 206.490
M269 206.496
M269 26.496
M269 26496
M269 20.496
M270 26.500
M270 206.500
M270 20.500
M270 26.500
M270 26.500
M270 206.500
M270 26.500
M271 20.500
M271 26.500
M271 26.500
M271 26.500
M271 26.500
M271 26.500
M271 26.500
M271 26.500
M271 26.500
M272 20.492
M272 20.492
M272 206.492
M272 26.492
M272 26.492
M272 26.492
M272 26.492
M272 26.492

-76.848
-70.848
-76.848
-76.450
-76.450
-760.450
-76.450
-76.450
-76.450
-76.450
-76.100
-76.100
<76.100
-76.100
-76.100
-76.100
<76.100
-75.683
-75.683
-75.683
-75.683
-75.683
-75.683
-75.683
-75.683
-75.683
-73.820
-73.820
-73.820
-73.820
-73.820
-73.820
-73.820
-73.820

dep lh‘insu npe

depth water

'instr-

{(meters) - {metersy . i

100 900 VACM

400 900 Aanderaa RCM
800 900 Aanderaa RCM
180 4838 VACM

480 4838 Aanderaz RCM
880 4838 Aanderaa RCM
1280 4838 Aanderaa RCM
2080 4838 VACM

3080 4838 VACM

4080 4838 VACM

180 4808 VACM

480 4808 Aanderaa RCM
880 4808 Aanderaa RCM
1280 4808 Aanderaa RCM
2080 4808 VACM

3080 4808 VACM

4080 4808 VACM

180 4685 VACM

280 4085 TD recorder
480 4685 Aanderaa RCM
880 4085 Aanderaa RCM
1280 4085 Aanderaa RCM
1480 4685 TD recorder
2080 4685 VMCM

3080 4685 VACM

4080 4085 VACM

180 4800 VACM

280 4800 TD recorder
440 4800 Aandcraa RCM
1200 4800 VMCM

1400 4800 TD recorder
2000 4800 VMCM

3000 4800 VACM

4000 4800 VACM

19Jun 90 - 15 Nov 91
19 Jun 90 - 09 Feb 91
19Jun90-01 Jan 92
20 Jun 90 - 09 May 91
20 Jun 90 - 10 Feb 92
20Jun90-10 Feb 92
20 Jun 90 - 02 Apr 91
20Jun 90 - 10 Feb 92
20Jun 90 - 10 Feb 92
20Jun 90 - 10 Feb 92
21 Jun 90 - 02 Feb 92
21 Jun 90 - 02 Feb 92
21 Jun 90 - 02 Feb 92
21 Jun 90 - 23 Mar 91
21 Jun90-02 Feb 92
21 Jun 90 - 02 Feb 92
21 Jun 90 - 02 Feb 92
22 Jun 90 - 09 Feb 92
22 Jun 90 - 09 Feb 92
22 Jun90-09 Feb 92
22 Jun 90 - 09 Feb 92
22 Jun 90 - 09 Feb 92
22 Jun 90 - 09 Feb 92
22 Jun 90 - 09 Feb 92
22 Jun 90 - 24 Feb 91
22 Jun 90 - 09 Feb 92
24 Jun 90 - 05 Feb 92
24 Jun 90 - 04 Feb 92
24 Jun90 - 04 Feb 92
24 Jun 90 - 04 Fcb 92
24 Jun 90 - 04 Feb 92
24 Jun 90 - 135 Dec 91
24 Jun 90 - 04 Feb 92
24 Jun 90 - 05 Feb 92

All of the time series from this experiment have been filtered and have a time increment

of 12 hours. The diurnal tides and all higher frequencies have been removed.

Atlantic Climate Change Program, Phase 1

Latitude, deg N

(a part of WOCE component ACM1)

ACCP-1 moorings
depths are in km

Longimde, deg W .
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Tat

Jinstr

depth water

depth .

mstrtype

; (meters) o - (meters)

Mooring 296 26.528  -76.850 70 824 VACM 12 Feb 92 - 04 Apr 93
Mooring 296 20529 -70.850 370 824 Aanderaa RCM 12 Feb 92 - 28 Sep 93
Mooring 296 26529 -76850 770 824 Aanderaa RCM 12 Feb 9228 Sep 93
Mooring 297 20485  -70.523 100 4849 VACM 11 Feb 92 - 27 Mar 92
Mooring 297 26485 -76.523 200 4849 Benthos temp recorder 11 Feb 92 -22 Jun 92

Mooring 297 26485 -76.523 400 4849 Aanderaa RCM 11 Feb 92 - 02 0ct 93

Mooring 297 26485  -76.523 800 1849 Aanderaa RCM 11 Feb 92 - 02 0ct 93

Mooring 297 20485  -70.523 1200 4849 Aanderaa RCM 11 Feb 9202 0ct 93

Mooring 297 26.485 -70.523 2000 4849 VACM 11 Feb 92 - 02 Oct 93

Mooring 297 26485 -76.523 3000 4849 VACM 11 Feb 92 - 02 Oct 93

Mooring 297 26485  -70.523 4000 4849 VACM 11 Feb 92-020ct 93

Mooring 297 26485 -76.523 4840 4849 Seacat CTD 11 Feb 92 - 25 Sep 93
Mooring 298 26490 -75.690 100 1085 VACM 10 Feb 92-15 Apr 93
Mooring 298 26490 -75.690 200 4685 Benthos temp recorder 10 Feb 92 - 01 Oct 93
Mooring 298 20.490  -75.690 400 3085 Aanderaa RCM 11 Feb 92 -01 Oc1 93

Mooring 298 26490 -75.690 800 3685 Aanderaa RCM 10 Feb 92 - 19 Apr93
Mooring 298 26490 -75.690 1200 4085 Aanderaa RCM 10 Feb 92 - 01 Oct 93

Mooring 298 26490  -75.690 2000 3083 VACM 1 Feb 92-02 00193

Mooring 298 26.490  -75.690 3000 3085 VACM 10 Feb 92 - 02 Nov 92
Mooring 298 26.490 -75.690 3000 4685 VACM 10 Feb 92 - 01 Oct 93

Mooring 298 26490  -75.690 40680 4685 Scacat CTD 10 Feb 92 - 25 Sep 93
Mooring 299 20.498 -73.802 100 5050 VACM 09 Feb 92 - 30 Sep 93
Mooring 299 20498 -73.802 200 5050 Benthos temp recorder 09 Feb 92 - 30 Sep 93
Mooring 299 26498 -73.802 400 5050 Aanderaa RCM 09 Feb 92 - 04 Mar 93
Mooring 299 26498 -73.802 800 5050 Aanderaa RCM 09 Feb 92 - 30 Sep 93
Mooring 299 26.498 -73.802 1200 5050 Aanderaa RCM 09 Feb 92 - 30 Sep 93
Mooring 299 26.498 -73.802 2000 5050 VACM 09 Feb 92 - 30 Sep 93
Mooring 299 26498 -73.802 3000 5050 VACM 09 Feb 92 - 30 Sep 93
Moaring 299 26498  -73.802 4000 5050 VACM 09 Feb 92 - 30 Sep 93
Mooring 299 26498  -73.802 5045 5050 Seacat CTD 09 Feb 92 - 25 Sep 93
Mooring 300 26.487 -71.167 100 5488 VACM 06 Feb 92 - 16 Feb 93
Mooring 300 20487 -71.167 200 5488 Benthos temp recorder 06 Feb 92 - 29 Sep 93
Mooring 300 26487  -71.167 400 5488 Aanderaa RCM 04 Feb 92 - 20 Sep 93
Mooring 300 26.487 -71.167 800 5488 Aanderaa RCM 006 Feb 92 -29 Sep 93
Mooring 300 26487  -71.167 1200 5488 Aanderaa RCM 06 Feb 92 - 29 Sep 93
Mooring 300 26487  -7L.167 2000 5488 VACM 07 Feb 92 - 29 Sep 93
Mooring 300 26487 -71.167 3000 5488 VACM 06 Feb 92 - 29 Sep 93
Mooring 300 26.487 -71.167 4000 5488 VACM 06 Feb 92 -29 Sep 93
Mooring 300 26.487 -71.167 5483 5488 Secacat CTD 06 Feb 92 - 25 Sep 93

All of the time series from this experiment have been filtered and have a time increment

of 12 hours. The diurnal tides and all higher frequencies have been removed.
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Atlantic Climate Change Program, Phase 2
(a part of WOCE component ACM1)
depth

instr depthwater

instr type

(meters)

{meters)

Mooring 310 26.528 -76.850 50 856 VACM 29 Sep 93 - 16 Apr 93
Mooring 310 26528  -76.850 350 856 Aanderaa RCM 29 Sep 93 - 07 Jun 95
Mooring 310 26.528 -76.850 650 856 VACM 29 Sep 93 - 24 Dec 95
Mooring 312 26498  -75.683 100 4089 VACM 02 0ct 93 -29 Oct 95
Mooring 312 26498  -75.683 250 4689 Seacat CTD 02 0ct93-28 Oct 95
Mooring 312 26498 -75.683 400 4689 VACM 02 0c193 -29 Oct 95
Mooring 312 26498  -75.683 600 4689 TSKA data recorder 020c193-29 0ct 93
Mooring 5312 26498  -75.683 800 1089 TSKA data recorder 02 0ct93-29 Oct 95
Mooring 312 26498  -75.683 1000 4089 TSKA data recorder 02 0c¢t 93 - 29 Oct 93
Mooring 312 26498  -75.083 1200 689 VACM 020c193 -29 Oct 95
Mooring 3J2 26498  -75.683 1600 3689 Seacat CTD 020c193-290ct 93
Mooring 312 26498  -75.683 2000 4689 VACM 02 0ct 93 -29 Oct 95
Mooring 312 26498 -75.683 2500 4689 TSKA data recorder 02 Oct 93 -29 Oct 95
Mooring 312 26.498  -75.683 3000 1689 VACM 02 0ct 93 -29 Oct 95
Mooring 312 26498  -75.683 3500 4689 TSKA data recorder 020ct 93 - 29 Oct 95
Mooring 312 26498  -75.683 4000 4089 VACM 02 0ct93-29 Oct 935
Mooring 312 26.498  -75.683 4688 4689 Seacat CTD 02 0ct 93 -29 Oct 95
Mooring 313 26.508 -73.003 100 5000 VACM 01 Oct 93 - 05 Dec 93
Mooring 313 26.508 -73.003 400 5000 Aanderaa RCM 01 Oct 93 -08 Aug 95
Mooring 313 26.508 -73.003 600 5000 TSKA data recorder 30Sep 93 -270ct 95
Mooring 313 26.508 -73.003 800 5000 TSKA data recorder 30Sep 93 - 27 Oct 95
Mooring 313 26.508  -73.003 1200 5000 Aanderaa RCM 01 0ct93-27 Oct 95
Mooring 313 26.508  -73.003 1600 5000 TSKA data recorder 01 0ct93-27 Oct 95
Mooring 313 26.508 -73.003 2000 5000 VACM 01 0ct 93 -27 Oct 95
Mooring 313 26.508  -73.003 2500 5000 TSKA data recorder 010ct93-27 Oct Y5
Mooring 313 26.508  -73.003 3000 5000 VACM 01 0ct 93 -27 Oct 95
Mooring 313 26.508 -73.003 3500 5000 TSKA data recorder 010ct93-27 Oct 95
Mooring 313 26.508 -73.003 4000 5000 VACM 010¢ct93-27Oct 95
Mooring 313 26.508 -73.003 4500 5000 TSKA data recorder 30Sep 93 -27 Oct 95
ACCP-2 moorings
depthe are inkum
28

All of the time series from this experiment have been filtered and have a time increment

Latitude, dag it

P2 g

SEACNAS

24+
78

1%

Longitde, deg W

of 12 hours. The diurnal tides and all higher frequencies have been removed.
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Atlantic Climate Change Program, Phase 3
(a part of WOCE component ACM1)

instr . depthwater  depth,

name . e ‘(meters) (meters) ""S" ype _ :

Mooring 329 26507 -76.845 100 1006 Aanderaa RCM 310ct95-12Jun 97
Mooring 329 26.507 -76.845 400 1006 Aanderaa RCM 31 Oct95-12 Jun97
Mooring 329 26.507  -76.845 700 1006 VACM 31 0ct 95 - 27 Feb 96
Mooring 330 26410  -76.500 1200 484 Aanderaa RCM 31 Oct95-12Jun97
Mooring 330 26413 -76.503 1600 4840 TSKA data recorder 31 0ct95-12Jun 97
Mooring 330 26413 -76.503 2000 4840 VACM 310ct95-31Jan 97
Mooring 330 26413 -76.503 2500 4840 TSKA data recorder 31 Oct95-12Jun97
Mooring 330 26413 -76.503 3000 4840 VACM 31 0ct95-12Jun97
Mooring 330 26413 -76.503 3500 4840 TSKA data recorder 31 Oct95-12Jun 97
Mooring 330 26413 -76.503 4000 4840 VACM 31 Oct95-12Jun 97
Mooring 330 26413 -76.503 4500 4840 TSKA data recorder 31 Gct95-12Jun 97
Mooring 330 26413 -76.503 4840 4840 Seacat CTD 31 Oct95-12Jun97
Mooring 331 26.500 -76.100 100 4807 VACM 26 Oct 95 - 13 Jun 97
Mooring 331 26.500 -76.100 250 4807 TSKA data recorder 26 Oct95 - 13 Jun 97
Mooring 331 20.500  -76.100 400 4807 Aanderaa RCM 26 Oct95-13 Jun 97
Mooring 331 26.500  -76.100 600 4807 TSKA data recorder 26 Oct 95 - 13 Jun 97
Mooring 331 20.500  -76.100 800 4807 Aanderaa RCM 26 Oct 95 - 13 Apr 96
Mooring 331 26,500  -76.100 1000 4807 TSKA data recorder 26 0ct 95 - 13 Jun 97
Mooring 331 26.500  -76.100 1200 4807 Aanderaa RCM 26 0ct95-13 Jun 97
Mooring 33! 26.500  -76.100 1600 4807 TSKA data recorder 26 0ct95- 13 Jun 97
Mooring 331 206.500  -76.100 2000 4807 VACM 26 0ct 95 - 13 Jun 97
Mooring 331 26.500 -76.100 2500 4807 TSKA data recorder 26 Oct95-13 Jun 97
Mooring 331 26.500 -76.100 3000 4807 VACM 26 Oct95-13 Jun 97
Mooring 331 26.500  -76.100 3500 4807 TSKA data recorder 26 Oct 95 - 13 Jun 97
Mooring 331 26.500 -76.100 4000 4807 VACM 260ct95-13 un97
Mooring 331 26,500  -76.100 4500 4807 TSKA data recorder 26 Oct95-13 Jun 97
Mooring 331 26.500 -76.100 4807 4807 Seacat CTD 260ct95-13 Jun97
Mooring 332 26405 -75.678 800 471 Aanderaa RCM 29 0c¢t 95- 15 Jun 97
Mooring 332 26405 -75.678 1000 4711 TSKA data recorder 290ct 95 - 15 Jun 97
Mooring 332 26405  -75.678 1200 4711 Aanderaa RCM 290ct95-15Jun97
Mooring 332 26405  -75.678 1600 4711 TSKA data recorder 290ct95+15Jun 97
Mooring 332 26.405  -75.678 2000 4711 VACM 290ct95-15Jun 97
Mooring 332 26405 -75.678 3000 4711 VACM 290ct95-15Jun 97
Mooring 332 26.405  -75.678 4000 4711 VACM 290ct95-15Jun 97
Mooring 332 26405 -75.678 4500 4711 TSKA data recorder 290ct95-153un 97
Mooring 332 26.405  -75.678 4711 4711 Scacat CTD 29 0ct 95 - 15Jun 97
Mooring 333 26497 -72.004 800 5284 Aanderaa RCM 270ct 95 - 14 Jun 97
Mooring 333 26497  -72.003 1000 5284 TSKA data recorder 27 0ct 95 - 14 Jun 97
Mooring 333 26.497  -72.004 1200 5284 Aanderaa RCM 27 Oct 95 - 22 Dec 96
Mooring 333 26497 -72.003 1600 5284 TSKA data recorder 27 Oct 95 - 14 Jun 97
Mooring 333 26.497  -72.003 2000 5284 VACM 280ct95-14Jun97
Mooring 333 20497  -72.003 2500 5284 TSKA data recorder 270ct 95 - 14 Jun 97
Mooring 333 26497  -72.003 3000 5284 VACM 28 Oct95- 14 Jun 97
Mooring 333 26497  -72.003 4000 5284 VACM 28 0ct95-14Jun 97
Mooring 333 20497  -72.003 5000 5284 VACM 28 Oct 95 - 14 Jun 97
Mooring 333 26497 -72.003 5284 5284 Scacat CTD 27 Oct 95 - 14 Jun 97
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ACCP-3 current meter moorings
daptis are In kin

Latitude, dog i

76 b{ ) 2 n
Lungitude, deg W

All of the time series from this experiment have been filtered and have a time increment
of 12 hours. The diurnal tides and all higher frequencies have been removed.

Subtropical Atlantic Climate Studies (STACS)
Component 10

Note that STACS 10 can be considered a precursor to WOCE component ACM1. which
occurred in the same area east of Abaco Island.

instr depth' water depth, - ;
(meters) {meters) - Instr type dates

M250 26.510 -76.840 100 900 VACM 08 Oct 88 - 23 Apr 90

M250 26.510 -76.840 400 900 Aandcraa 08 Oct 88 - 28 Feb 90
M250 26.510 -76.840 300 900 VACM 08 Oct 88 - 28 Jun 89
M251 206.489 -76.448 100 4850 VACM 06 Oct 88 - 27 Apr 90
M2s51 26.489 -76.448 400 4850 Aanderaa 06 Oct 88 - 23 Fcb 90
M251 20.489 -76.448 1200 4850 VACM 006 Oct 88 - 19 Jun 90
M251 20.489 -76.448 2400 4850 VACM 006 Oct 88 - 12 Mar 90
M251 26.489 -76.448 3800 4850 VACM 006 Oct 88 - 10 Mar 90
M252 26.475 ~76.102 100 4810 VACM 06 Oct 88 - 17 Jul 89

M252 20.475 -76.102 400 4810 Aanderaa 006 Oct 88 - 16 Mar 90
M252 26.475 -76.102 800 4810 Aanderaa 006 Oct 88 - 05 Mar 90
M252 20.475 -76.102 1200 4810 VACM 06 Oct 88 - 20 Jun 90
M252 26.475 -76.102 2400 4810 VACM 006 Oct 88-13 Oct 89
M252 26.475 -76.102 3800 4810 VACM 06 Oct 88 - 10 Mar 90

STACS-10 current meter moorings
depth is given in maters

y

* Latitude {deg N)

#,
T TG

Longitude (deg W)
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Subtropical Atlantic Climate Studies (STACS)
Component 11

All of the STACS-11 time series are filtered and have a time increment of 12 hours. The
diurnal tides and all higher frequencies have been removed. In the case of the ADCP the
term "instr depth" below refers to bin depth. Note that only mooring 274 (the bottom
three records) were used as part of the WOCE dataset.

mooring - : - - instr depth water depth.

name - ‘ ) © (meters) P (meters) v nstr t}pc

Mooring 253 3.878 -48.724 60 483 VACM 09 Scp 89 - 24 Sep 90
Mooring 253 3.878 -48.724 110 483 Aanderaa 09 Sep 89 - 24 Sep 90
Mooring 253 3.878 -48.724 310 483 Aanderaz 09 Sep 89 - 24 Sep 90
Mooring 254 4.478 -38.308 50 2037 ADCP 09 Sep 89-21 Jan 91
Mooring 254 4478 -48.308 100 2037 ADCP 09 Sep 89-21Jan 91
Mooring 254 4478 -48.308 150 2037 ADCP 09 Sep 89 - 21 Jan 91
Mooring 254 4.478 -48.308 200 2037 ADCP 09 Scp 89 - 21 Jan 91
Mooring 254 4.478 -18.308 250 2037 ADCP 09 Sep 89-21Jan 91
Mooring 254 4.478 -48.308 300 2037 ADCP 09 Sep 89-21Jan 91
Mooring 254 4.478 -48.308 350 2037 ADCP 09 Sep 89-21Jan 91
Mooring 254 4478 -38.308 400 2037 ADCP 09 Sep 89 - 21 Jan 91
Mooring 254 4478 -48.308 300 2037 Aanderaa 09 Sep 89-21Jan 91
Mooring 254 4.478 -48.308 1400 2037 VACM 09 Sep 89-21Jan 91
Mooring 254 4.478 -48.308 1800 2037 VACM 09 Sep 89 -27 Nov 90
Mooring 262 5.294 ~40.811 160 3421 VACM 08 Sep 89-22Jan 91
Mooring 262 5.294 -46.811 310 3421 Aanderaa 08 Scp 89 -22 Jan 91
Mooring 262 5.294 -46.811 860 3421 Aanderaa 08 Scp 89-02Jan 91
Mooring 262 5.294 -30.811 1460 3421 VACM 08 Sep 89 -22Jan 91
Mooring 262 5.294 -40.811 20060 3421 VACM 08 Sep 89-22 Jan 91
Mooring 262 5.294 -406.811 2860 3421 VACM 08 Sep 89 - 04 Feb 90
Mooring 262 5.294 -36.811 3360 3421 VACM 08 Sep 89 -22Jan 91
Mooring 274 3.877 -48.723 60 482 VACM 25 Scp 90 - 09 Aug 91
Mooring 274 3.877 -48.723 110 482 VACM 25Sep 90 - 14 Sep 91
Mooring 274 3.877 -48.723 310 482 VACM 25Sep 90 - 14 Sep 91

STACS-11 current meter moorings
depths are given in meters

fatitude

longitude



WOCE component ACM6
(northwest Atlantic)

;lat instr - depth,water depth instr type

. {meters) - . ‘(meters) i
1121 43.099 -39.033 381 1493 Aanderaa RCM5 Ol Aug 95-11 Sep 93
1121 43.099 49033 785 1493 Aanderaa RCM3 01 Aug 93-21 Aug 93
1121 43.099 -39.033 1391 1493 Aanderaa RCMS 01 Aug 93-05 Sep 94
122 43.067  -48.633 330 2449 Aanderaa RCMS 01 Aug 93 -01 Jul 95
1122 43.067  -48.633 734 2349 Aunderaa RCMS 01 Aug 93 -01 Jul 95
1122 43.067  -38.633 1440 2449 Auanderaa RCM3 01 Aug 93-01 Jul 95
1123 42.951 ~48.183 340 3262 Aanderaa RCMS 11 Aug 93 - 03 May 93
1123 42951  48.183 751 3262 Aanderaa RCMS 02 Aug 93 - 03 May 95
1123 42951  -48.183 1456 3262 Aanderaa RCM3 02 Aug 93 - 03 May 95
1123 42951  -48.183 2401 3202 Aanderaa RCM35 02 Aug 93-02 Apr 95
1123 42951  -48.183 3102 3262 Aanderas RCMS 02 Aug 93 - 03 May 95
1124 42717 47385 381 3894 Aanderaa RCMS 02 Aug 93 - 30 Jun 95
1124 42717 47385 780 3894 Aanderaa RCM3 02 Aug 93 - 30 Jun 95
1124 42717  -47.385 1492 3894 Aanderaa RCM35 02 Aug 93-30 Jun 95
1124 42717 47385 2497 3894 Aanderaa RCMS 02 Aug 93 - 30 Jun 95
1124 42717 47385 3494 3894 Aanderaza RCM5 02 Aug 93 - 02 Jul 95
1124 42717 47385 3794 3894 Aanderaa RCM5 02 Aug 93-02 Jul 95
1125 42,566  -46.680 377 4392 Aandcraa RCMS 03 Aug 93 -01 Mar 95
1125 42566  -46.680 782 4392 Aanderaa RCM35 03 Aug 93 -01 Mar 95
1125 42566  -46.686 1488 4392 Aanderaa RCMS 03 Aug 93 -01 Mar 93
1125 42506  -40.680 2493 4392 Aanderaz RCM3 03 Aug 93 - 01 Mar 95
1125 42506  46.680 3490 4392 Aanderaa RCMS 03 Aug 93 -01 Mar 95
1125 42.506  46.686 4292 4392 Aanderaa RCM35 03 Aug 93-01 Mar 95
1126 42353 -46.005 409 4701 Aanderaa RCM5 04 Aug 93 - 02 May 95
1126 42353  46.005 814 4701 Aanderaa RCMS5 04 Aug 93 - 02 May 95
1126 42.353  -406.005 1519 4701 Aanderaa RCM3 04 Aug 93 - 02 May 95
1126 42353 -46.005 2518 4701 Aandcraa RCMS 04 Aug 93 - 19 Aug 94
1126 42353 -46.005 3509 4701 Aanderaa RCMS 04 Aug 93 - 02 May 95
1126 42353 -40.005 4000 4701 Aanderaa RCM5 03 Aug 93 -02 Sep 94
1126 42353 -46.005 4601 4701 Aanderaa RCMS 04 Aug 93 - 02 May 95
1127 42.101 45317 374 4780 Aandcraa RCMS 04 Aug 93 - 27 Feb 95
1127 42.101 35317 779 4786 Aanderaa RCMS 04 Aug 93 - 28 Nov 94
1127 42.101 45317 2488 4786 Aanderaa RCM$ 04 Aug 93 - 27 Feb 95
1127 42,101 45317 3486 47806 Aanderaa RCM8 04 Aug 93 - 27 Feb 95
1127 42.101 45317 3988 4786 Aanderaa RCM5 04 Aug 93-18 Nov M4
1127 42.101 45317 40686 4786 Aanderaa RCMS 04 Aug 93-27 Feb 95
1128 41907 44575 416 4888 Aanderaa RCM35 05 Aug 93 - 01 May 95
1128 41907 44575 821 4888 Aandcraa RCMS 05 Aug 93 - 01 May 95
1128 41.907  -34.575 1526 4888 Aanderaa RCM8 05 Aug 93 - 01 May 95
1128 41907 44575 3528 4388 Aanderaa RCM8 05 Aug 93 - 01 May 95
1128 41907 44575 4029 4888 Aanderaa RCMS 05 Aug 93 -01 May 95
1128 41907 44575 4788 4888 Aanderaa RCMS 05 Aug 93 -01 May 95

ACMS current meter moorings

depths ate In kim
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WOCE component ACM?7 (northeast Brazil continental slope)
September 1989 - October 1990

K327 0.087
K327 0.087
K327 0.087
K327 0.087
K327 0.087
K327 0.087
K328 0.833
K328 0.833
K328 0.833
K328 0.833
K328 0.833
K328 0.833
K329 2.483
K329 2.483
K329 2.483
K329 2.483

-44.390
-44.390
-44.390
-44.390
-44.390
-44.390
-14.070
-44.070
-44.070
-44.070
-43.070
-44.070
-43.970
-43.970
-43.970
-43.970

instr
(meters)
50
100
150
200
250
300
72
246
824
1990
2588
3695
781
1369
3486
3991

545
545
545
545
545
545
3989
3989
3989
3989
3989
3989
4191
4191
4191
4191

" depthwater
" (meters)

th instr type .

ADCP
ADCP
ADCP
ADCP
ADCP
ADCP
Aanderaa RCM
Aanderaa RCM
Aanderaa RCM
Aanderaa RCM
Aanderaa RCM
Aanderaa RCM
Aandcraa RCM
Aanderaa RCM
Aanderaa RCM
Aandcraa RCM

-dates

07 Sep 89- 10 Oct 90
07 Sep 89-100ct 90
07 Sep 89-100ct 90
07 Sep 89 - 10 Oct 90
07 Sep 89- 10 0ct 90
07 Sep 89-100ct 90
06 Sep 89 - 06 Apr 90
06 Sep 89 - 19 Feb 90
00 Sep 89 - 05 May 90
00 Sep 89- 11 Oct 90
06 Sep 89- 11 Oct 90
06 Sep 89-110c190
00 Sep 89-05 Apr 90
06 Sep 89 - 13 Feb 90
006 Sep 89 - 08 Oct 90
006 Sep 89 - 02 Feb 90

October 1990 - September 1991

- instr

_{meters)

depthwater
. (meters)

t}'?‘,inst_r type

K339 0.087
K339 0.087
K339 0.087
K339 0.087
{339 0.087
339 0.087
K340 0.420
K340 0.420
K340 0.420
K340 0.420
K340 0.420
K340 0.420
K340 0.420
K340 0.420
K340 0.420
K340 0.420
K340 0.420
K340 0.420
K340 0.420
K341 1.550
K341 1.550
K341 1.550
K341 1.550
K341 1.550
K341 1.550
K341 1.550
K341 1.550
K341 1.550
K341 1.550
K341 1.550
K341 1.550

-44.390
-44.390
-44.390
-44.390
-44.390
-44.390
-44.250
-14.250
-44.250
-44.250
-44.250
-34.250
-44.250
-14.250
-44.250
-44.250
-44.250
-44.250
-44.250
-14.010
-44.010
-44.010
-44.010
-44.010
-44.010
-44.010
-44.010
-44.010
-34.010
-44.010
-34.010

50
100
150
200
250
368
50
100
150
200
250
300
305
847
1440
1745
2042
2637
3235
50
100
150
200
250
300
350
830
2020
2814
3409
3704

ADCP
ADCP
ADCP
ADCP
ADCP
Aanderaa RCM
ADCP
ADCP
ADCP
ADCP
ADCP
ADCP
Aandcraza RCM
Aanderaa RCM
Aanderaa RCM
Aanderaa RCM
Aanderaa RCM
Aanderaa RCM
Aanderaa RCM
ADCP
ADCP
ADCP
ADCP
ADCP
ADCP
ADCP
Aanderaz RCM
Aanderaa RCM
Aanderaa RCM
Aanderaa RCM
Aanderaa RCM

13 0ct 90 - 08 Sep 91
13 0ct 90- 08 Sep 91
13 Oct 90 - 08 Sep 91
13 Oct 90 - 08 Sep 91
13 Oct90- 08 Sep 91
13 Oct 90 - 08 Sep 91
14 0ct 90 - 08 Sep 91
14 Oct 90 - 08 Sep 91
14 0ct 90 - 08 Sep 91
14 Oct 90 - 08 Sep 91
14 0Oct 90 - 08 Sep 91
14 Oct 90 - 08 Sep 91
14 Oct 90 - 08 Sep 91
14 Oct 90 - 02 Sep 91
14 Oct 90 - 08 Sep 91
14 Oc1 90 - 08 Sep 91
13 Oct 90 - 08 Sep 91
13 0ct 90 - 08 Sep 91
13 0ct90 - 08 Sep 01
14 0c1 90 - 09 Sep 91
14 Oct 90 - 09 Sep N
14 Oc1 90 - 09 Sep 91
14 0ct 90 - 09 Sep 91
14 Oct 90 - 09 Sep 91
14 Oct 90 - 09 Sep 91
14 Oct 90 - 09 Sep 91
14 Oct 90 - 09 Sep 91
14 Oct 90 - 08 Sep 9t
14 Oct 90 - 09 Sep 91
14 Oct 90 - 09 Sep 91
14 0ct90-13 Jul 91
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0.243
0.243
0.243
0.243
0.243
0.243
0.243
0.243
0.243
0.243
0.243
0.617
0.617
0.617
0.017
0.017
0.617
0.017
0.617
0.017
0.617
0.017
0.017
186
186
186
186
.186
.186
186
.186
186
186
1.186

—

— e et e e e e e e

-44.310
44310
-34310
-34.310
44310
-44.310
-44.310
-44.310
-44.310
-44.310
-44.310
-14.167
~44.170
-44.170
-44.170
-44.170
-344.170
-44.170
-44.170
-44.170
-44.170
-44.170
-344.170
-44.040
-44.040
-44.040
-44.040
~44.040
-44.040
-44.040
-34.040
-44.040
-44.040
-44.040

“instr depthwater ~ depth

October 1992 - March 1994

‘instr tvpe

(meters) (meters)

50 2880 ADCP

100 2880 ADCP

151 2880 ADCP

200 2880 ADCP

450 2885 Aanderaa RCM
700 2885 Aanderaa RCM
947 2885 Aanderaa RCM
1500 2885 Aanderaa RCM
1786 2885 Aanderaa RCM
2100 2885 Aanderaa RCM
2503 2885 Aanderaa RCM
39 3660 ADCP

100 3600 ADCP

151 3660 ADCP

200 3660 ADCP

440 36060 Aanderaa RCM
690 3660 Aanderaa RCM
957 3660 Aandcraa RCM
1490 3000 Aanderaa RCM
1787 3660 Aandcraa RCM
2084 3660 Aandcraa RCM
2482 3600 Aanderaa RCM
2981 3660 Aanderaa RCM
50 4110 ADCP

101 4110 ADCP

151 4110 ADCP

199 4110 ADCP

430 4110 Aanderaa RCM
687 4110 Aanderaa RCM
1483 4110 Aanderaa RCM
1785 4110 Aanderaa RCM
2985 4110 Aanderaa RCM
3785 4110 Aanderaa RCM
4035 4110 Aanderaa RCM

28 0ct92-09 Feb 93

28 Oct92 - 09 Feb 93

28 0ct 92 - 09 Feb 93
28 Oct 92 - 09 Feb 93

28 Oct 92 - 05 Dec 93
28 Oct 92 - 21 Dec 93
28 Oct 92 - 04 Mar 94
28 Oct92 - 12 Nov 93
07 Nov 92-19 Sep 93
28 Oct 92 - 19 Dec 93
28 Oct 92 - 05 Mar 94
28 Oct 92 - 64 Mar 94
28 Oct 92 - 04 Mar 94
28 Oct 92 - 04 Mar 94
28 Oct 92 - 04 Mar 94
28 Oct 92 - 04 Mar 94
280ct92-16Jan 94

28 Oct 92 - 20 Nov 93
28 Oct92-100¢193

280¢t92-240c193

28 Oct 92 - 03 Mar 94
05 Dec 92 -23 Oc1 93
28 Oct 92 - 04 Mar 94
29 0¢t192 - 04 Mar 94
29 Oct 92 - 04 Mar 94
29 0¢192-04 Mar 94
29 Oct 92 - 04 Mar 94
290ct92- 19 Feb 94
29 0ct 92 - 03 Dec 93
29 0ct 92 - 08 Dec 93
290ct 92-23 Apr 93
29 0ct 92 - 03 Mar 94
29 0ct 92 - 03 Mar 94
29 Oct 92 - 03 Mar 94

ACMT current meter moorings
depths ate in meters

Latitude

47 46 45 4 43 42 R3]
Longitude, deg W



All of the time series from this experiment have been filtered and have a time increment
of 12 hours. The diurnal tides and all higher frequencies have been removed. In the case
of an ADCP the term "instr depth" above refers to bin depth.

WOCE component ACMS8

ACMS took place in the North Atlantic, with particular emphasis on measuring the
southward flow of cold, dense bottom water southwestward across the Iceland-Faroe
Ridge and the Denmark Strait, and the flow northward of shallower waters of tropical and
subtropical origin. The experiment went forward in three phases.

Denmark Strait Overflow
(a part of WOCE component ACMS)

September 1986 - June 1987

instr -
{meters)

T dcpth_watci‘ V

dep

(meters) |

. instrtype

" dates

09 Sep 86 - 26 Jun 87

8606 62.895  -35.858 1980 2640 Aanderaa RCM5

8606 62.895  -35.858 2530 20640 Aanderaa RCM5 09 Sep 86 - 26 Jun 87
8607 03.430  -36.570 1536 2046 Aanderaa RCM35 09 Sep 86 - 20 Jun 87
8607 63.430  -36.570 1936 2046 Aanderaa RCMS 09 Sep 86 - 26 Jun 87

-36.972

instr-

(meters)

June 1987 - July 1988

- depthwater

depth instr type

{meters)

Aanderaa RCMS

§701 63.707 919 1220 26 Jun 87 -01 Jul 88
§701 63.707 -36.972 1120 1220 Aandcraa RCM5 20 Jun 87 - 01 Jul 88
§702 63.005 -37.032 1247 1648 Aanderaa RCMS 27 Jun 87 - 03 Oct 87
8702 03.005 -37.032 1548 1048 Aanderaa RCM3 27 Jun 87 - 01 Jul 88
8705 63.485 -36.290 1585 1986 Aanderaa RCMS5 27 Jun 87 - 30 Jun 88
8703 63.485 -36.290 1886 1986 Aanderaa RCMS5 27 Jun 87 - 30 Jun 88
8704 63.278 -35.893 1754 2355 Aanderaa RCMS 27 Jun 87 - 30 Jun 88
8704 63.278 -35.893 2255 2355 Aanderaa RCMS5 28 Jun 87 - 30 Jun 88
8705 03.117 -35.555 1869 2572 Aanderaa RCMS 28 Jun 87 - 30 Jun 88
8705 63.117 -35.555 2472 2572 Aanderaa RCM5 28 Jun 87 - 30 Jun 88
8706 62.902 -35.107 1903 2706 Aanderaa RCMS 28 Jun 87 -30 Jun 88
8706 62.902 -35.107 2606 2706 Aanderaa RCMS 28 Jun 87 -30 Jun 88
8707 02.640  -34.507 2032 2835 Aanderaa RCMS 28 Jun 87 - 30 Jun 88
8707 62.640 -34.507 2735 2835 Aandcraa RCMS 28 Jun 87 - 30 Jun 88

instr
‘(meters)

July 1988 - June 1989

depthiwater

depth

{meters)

instr type

dates

02 Aug 88 - 21 May 89

8§80t 63482  -36.298 1622 1984 Aanderaa RCMS5

8801 63.482  -36.298 1924 1984 Aanderaa RCM5 03 Jul 88 - 29 Jun 89
8801 63482  -36.298 1965 1984 Aanderaa RCMS5 03 Jul 88 - 29 Jun 89
8802 63.620  -36.730 1298 1660 Aanderaa RCMS5 03 Jui 88 -29 Jun 89
8802 03.620  -36.730 1641 1660 Aanderaa RCMS 03 Jul 88 - 29 Jun 89
8803 63.695  -30.987 998 1260 Aanderaa RCM7 03 Jul 88 - 02 Mar 89
8803 63.695  -36.987 1241 1260 Aanderaa RCM7 03 Jul 88 - 29 Jun 89
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8804 03378 -35870 1733 2345 Aanderaa RCMS 04 Jul 88 - 29 Jun 89
8804 03278  -35870 2285 2345 Aanderaa RCMS5 04 Jul 88 - 26 Aug 88
$804 03278  -35870 2320 2345 Aanderaa RCMS5 04 Jul 88 - 31 Jul 88

8805 63.118 -35.542 1895 2569 Aanderaa RCMS 04 Jul 88 -09 Jun 89
8805 03118 -35542 2509 2569 Aanderaz RCM5 04 Jul 88 - 29 Jun 89
8806 (62.907 -35.110 1871 27006 Aanderaa RCM3 04 Jul 88 - 28 Jun 89
8806 02.907 -35.110 20646 2706 Auanderaa RCMS 04 Jul 88 -28 Jun g9
8806 02907  -35.110 2687 2706 Aanderaz RCMS 04 Jul 88 - 20 Sep 88
%807 02.053  -34515 2052 2827 Aanderaa RCMS 04 Jul 88 - 28 Jun 89
8807 062.653  -34515 2767 2827 Aanderaa RCMS 04 Jul 88 - 28 Jun 89
8807 02.053  -34515 2808 2827 Aanderaa RCMS 04 Jul 88 - 28 Jun 89
$808 02337  -33810 2042 2917 Aanderaa RCMS 05 Jul $8 - 05 Feb 89
3808 62337 -33810 2857 2017 Aanderaa RCMS 0S Jul 88 - 26 Mar 89
$808 62.237  -33810 2898 2917 Aanderaa RCMS 05 Jul 88 - 26 Jun 89

July 1989 - August 1990

Instr - depthwater depth
(meters) (meters)

instr lﬁ'pc ) : dates

02 Jul 89 - 06 Mar 90

8906 62.783  -34.802 2421 2756 Aandcraa RCMS

8906 02.783  -34.802 2730 2756 Aanderaa RCM3 02 Jul 89 - 12 Nov 89
8907 063.000  -35.335 2229 2034 Aanderaa RCM3S 02 Jul 89 - 06 Mar 90
8907 63.000 -35.335 2571 2634 Aanderaa RCMS 02 Jul 89 - 06 Mar 90
8907 63.000  -35.335 2014 2034 Aandcraa RCMS 02 Jul 89 - 06 Mar 90
8908 63.202  -35.728 2026 2463 Aanderaa RCM5 02 Jul 89 - 06 Aug 90
8908 03.202  -35.728 2443 2463 Aanderaa RCM5 02 Jul 89 -22 Oct 89
$909 03.383  -30.088 1788 2153 Aanderaa RCM5 03 Jul 89 - 07 Mar 90
8909 063.383  -36.088 2090 2153 Aanderaa RCM3S 03 Jul 89 - 07 Mar 90
8909 63.385  -36.088 2133 2153 Aanderaa RCMS 03 Jul 89 - 07 Marvo
8910 63.557  -36.505 1402 1767 Aanderaa RCM4S 03 Jul 89 - 08 Mar 90
8910 63.557  -36.505 1704 1767 Aanderaa RCMS 03 Jul 89 - 00 Sep 89
$910 63.557  -36.505 1747 1767 Aanderaa RCMS 04 Jul 89 - 31 Oct 89
8911 03.057  -36.858 1180 1445 Aanderaa RCMS 04 Jul 89 - 05 Sep 89
8911 63.057  -36.858 1382 1445 Aanderaa RCMS 05 Jul 89 - 07 Mar 90
8911 63.657  -36.858 1425 1445 Aanderaa RCM3 05 Jul 89-19 Aug 89

March 1990 - July 1991

instr .~ depthwater * depth. ' .
(meters) (meters) ‘ Jnstr iype . . dates

64.750

-30.550

09 Mar 90 - 10 Jul 90

9001 1198 2200 Aanderaa RCMS5

9001 64.750  -33.550 1679 2200 Aanderaa RCM3 09 Mar 90 - 10 Jul 90
9001 64.750  -30.550 2180 2200 Aanderaa RCM5 09 Mar 90 - 10 Jul 90
9002 064.913 -30.668 1155 2005 Aandcraa RCMS5 09 Mar90 - 10 Jul 90
9002 04913 -30.668 1906 2005 Aanderaa RCMS5 09 Mar90 - 10 Jul 90
9002 04913 -30.668 1987 2005 Aandcraa RCM3 09 Mar90-10Jul 90
9003 65.165 -30.783 880 1500 Aanderaa RCMS 09 Mar90 - 10 Jul 90
9003 05.165 -30.783 1231 1500 Aanderaa RCM5 09 Mar 90 - 10 Jul 90
9003 65.165 -30.783 1482 1500 Aanderaa RCM3 09 Mar 90 - 10 Jul 90
9004 05.255 -30.848 750 1200 Aanderaa RCMS 09 Mar90 - 10 Jul 90
9004 65.255 -30.848 1182 1200 Aanderaa RCMS 09 Mar90 - 10 Jul 90
9005 05.298 -31.115 680 1080 Aanderaa RCMS 09 Mar90 - 10 Jul 90
9005 65.298 -31.115 981 1080 Aanderaa RCMS 09 Mar90 - 15 Apr 90
9005 65.298 -31.115 1062 1080 Aanderaa RCM3 09 Mar90 - 10 Jul 90
9006 63.622 -32.927 1634 2738 Aanderaa RCMS 12 Jul 90 - 30 Jul 91
9006 03.017 -32.927 2130 2738 Aandcraa RCM35 12Jul 90 - 30 Jul 91
9006 03.622 -32.927 2638 2738 Aandcraa RCMS 12Jut90- 12 Jul 91
9006 63.622 -32.927 2720 2738 Aanderaa RCM5 12 Jul 90 - 006 Sep 90
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9008 64272 -33.630 1249 2001 Aanderaa RCM3S 12 Jul 90 - 16 Jul 91

9008 64272 -33.630 1631 2001 Aanderaa RCMS5 12 Jul 90 - 20 Jul 91
9008 63.272 -33.630 1983 2001 Aanderaa RCMS 12 Jul 90-09 Jun 91
9009 064430 -33.780 1528 1731 Aanderaa RCMS 12 Jul 90 - 30 Jul 91
9009 64.430 -33.780 1670 1731 Aanderaa RCMS5 12 Jul 90 - 30 Jul 91
9009 64430  -33.780 1712 1731 Aanderza RCMS 12 Jul 90 - 21 Cct 90
9010 64.550  -33.927 992 1494 Aanderaa RCM4S 12Jul90-19 Jul 91
9010 64.550  -33.927 1394 494 Aanderaa RCM4S 12Jul90-13 Jul 90
9010 64550  -33.917 1476 1494 Aanderaa RCMS 12 Jul 90 - 30 Jul 91
9011 64720  -34.105 940 1142 Aanderza RCM4S 12 Jui 90 - 30 Jul 91
9011 64.720  -34.105 1124 1142 Aanderaa RCM3 12 Jul 90 - 30 Jul 91

February 1995 - November 1995

v -
" instr depth water

depth o sir type -

: (meters) ~ (meters)
9501 063.270  -35.868 2221 2323 Aanderaa RCM8 24 Feb 95 -29 Nov 95

9501 63270  -35808 2262 2323 Aanderaa RCM8 24 Feb 95 - 29 Nov 95
9501 63270  -358068 2303 2323 Aanderaa RCM8 24 Feb 95 - 29 Nov 95
9503 63.482  -36.307 1850 1952 Aanderaa RCM8 25 Feb 95 - 29 Nov 95
9503 63.482  -36.307 1891 1952 Aanderaa RCMS 25 Feb 95 - 29 Nov 95
9503 63482  -306.307 1032 1052 Aanderaa RCM8 25 Feb 95 - 29 Nov 95

December 1996 - August 1997

instr depth water depth. i
{meters) -(meters) Instr type . .datg.s

9603 63487  -36.278 1849 1949 Aanderaa RCM8 11 Dec 96 - 30 Jul 97

9603 63.487  -36.278 1849 1949 Aanderaa RCM8 30Jul97-18 Aug 97

9603 63.487  -36.278 1889 1949 Aanderaa RCM8 11 Dec 96 - 04 Apr 97
9603 63.487  -36.278 1929 1949 Aanderaa RCM8 11 Dec 96 - 25 Mar 97
9604 63.272  -35870 2223 2323 Aanderaa RCM8 11 Dec 96 - 18 Aug 97
9604 63272  -35870 2263 2323 Aanderaa RCM8 11 Dec 96 - 25 Mar 97
9604 63.272  -35870 2303 2323 Aanderaa RCM8 11 Dec 96 - 06 Apr 97

August 1997 - August 1998

" instr depthwater ~ depth

instr type,

{meters) (meters) ;
9702 63.553 -36.502 1683 1785 Aanderaa RCMS 19 Aug 97 - 20 Aug 98

9702 63.553  -36.502 1724 1785 Aanderaa RCM8 19 Aug 97 - 20 Aug 98
9702 63.553  -306.502 1765 1785 Aanderaa RCMS8 19 Aug 97 - 20 Aug 98
9703 63.477  -30.298 1892 1994 Aanderaa RCM8 19 Aug 97 - 20 Aug 98
9703 63.477  -36.298 1933 1994 Aanderaa RCM8 19 Aug 97 - 13 Apr 98
9703 63477  -36.298 1974 1994 Aanderaa RCM8 19 Aug 97 - 28 Jul 98

9704 63.365  -30.070 2085 2208 Aanderaa RCMS 19 Aug 97 - 21 Aug 98
9704 63.365  -36.070 2130 2208 Aanderaa RCM8 19 Aug 97 - 21 Aug 98
9704 63.365  -36.070 2188 2208 Aanderaa RCM8 19 Aug 97 - 21 Aug 98
9705 63.277  -35.858 2266 2368 Aandcraa RCM8 19 Aug 97 - 20 Aug 98
9705 63.277  -35.858 2307 2368 Aanderaa RCM8 19 Aug 97 - 06 Aug 98
9705 63.277  -35858 2348 2368 Aanderaa RCMS8 19 Aug 97 - 31 Jul 98

9706 63.117  -35538 2467 2590 Aanderaa RCM8 19 Aug 97 - 20 Aug 98
9706 63.117  -35.538 2518 2590 Aanderaa RCM8 19 Aug 97 - 20 Aug 98
9706 63.117  -35.538 2570 2590 Aanderaa RCM8 19 Aug 97 - 20 Aug 97
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98UK1
98UK]1
98UK 1
9SUK2
98UK2
98UK2

03.482
063.482
03.482
03.282
63.282
03.282

-36.302
-30.302
-36.302
-35.867
-35.867
-35.867

August 1998 - August 1999

Instr depthwater
(meters) {meters)
1877 1980
1918 1980
1960 1980
2254 2356
2295 2356
2336 2356

dchh

instr type

Aanderaa RCMS8
Aanderaa RCM8
Aanderaa RCMS
Aanderaa RCM8
Aanderaa RCMS
Aanderaa RCMS8

24 Aug 98 - 19 Aug 99
24 Aug 98- 19 Aug 99
24 Aug 98- 19 Aug 99
23 Aug 98- 19 Aug 99
24 Aug 98- 19 Aug 99
24 Aug 98 - 19 Aug 99

61.738
63.143
62.998
62.718
62.718
62.718
62.440
02.440
62.440
62.003
61.832
01.832

latitude

-15.398
-17.297
-17.109
-16.820
-16.820
-16.820
-16.471
-16.471
-16.471
-10.055
-15.623
-15.623

61
40 38 36 .34

Denmark Strait Overflow (ACM8)

mooring locations are shown inted

3%«&%’5‘ SR

oy mingectesi:

longitude

Iceland-Faroe Overflow

instr. depth water

(mclcrs)

2281 2291
1018 1028
1291 1301
1135 1800
1465 1800
1790 1800
1403 2056
1722 2056
2046 2056
2225 2235
1975 2300
2296 2306

© (meters)

(a part of WOCE component ACMS)

dt.plh

instr t\pe

Aanderaa RCMS
Aanderaa RCMS
Aanderaa RCMS
Aandcraa RCM3
Aanderaa RCMS
Aanderaa RCMS
Aandcraa RCMS
Aandceraa RCMS
Aanderaa RCMS
Aandcraa RCMS
Aanderaa RCMS
Aandcraa RCMS

15Jul 90 - 22 Aug 91
14 Jul 90 - 14 Aug 91
15 Jul 90 - 20 Aug 91
15Jul 90 - 22 Aug 91
15 Jul90 - 17 Jan 91

15 Jul 90 - 27 Jul 90

15Jul90 - 12 Apr 91
15 Jul 90 - 22 Aug 91
15 Jul90 - 22 Aug 91
15Jul 90 - 23 Aug 91
15Jul90 - 12 Jun 91

15Jul90 - 17 Aug 91
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Iceland-Faroe Qverflow

latitudle

longitude

German component of ACMS8
September 1991 - September 1992

instr depth water . depth.
o - (meters) P (meters) P nsir type
Al 59.140 -34.030 263 2855 Aanderaa RCM8 08 Sep 91 -01 Jun 92
Al 59.140 -34.030 876 2855 Aanderaz RCMS8 08 Sep 91 - 05 Sep 92
Al 59.140 -34.030 2088 2855 Aanderaa RCMS8 08 Sep 91 - 05 Sep 92
Al 59.140 -34.030 2551 2855 Aanderaa RCM8 08 Sep 91 - 05 Sep 92
Bl 59.000 -32.808 209 2110 Aanderaa RCMS 08 Sep 91 - 05 Sep 92
Bl 59.000 -32.808 822 2110 Aanderaa RCMS 08 Sep 91 - 05 Sep 92
Bl 59.000 -32.808 1534 2110 Aanderaa RCMS 08 Sep 91 - 05 Sep 92
BI 59.000 -32.808 1996 2110 Aanderaa RCMS 08 Scp 91 - 05 Sep 92
Fl1 52.340 -10.347 210 3510 Aanderaa RCMS 19 Sep 91 - 30 Aug 92
F1 52.340 -16.347 510 3510 Aanderaa RCMS 19 Sep 91 - 30 Aug 92
Fl 52.340 -16.347 810 3510 Aanderaa RCMS 19 Sep 91 - 30 Aug 92
Fi 52.340 -16.347 2010 3510 Aanderaa RCMS 19 Sep 91 - 29 Aug 92
Fl 52.340 -160.347 3460 3510 Aanderaa RCMS 19 Sep 91 - 19 Feb 92

August 1992 - October 1993

oinstr - depthwater - depth.
3 ; . (niclcrs) i - (meters) P .msxr type . .
A2 59.135  -34.073 861 2630 Aanderaa RCM4 05Sep 92-210ct 93
A2 59.135  -34.073 2063 2630 Aanderaa RCMS5 05Sep 92-210c193
A2 59.135  -34.073 2520 2030 Aanderaa RCM5 05Sep92-29Jun 93
£2 54.288 2 -25.857 175 3030 Aanderaa RCM4 028cp92-118ep 93
E2 54.288  -25.857 2825 3030 Aanderaa RCMS 02Scp92-14Sep 93
F2 52378 -16.362 181 3481 Aanderaa RCM4 30 Aug 92 - 05 Aug 93
F2 52.378  -10.302 481 3481 Aanderaa RCMS 30 Aug 92-10 Sep 93
F2 52378 -16.362 781 3481 Aanderaa RCMS 30 Aug 92 -05 Sep 93
F2 52.378  -16.362 1981 3481 Aanderza RCM5 30 Aug 92 -10 Sep 93
F2 52.378  -16.362 2981 3481 Aanderaa RCM8 30 Aug 92 -04 Sep 93
F2 52.378  -16.362 3431 3481 Aanderaa RCMS 30 Aug 92 -05 Aug 93




September 1993 - May 1994

mstr- - depthwater - dcplh'irlstr type dates

; ] ‘(meters) {(meters) o
23 54.413 -25.802 439 3299 Aanderaa RCMS 15 8Sep 93 -27 May 94
23 54413 -25.862 1040 3299 Aanderza RCM4 15 Sep 93 - 27 May 94

May 1994 - June 1995

instr depth water depth

- instrtype. - t
{meters) (meters) ¥pe dates

A4 59.152  -34.000 269 2850 Aanderaa RCM7 31 May 94 -10 Jun 95

Ad 59.152  -34.000 882 2850 Aanderaa RCM7 31 May 94 -10Jun 95
A4 59.152  -34.000 2092 2850 Aanderaa RCM8 31 May 94-10Jun 95
Ad 59.152 -34.000 2551 2850 Aanderza RCM8 31 May 94 - 02 Aug 94
E4 54422 -25.902 439 3300 Aanderaa RCMS 27 May 94 - 06 Jun 95
E4 54422 -25.902 1041 3300 Aanderaa RCMS 27 May 94 - 06 Jun 95
E4 54422 -25.902 3095 3300 Aanderaa RCMS 27 May 94 - 02 Jun 95

October 1995 - July 1996

‘instr depth.water depth: X .

. . (meters) . {meters) Emw pe :datm S
VEI 59.585 -41.162 2192 2312 Aandcraa RCMS8 03 Oct 95 -23 Jul 96
VEI 59.585 -41.162 2292 2312 Aanderaa RCMS8 03 0ct95-23Jul 96

July 1996 - August 1997

instr depth water.” depth
(meters) - (meters)

instr type _
VE21 59.418 -40.607 2567 2689 Aanderaa RCMS8 23 Jul 96 - 24 Aug 97

ACMS current meter moorings {(German.component)
depths are in meters

Iatitude, deg N

longitude, dog W



WOCE component ACM10
Brazil Basin northwestern boundary

instr . “depth water depth. N
(meters) (meters) mstrtype . dates

WHOI 936 0.836 -35.900 3297 4486 VACM 29Sep 92 -01 Jun 94

WHOI 936 0.836 -35.900 3890 4486 VACM 29Sep 92-01Jun 94
WHOI 936 0.836 -35.900 4096 4480 VACM 29Sep 92 -01 Jun 94
WHOI 936 0.836 -35.900 4297 4486 VACM 29Sep92-01Jun94
WHOI 937 0.502 -35.903 3900 4540 VACM 29 Sep 92 - 01 Jun 94
WHOI 937 0.502 -35.903 4100 4540 VACM 29Sep 92-01 Jun 94
WHOI 937 0.502 -35.903 4300 4540 VACM 29Sep 92-01 Jun 94
WHOI 938 -0.005 -35.991 2993 4536 VACM 30 Sep 92 - 31 May 94
WHOI 938 -0.005 -35.991 3293 4536 VACM 30 Sep 92 -31 May 94
WHOI 938 -0.005 -35.991 3593 4530 VACM 30 Sep 92 - 31 May 94
WHOI 938 -0.005 -35.991 3892 4536 VACM 30Sep 92 - 31 May 94
WHOI 938 -0.005 -35.991 4093 4536 VACM 30 Sep 92 - 31 May 94
WHOI 938 -0.005 -35.991 4292 4536 VACM 30 Sep 92 - 31 May 94
WHOI 938 -0.005 -35.991 4485 4536 VACM 30 Sep 92 - 31 May 94
WHOI 939 -0.501 -35.901 3885 4485 VACM 01 Oct 92 - 31 May 94
WHOI 939 -0.501 -35.90! 4085 3485 VACM 01 Oct 92 - 31 May 94
WHOI 939 -0.501 -35.901 4285 4485 VACM 01 Oct 92 - 31 May 94
WHOI 940 -0.980 -35.932 3907 4396 VACM 02 Oct 92 - 30 May 94
WHOI 940 -0.980 -35.932 4107 4396 VACM 02 Oct 92 - 30 May 94
WHO! 940 -0.980 -35.932 4307 4396 VACM 02 Oct 92 - 30 May 94
WHOI 94] -1.332 -36.082 3899 4449 VACM 02 0ct92-03 Jun 94
WHOI 941 -1.332 -36.082 4099 4449 VACM 02 0ct 92-03 Jun 94

ACM10 current meter moorings
. depths are in meters .

latitude

longitude

39}
(=]
N



WOCE component ACM11
Romanche and Chain Fracture Zones

" instr depth water . depth. )
: - {meters) P (meters) - i nstr iype

R1 0.728 -14.767 1700 4235 Aanderaa RCMS 17 Nov 92 - 31 Oct 94

R1 0.728 -14.767 2000 4235 Auanderaa RCMS 17 Nov 92-31 Oct 94

Rl 0.728 -14.767 2800 4235 Aanderaa RCMS 17 Nov 92 - 31 Oct 94

R1 0.728 -14.767 3750 4235 Aanderaa RCM8 17 Nov 92-31 Oct 94

Rl 0.728 -14.767 3950 4235 Aanderaa RCMS5 17 Nov 92 - 31 QOct 94

R1 0.728 -14.767 4100 4235 Aanderaa RCMS8 17 Nov 92 - 31 Oct 94
R3 0.087 -14.765 3950 4375 Aanderaa RCM3S 18 Nov 92-31 Oct 94
R3 0.687 -14.765 4100 4375 Aanderaa RCM8 18 Nov 92 - 3] Oct 94

R3 0.087 -14.765 4200 4375 Aanderaa RCMS 09 May 93 - 31 Oct 94
R3 0.087 -14.765 4315 4375 Aanderaa RCM8 18 Nov 92-31 Oct 94
R4 0.663 -14.763 {700 4325 Aanderaa RCM5 18 Nov 92 - 01 Nov 93
R4 0.663 -14.763 2000 4325 Aanderaa RCMS8 18 Nov 92 -01] Nov 94
R4 0.663 -14.763 3200 4325 Aanderaa RCM8 18 Nov 92-01 Nov 94
R4 0.063 -14.763 3750 4325 Aanderaa RCMS 18 Nov 92-01 Nov 94
R4 0.663 -14.763 3950 4325 Aanderaa RCMS 18 Nov 92-01 Nov 94
R4 0.663 -14.763 4100 4325 Aanderaa RCMS 18 Nov 92-01 Nov %4
R4 0.063 -14.763 4265 4325 Aanderaa RCM8 18 Nov 92-01 Nov 934
Cl -0.870  -13.538 1700 4225 Aanderaa RCM5 19 Nov 92 - 02 Nov 94
Cl -0.870  -13.538 2000 4225 Aanderaa RCM8 19 Nov 92 -02 Nov 94
Cl -0.870  -13.538 2800 4225 Aanderaa RCMS5 19 Nov 92-02 Nov 94
Cl -0.870  -13.538 3750 4225 Aanderaa RCMS 19 Nov 92 -02 Nov 94
Cl -0.870  -13.538 3950 4225 Aanderaa RCMS 19 Nov 92 -02 Nov 94
C1 -0.870  -13.538 4100 4225 Aanderaa RCMS8 19 Nov 92 - 02 Nov 94
Cl -0.870  -13.538 4165 4225 Aanderaa RCMS5 19 Nov 92 - 26 Jul 94

C2 -0.898  -13.520 3950 4625 Aanderaa RCMS8 19 Nov 92- 02 Nov 94
Cc2 -0.898  -13.520 4100 40625 Aanderaa RCM5 19 Nov 92-02 Nov 93
2 -0.898 -13.520 4230 4625 Aandcraa RCMS 19 Nov 92 -02 Nov 94
2 -0.898  -13.520 43065 4625 Aanderaa RCMS 19 Nov 92 - 02 Nov 94
Cc2 -0.898  -13.520 4550 40625 Aanderaa RCM8 19 Nov 92-02 Nov 94
C3 -0.915  -13.508 3950 4425 Aanderaa RCM8 20 Nov 92 -03 Nov %4
C3 -0.915 -13.508 4100 4425 Aanderaa RCMS 20 Nov 92 - 03 Nov 94
C3 -0915  -13.508 4230 4425 Aanderaa RCMS 20 Nov 92-03 Nov 94
C3 -0.915  -13.508 4365 4425 Aanderaa RCM5 20 Nov 92-03 Nov 94
(e24 -0.933  -13.500 1700 4160 Aanderaa RCM5 20 Nov 92 -03 Nov 94
C4 -0.933  -13.500 2000 4160 Aanderaa RCMS 20 Nov 92-03 Nov 94
C4 0.933  -13.500 3200 4160 Aanderaa RCMS 20 Nov 92-03 Nov 94
C4 -0.933  -13.500 3750 4160 Aanderaa RCM$ 20 Nov 92-03 Nov 94
Cc4 -0.933  -13.500 3950 4160 Aanderaa RCMS 20 Nov 92-03 Nov 94
ca -0.933  -13.500 4100 4160 Aanderaa RCMS 20 Nov 92-03 Nov 94

ACM11 current meter moorings
- depths are in km

Intitude




The Subduction experiment produced 232 current meter and temperature records from 35

WOCE component ACM25/26 (Subduction)

moorings, each of which was occupied three times.

Center 1
Center 1
Center |
Center |
Center |
Center 1
Center !
Center 1
Center 1
Center 1

25.532
25.532
25.532
25.532
25.532
25.532
25.532
25.532
25.532
25.532

-28.953

-28.953
-28.953
-28.953
-28.953
-28.953
-28.953
-28.953
-28.953
-28.953

latitude

instr. depthwatér  depth

ACM25/26 current meter moorings
depths are in meters

longitude .

ACM25 Center Mooring
June 1991 - February 1992

- . instr type
(meters) - (meters)- ‘ P

10 5670 VMCM
50 5670 VMCM
60 3670 Branker Temp Recorder
70 5670 VMCM
80 5670 Branker Temp Recorder
100 5670 Branker Temp Recorder
110 5670 VMCM
130 5670 Branker Temp Recorder
1500 5670 VMCM
3500 5670 VMCM

-dates

23Jun91 -11 Feb 92
23Jun91 - 11 Feb 92
23Jun 9l - 11 Feb 92
23 Jun 9l - 11 Feb 92
23 Jun 91 - 11 Feb 92
23Jun91 -11 Feb 92
23Jun 91l - 11 Feb 92
23Jun9l - 11 Feb 92
23Jun 9l - 11 Feb 92
23Jun 9! - 11 Feb 92

Center 2
Center2
Center2
Center2
Center2
Center2
Center 2
Center2

25.532
25.532
25.532
25.532
25.532
25.532
25.532
25.532

lon

28953

-28.953
-28.953
-28.953
-28.953
-28.953
-28.953
-28.953

~instr depth'water  depth

February 1992 - October 1992

instr type

(meters) {meters) . )
1 5670 Branker Temp Recorder

10 5670 VMCM

30 5670 VMCM

50 5670 VMCM

60 5670 Branker Temp Recorder

70 5670 VMCM

80 5670 Branker Temp Recorder

90 5670 VMCM

dates

12 Feb 92 - 14 0ct 92
12 Feb 92 - 14 Oct 92
12 Feb 92 - 14 Oct 92
12 Feb 92 -01 Aug 92
12 Feb 92 - 14 0c1 92
12 Feb 92 - 13 0ct 92
12 Feb 92 - 14 Oct 92
12 Feb 92 - 14 Oct 92




Center2 25532 28953 100 5670 Branker Temp Recorder 12 Feb 92 - 14 Oc192
Center2 25.532 228953 110 5670 VMCM 12 Feb 92 - 14 0Oc192
Center 2 25532 -28953 130 5670 Branker Temp Recorder 12 Feb 92 - 14 Oct 92
Center2 25.532 -28953 150 5670 VMCM 12 Feb 92 - 14 Oct 92
Center2 25532 -28953 200 5670 VMCM 12 Feb 92-140c192
Center 2 25.532 28953 300 5670 VMCM 12 Feb 92 - 14 Oct 92
Center 2 25.532  -28.953 310 5670 VMCM 12 Feb 92 - 14 Oc1 92
Center2 25532 28953 400 5670 Branker Temp Recorder 12 Feb 92 - 14 0c192
Center2 25.532  -28953 580 5670 Branker Temp Recorder 12 Feb 92 - 14 Oct 92
Center 2 25.532 -28.953 1500 5670 VMCM 12 Feb 92 - 14 Oc1 92
Center2 25532 -28953 3500 5670 VMCM 12 Feb 92 - 14 Oc1 92
October 1992 - June 1993

instr depthwater .
(meters) - (meters)

dcpmvinsna npe ) ... - dates

-28.953

150c192-16Jun93

Center 3 25.532 1 5670 Branker Temp Recorder

Center 3 25532 28953 10 5670 VMCM 150ct92-16Jun93
Center 3 25532 -28953 30 5670 VMCM 150c192 - 16 Jun 93
Center 3 25532  -28953 50 5670 VMCM 150ct92-16Jun 93
Center 3 25.532 28953 060 5670 Branker Temp Recorder 150ct92-16Jun93
Center 3 25532 28953 70 5670 VMCM 150ct92-15Jun 93
Center 3 25532 -28953 80 5670 Branker Temp Recorder 150ct92-07 Jun 93
Center 3 25.532 -28953 90 5670 VMCM 150c192-16Jun 93
Center 3 25532 -28953 100 5670 Branker Temp Recorder 150ct92-16Jun 93
Center 3 25.532  -28953 110 5670 VMCM 150ct92-16Jun93
Center 3 25532 -28953 130 5670 Branker Temp Recorder 150ct92-16Jun93
Center 3 25.532  -28953 200 5670 VMCM 150ct92-16Jun 93
Center 3 25.532 -28953 300 5670 VMCM 150ct92 - 16 Jun 93
Center 3 25.532 28953 310 5670 VMCM 150ct92-16Jun93
Center 3 25.532 28953 400 5670 Branker Temp Recorder 150ct 92 -07 Jun 93
Center 3 25532 -28953 580 5670 Branker Temp Recorder 150ct 92 - 07 Jun 93
Center 3 25.532  -28953 750 5670 VMCM 150ct92-16Jun93
Center 3 25.532  -28.953 1500 5670 VMCM 150¢192-16Jun93
Center 3 25.532  -28953 3500 5670 VMCM 150ct92-16 Jun 93

ACM25 Northeast Mooring
June 1991 - February 1992

instr type

mooring instr depthwater © depth

name . lat fon (meters) (meters) . fdatcs D

Northeast 1 33.001  -21.996 10 5274 VMCM 18 Jun 91 - 14 Feb 92
Northeast | 33.001  -21.990 30 5274 VMCM 18 Jun 91 - 14 Feb 92
Northeast 1 33.000  -2199 50 5274 VMCM 18 Jun 91 - 14 Feb 92
Northeast | 33.001  -21.996 80 5274 Brancker Temp Recorder 18 Jun 91 - 14 Feb 92
Northeast 1 33.001 -21.996 90 5274 VMCM 18Jun 91 - 13 Feb 92
Northeast 1 33.001  -21996 130 5274 Brancker Temp Recorder 18Jun91 - 14 Feb 92
Northeast 1 33.001  -21.996 150 5274 VMCM 18 Jun 91 - 14 Feb 92
Northeast 1 33.001  -21.996 200 5274 VMCM 18 Jun 91 - 14 Feb 92

February 1992 - October 1992

. dnstr depthwater  depth

{meters)’ (meters)
-22.004 1 5274
-22.004 10 5274

st ot .nstrt}'pg'“‘"_” .. .

20 Feb 92 - 01 Oct 92
20 Feb 92 - 01 Oct 92

33.003
33.003

Northeast 2
Northeast 2

Brancker Temp Recorder
VMCM




Northeast 2 33.003 -22.004 30 5274 VMCM 20 Feb 92 - 01 Oc1 92

Northeast 2 33.003 -22.004 50 5274 VMCM 20 Feb 92 - 01 Oct 92
Northeast 2 33.003 -22.004 00 5274 Brancker Temp Recorder 20 Feb 92 - 01 Oc1 92
Northeast 2 33.003 -22004 70 5274 VMCM 20 Feb 92 - 01 Oct 92
Northeast 2 33.003 -22.004 80 5274 Brancker Temp Recorder 20 Feb 92 - 01 Oct Y2
Northeast 2 33.003 -22004 90 5274 VMCM 20 Feb 92 - 01 Oct 92
Northeast 2 33.003 -22.004 100 5274 Brancker Temp Recorder 20 Feb 92 - 01 Oct1 92
Northeast 2 33.003 -22.004 110 5274 VMCM 20 Feb 92 - 01 Oct 92
Northeast 2 33.003 -22.004 130 5274 Brancker Temp Recorder 20 Feb 92 - 01 Oct 92
Northeast 2 33.003 -22.004 150 5274 VMCM 20 Feb 92 - 01 Oct 92
Northeast 2 33.003  -22.004 200 5274 VMCM 20 Feb 92 - 01 Oct 92
Northeast 2 33.003 -22.004 300 5274 Brancker Temp Recorder 20 Feb 92 - 01 Oct 92
Northeast 2 33.003 -22.004 400 5274 Brancker Temp Recorder 20 Feb 92 - 04 May 92
Northeast 2 33.003 -22.004 580 5274 Brancker Temp Recorder 20 Feb 92 - 01 Oc1 92
October 1992 - June 1993

‘instr . depthWater depth,

(meters) (meters) - instetype

Northeast 3 33.001  -21.996 1 5274 Brancker Temp Recorder 02 Oct 92 - 07 Jun 93

Northeast 3 33.001 -21.996 10 5274 VMCM 02 Oct 92 - 14 Jun 93
Northeast 3 33.001  -21996 30 5274 VMCM 020ct92-11 Apr93
Northeast 3 33.001  -21.996 50 5274 VMCM 020ct92-11 Apr93
Northeast 3 33.001 21996 060 5274 Brancker Temp Recorder 02 Oct 92 - 07 Jun 93
Northeast 3 3300t -21996 70 5274 VMCM 020ct92-14Jun 93
Northeast 3 33001 -21.99 80 5274 Brancker Temp Recorder 02 Oct 92 -07 Jun 93
Northeast 3 33.000  -21.996 90 5274 VMCM 02 Oct 92 - 14 Jun 93
Northeast 3 33.001 -21.996 100 5274 Brancker Temp Recorder 02 0ct 92 -07 Jun 93
Northeast 3 33.001  -21.990 110 5274 VMCM 020ct92 - 14 Jun 93
Northeast 3 33.001 -21.996 130 5274 Brancker Temp Recorder 02 Oct 92 - 07 Jun 93
Northeast 3 33.001  -2199 150 5274 VMCM 02 Oct 92 - 14 Jun Y3
Northeast 3 33.001  -21.996 200 5274 VMCM 020ct92-14Jun93
Northeast 3 33.001 -21.996¢ 300 5274 Brancker Temp Recorder 020ct92-07Jun 93
Northeast 3 33.001 -21.996 400 5274 Brancker Temp Recorder 02 Oct 92 - 14 Jun 93
Northeast 3 33.001 -21.996 580 5274 Brancker Temp Recorder 020ct 92 - 14 Jun Y3
Northeast 3 33.001 -21.996 750 5274 Brancker Temp Recorder 020ct 92 - 14 Jun 93
Northeast 3 33.001 -21996 1500 5274 Brancker Temp Recorder 02 0ct 92 - 14 Jun 93
ACM25 Northwest Mooring
July 1991 - August 1991

mooring - - . S dnstr © depthwater - depth

instr fype

name . : (meters) {(meters) : _ . :

Northwest 1 32910 -33892 10 3608 Brancker Temp Recorder 03 Jul 91 - 02 Aug 91
Northwest 1 32910 -33.892 30 3608 Brancker Temp Recorder 03 Jul 91 - 02 Aug 91
Northwest 1 32910 -33.892 50 3608 Brancker Temp Recorder 03 Jul 91 - 22 Jul 91
Northwest 1 32910 -33892 70 3608 Brancker Temp Recorder 03 Jul 91 - 02 Aug 91
Northwest 1 32910 -33892 80 3608 Brancker Temp Recorder 03 Jul 91 - 02 Aug 91
Northwest 1 32910 -33.892 90 3608 Brancker Temp Recorder 03 Jul 91 -02 Aug 91
Northwest 1 32910 -33892 110 3608 Brancker Temp Recorder 03 Jul 91 - 02 Aug 91
Northwest | 32910 -33.892 150 3608 VMCM 03 Jul 91 - 02 Aug 91
Northwest | 32910 -33.892 200 3608 VMCM 03 Jul 91 - 02 Aug 9!




Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2
Northwest 2

32.907
32907
32.907
32.907
32.907
32.907
32.907
32.907
32.907
32.907
32.907
32.907
32.907
32.907
32.907
32.907
32.907

-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889
-33.889

February 1992 - October 1992

-instr .

{meters)
1

10
30
50
60
70
80
92
100
110
130
150
300
400
580
750
1500

. depthwater

depth

(meters)

3608
3608
3608
3608
30608
3608
3608
3608
3608
3008
3608
3608
3608
3608
3608
3608
3608

nstr npe.

Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
VMCM

Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder

24 Feb 92 - 23 Oct 92

24 Feb92-23 0c1 92
24 Feb 92-23 Oct 92
24 Feb 92 - 23 Oct 92
24 Feb 92-23 Oct 92
24 Feb 92 -23 Oct 92
24 Feb 92 - 23 Oct 92
24 Feb 92-23 Oct 92
24 Feb 92-23 Oct 92
24 Feb 92-23 0ct 92
24 Feb 92 - 23 Oct 92
24 Feb 92- 17 Jun 92
24 Feb 9223 Oct 92
24 Feb 92-23 0ct 92
24 Feb 92 -23 Oct 92
24 Feb 92-23 Oct 92
24 Feb 92 -23 Oct 92

Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3
Northwest 3

32.906
32.906
32.906
32.906
32.900
32.906
32.9006
32.900
32.906
32.900
32.900
32.900
32.900
32.9006
32.900
32.906
32.906
32.906

lon

-33.803
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893
-33.893

October 1992 - March 1993

Tnstr -
. {meters)

10
30
50
60
70
80
90
100
110
130
150
200
300
400
580
750
1500

’ depthwater .

{meters)

3608
3608
3608
3608
3608
3608
3608
30608
3608
3608
3608
3608
3608
3608
3608
3608
3608
3608

depth’.

instr type-

Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
VMCM

VMCM

Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder

dates

240ct92-12 Mar 93

240ct92-12Mar 93
24 0c192- 12 Mar 93
240c192-12Mar 93
240ct92-12 Mar 93
240ct92-12 Mar 93
24 0ct92-12Mar 93
24 0ct92-12Mar 93
230ct92-12 Mar 93
230ct92-12Mar 93
24 0ct92 - 12 Mar 93
24 0ct92- 12 Mar93
23 0ct92 - 12 Mar 93
24 0ct 92 -12 Mar 93
24 0c¢t92-12Mar 93
230ct92-12Mar 93
24 0¢t 92 -12Mar 93
24 0ct92-12Mar 93




mooring
name -
Southcast 1
Southeast 1
Southeast 1
Southeast }
Southeast ]
Southeast 1
Southeast 1
Southeast 1
Southeast 1
Southeast 1
Southeast i
Southeast |

18.002
18.002
18.002
18.002
18.002
18.002
18.002
18.002
18.002
18.002
18.002
18.002

lon

-22.000
-22.000
-22.000
-22.000
-22.000
-22.000
-22.000
-22.000
-22.000
-22.000
-22.000
-22.000

ACM25 Southeast Mooring
June 1991 - October 1991

;inéu

(meters)
10
70
80
90
100
110
130
150
200
300
400
750

depth water
- (meters)

3297
3297
3297
3297
3297
3297
3297
3297
3297
3297
3297
3297

depth

instr type

VMCM

Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder

29 Jun91 - 29 Sep 9!
29Jun9] - 09 Oct 91
29Jun91 - 09 Oct 91
29 Jun91 - 09 Oct 91
29 Jun91 - 09 Oct 91
01 Jul 91 - 30 Sep 91
01 Jul 91 - 30 Sep 91
01 Jul 91 - 30 Sep 91
01 Jul 91 - 30 Sep 91
01 Jul 91 - 30 Sep 91
Ol Jut 91 - 30 Sep 91
01 Jul 91 - 30 Sep 91

February 1992 - October 1992

" instr

(meters). -

depthwater
[(meters)

- dep !h instr type

Southcast 2
Southeast 2
Southeast 2
Southeast 2
Southeast 2
Southeast 2
Southeast 2
Southeast 2
Southeast 2

17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995

-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005

10
30
50
60
70
100
580
1500

3297
3297
3297
3297
3297
3297
3297
3297
3297

Brancker Temp Recorder
VMCM
VMCM
VMCM
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder

09 Feb 92 - 06 Oct 92
09 Feb 92 - 06 Oct 92
09 Feb 92 - 06 Oct 92
09 Feb 92 - 03 Jun 92
09 Feb 92 - 06 Oct 92
09 Feb 92 - 06 Oct 92
09 Feb 92 - 06 Oct 92
09 Feb 92 - 06 Oct 92
09 Feb 92 - 06 Oct 92

October 1992 - June 1993

nstr

(mcters)

depthwater
(meters)

depth.

instr type

Southeast 3
Southeast 3
Southeast 3
Southcast 3
Southeast 3
Southeast 3
Southeast 3
Southeast 3
Southeast 3
Southeast 3
Southeast 3
Southeast 3
Southeast 3
Southeast 3
Southeast 3
Southeast 3

17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995
17.995

-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005
-22.005

10
30
50
60
80
90
110
130
150
200
300
400
580
750
1500

3297
3297
3297
3297
3297
3297
3297
3297
3297
3297
3297
3297
3297
3297
3297
3297

Brancker Temp Recorder
VMCM

VMCM

VMCM

Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder

07 Oct92-07 Jun 93
07 0ct92- 19 Jun 93
07 Oct92-19 Jun 93
07 Oct92-19 lun 93
07 Oct92 - 07 Jun 93
07 0ct92-19 Jun 93
07 0ct92-19 Jun 93
07 Oct92- 19 Jun 93
07 0c¢t92 - 19 Jun 93
07 0ct92-19 Jun 93
07 0ct92-19 Jun 93
07 0ct92-19Jun 93
07 Oct92-19 Jun 93
07 Oct92 - 07 Jun 93
07 0ct92-19 Jun 93
07 Oct92-07 Jun 93
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Southwest |
Southwest 1
Southwest |
Southwest 1
Southwest |
Southwest |
Southwest 1
Southwest }
Southwest 1
Southwest 1
Southwest 1
Southwest |
Southwest 1
Southwest 1

18.000

18.000
18.000
18.000
18.000
18.000
18.000
18.000
18.000
18.000
18.000
18.000
18.000
18.000

: loﬁ.

-33.993
-33.993
-33.993
-33.993
-33.993
-33.993
-33.993
-33.993
-33.999
-33.993
-33.993
-33.999
-33.999
-33.993

ACM25 Southwest Mooring

June 1991 - November 1991

instr depth water
T (meters)

10
30
50
60
70
80
90
100
130
150
200
300
400
580

5300
5300
5300
5300
5300
5300
5300
5300
5300
53060
5300
5300
5300
5300

depxh'
(meters)” 7

InSraype ..o
VMCM

VMCM

VMCM

Brancker Temp Recorder
VMCM

Brancker Temp Recorder
VMCM

Brancker Temp Recorder
Brancker Temp Recorder
VMCM

VMCM

Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder

S _d;nes ..

25 Jun 91 - 02 Nov 91
25 Jun 9l - 02 Nov 91
25 Jun 91 - 02 Nov 9}
25 Jun91 - 02 Nov 91
25 Jun 91 - 02 Nov 91
25 Jun 91 - 02 Nov 91
25 Jun91 - 02 Nov 9!
25Jun 91 - 02 Nov 91
25 Jun 91 - 02 Nov 91
25 Jun 91 - 02 Nov 91
25Jun91 - 02 Nov 9]
25 Jun 91 -02 Nov 91
25 Jun 91 - 02 Nov 91
25 Jun 91! - 02 Nov 91

Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2
Southwest 2

17.999

17.999
17.999
17.999
17.999
17.999
17.999
17.999
17.999
17.999
17.999
17.999
17.999
17.999
17.999

-34.011
-34.011
-34.011
-34.011
-34.011
-34.011
-34.011
-34.011
-34.011
-34.011
-34.011
-34.011
-34.011
-34.011
-34.011

February 1992 - June 1992

instr depthwater

T {meters)

10
30
50
60
70
80
90
110
130
150
200
300
580
1500

depth

{meters)’

5300
5300
5300
5300
5300
5300
5300
5300
5300
5300
5300
5300
5300
5300
5300

Instr @m

Brancker Temp Recorder
VMCM
VMCM
VMCM
Brancker Temp Recorder
VMCM
Brancker Temp Recorder
VMCM
VMCM
Brancker Temp Recorder
VMCM
VMCM
Brancker Temp Recorder
Brancker Temp Recorder
Brancker Temp Recorder

05 Fch 92 -03 Jun 92
05 Feb 92-03 Jun 92
05 Feb 92 -03 Jun 92
05 Feb92-03Jun92
05 Feb 92 -03 Jun 92
05 Feb92-03Jun 92
05 Feb 92 -03Jun 92
05 Feb 92 -03 Jun 92
035 Feb92-03Jun 92
05 Feb92-03Jun 92
05 Fecb 92-03Jun 92
05 Feb92-03Jun 92
05 Feb 92 - 23 Feb 92
05 Feb 92 - 23 Feb 92
05 Feb 92 -23 Feb 92

Southwest 3
Southwest 3
Southwest 3
Southwest 3
Southwest 3
Southwest 3
Southwest 3
Southwest 3
Southwest 3
Southwest 3
Southwest 3
Southwest 3

18.093
18.093
18.093
18.093
18.093
18.093
18.093
18.093
18.093
18.093
18.093
18.093

-33.900
-33.900
-33.900
-33.900
-33.900
-33.900
-33.900
-33.900
-33.900
-33.900
-33.900
-33.900

October 1992 - May 1993

instr “depth water

(meters)

10
30
50
60
70
90
100
110
130
150
200

depth

(meters)

5300
5300
5300
5300
5300
5300
5300
5300
5300
5300
5300
5300

instr type

Brancker Temp Recorder
VMCM
VMCM
VMCM
Brancker Temp Recorder
VMCM
VMCM
Brancker Temp Recorder
VMCM
Brancker Temp Recorder
VMCM
VMCM

dates

11 Oct 92 - 19 Feb 93

1 Oct 92 -21 May 93
11 Oct92 - 21 May 93
11 Oct92-21 May 93
11 Oct92-21 May 93
11 0ct92 -21 May 93
11 0ct92-21 May 93
11 Oct 92 - 19 Feb 93
11 Oct92-21 May 93
11 Oct92 - 21 May 93
11 Oct92-21 May 93
11 0ct92-2]1 May 93




Southwest 3 18.093  -33.900 300 5300 Brancker Temp Recorder 11 0ct 92 -21 May 93

Southwest 3 18.093  -33.900 400 5300 Brancker Temp Recorder 11 Oct92 - 19 Feb 93

Southwest 3 18.093  -33.900 750 5300 Brancker Temp Recorder 11 Oct 92 - 19 Feb 93

Southwest 3 18.093  -33.900 1500 5300 Brancker Temp Recorder 11 Oct92 - 19 Feb 93
WOCE component ACM27

(part of the MORENA Project)

MORENA current meter moorings
depths are in km

latitude, deg N

longitude, deg W -

May 1993 - May 1994

instr depthwater © depth. R
y : C : ‘dates
name Vot ' (meters) . {meters) imstrt}pc jcate

Mooring A 42.267 -10.150 56 2700 Aanderaa RCM4S 29 May 93 - 04 May 94
Mooring A 42.267 -10.150 256 2700 Aanderaa RCM4S 29 May 93 - 04 May 94
Mooring A 42.267 -10.150 1156 2700 Aanderaa RCM4S 29 May 93 - 04 May 94
Mooring A 42.267 -10.150 2000 2700 Aanderaa RCM7 29 May 93 - 04 Mar 94

May 1994 - November 1994

a :lén instr - depthwater. © .depth

, . {meters) {meters) © instriype o dates ) :
Mooring B 42218 9802 337 2337 Aanderaa RCM4S 06 May 94 - 17 Nov 94
Mooring B 42218 -9.802 837 2337 Aanderaa RCM4S 07 May 94 - 15 Nov 94
Mooring B 42.218 -9.802 2037 2337 Aandcraa RCM7 06 May 94 - 17 Nov 94
Mooring C 42218 -9.509 338 1338 Aandcraa RCM4S 06 May 94 - 16 Nov 94
MooringC 42218 -9.509 838 1338 Aandecraa RCM4S 07 May 94 - 14 Nov 94
Mooring C 42218 -9.509 1238 1338 Aanderaa RCM7 07 May 94 - 16 Nov 94




WOCE component ACM28
(part of the MORENA Project)

MORENA current meter moorings
depths are in km

latitude, deg N

longitude. deg W

Instr depthiwater depth. :

(meters) ‘p {(meters) P Instriype .da‘tes- v
Mooring A 40.999 -9.475 294 1293 Aanderaa RCM7 31 May 93 -23Jun 93
Mooring A 40.999 -9.475 794 1293 Aanderaa RCM7 31 May 93 -17 Jul 93
Mooring A 40.999 9475 1194 1293 Aanderaa RCM7 31 May 93 - 31 May 95
Mooring B 41.003 -9.748 843 2543 Aanderaa RCM7 30 May 93 -01 Jun 95
Mooring B 41.003 -9.748 1243 2543 Aanderaa RCM7 30 May 93 - 01 Jun 95
Mooring B 41.003 -9.748 2243 2543 Aanderaa RCMS8 30 May 93 -01 Jun 95
Mooring C 41.016 -10.254 885 4085 Aanderaa RCMS8 22 Nov 93-19 Sep 94
Mooring C 41.016  -10.254 1285 4085 Aanderaa RCM7 22 Nov 93-19 Scep 94
Mooring C 41016  -10.254 3085 4085 Aandcraa RCMS$ 22 Nov 93-19Scp 94
Mooring D 41.036  -10.908 153 3853 Aanderaa RCM4S 22 Nov 93-19 Sep 94
Mooring D 41.036  -10.908 653 3853 Aanderaa RCM7 22 Nov 93 -19 Sep 94
Mooring D 41.036  -10908 2853 3853 Aanderaa RCM8 22 Nov 93 - 19 Sep 94

WOCE component ACM29
(Labrador Sea)
ACM9 current meter moorings
depths ate In km

fatitude, 409 n

longitude, deg W
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May 1994 - June 1995

instr
‘{meters)

1168 56.753  -52.455 110
1168 56.753  -52.455 760
1168 56.753  -52.455 1260
1168 56.753  -32.455 1760
1168 56.753  -52455 2510
1168 56.753  -52.455 3476

depth water

(meters)
3510
3510
3510
3510
3510
3510

depth

instr ype

Aanderaa RCMS8
Aanderaa RCMS8
Aanderaa RCM8
Aanderaa RCMS8
Aanderaa RCM8
Aanderaa RCM$§

29May 94 - 13 Jun 95
29May 94 - 13 Jun 95
29May94-13Jun 95
29 May 94 - 13 Jun 95
29May 94 -13Jun95
29 May 94 - 13 Jun 95

June 1995 - May 1996

instr
: . -~ {meters)
-52.456 102

1194 56.752

1194 56.752  -52456 2502
1194 56.752  -52.456 3408
1200 55.122  -54.096 1000

" depth water
* (meters)

3502
3502
3502
1067

depth,

instr type’

Aanderaa RCM8
Aanderaa RCM8
Aanderaa RCM8
Aanderaa RCMS8

* dates

13Jun 95-21 May 96
13Jun 95-21 May 96
13 Jun 95 - 21 May 96
12 Jun 95 - 19 May 96

May 1996 - June 1998

instr
: . (meters)
-54.085 980

1227 55.120

1226 56.744 52444 763
1226 56.744 -52.444 1263
1226 56.744 52444 2513
1226 56.744 52444 3479
1244 55479 -53.655 201
1244 55.479  -53.655 100!
1244 55479  -53.655 1501
1244 55479  -53.655 2751
1255 56.725  -52.482 1750
1255 56.725  -52.482 2500
1256 55.122 54087 980

‘ depthiwater

(meters)
1000
3513
3513
3513
3513
2801
2801
2801
2801
3518
3518
1061

depth .

instr type .

Aanderaa RCMS

Aanderaa RCM5
Aanderaa RCM35
Aanderaa RCMS5
Aanderaa RCM5
Aanderaa RCMS
Aandcraa RCMS
Aanderaa RCM5
Aandcraa RCMS5
Aanderaa RCM8
Aanderaa RCM8
Aandcraa RCMS8

'dates

19 May 96 - 27 May 97
24 Oct 96 - 24 May 97
24 Oct 96 - 24 May 97
24 0ct 96 - 24 May 97
24 0ct 96 - 24 May 97
210c196-27 Jun 98
21 0ct96-27 Jun 98
21 Oct96-27 Jun 98
21 Oct 96 - 27 Jun 98
25 May 97 - 04 Jun 98
26 May 97 - 30 Jun 98
27 May97-27 Jun 98

Pre-WOCE Atlantic Ocean data

The following are the datasets that were available for the pre-WOCE period. These are

roughly ordered by time, with the earliest experiments at the top of the list.

Rise Array (northwest Atlantic), 1974

POLYMODE (northwest Atlantic), 1974 - 1977

Moorings from the Bedford Institute, 1976 -

1980

Local Dynamics Experiment (northwest Atlantic), 1978 - 1979

Gulf Stream Extension, 1979 - 1980
LOTUS (northwest Atlantic), 1980 - 1984

Low Level Waste Ocean Dumping Project East, 1980 - 1984

CONSLEX (north Atlantic), 1982 - 1983
NEADS (north Atlantic), 1982 - 1983

Abyssal Circulation (northeast Atlantic), 1983 - 1984

Nares Abyssal Plain moorings, 1983 - 1986

[Ae]
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Rise Array

All of these files have a one-hour time increment. They were recorded originally with a
time increment of 15 minutes but were low-pass filtered and subsampled at OSU.

sty depth water depth.
3 \
(meters) (meters) instr type

WHOI 524 39.125 -09.998 197 2893 VACM 11 Apr74-05 Dec 74

lon

WHOI 524 39.125 -09.998 202 2893 VACM 11 Apr74-05 Dec 74
WHOI 524 39.125 -09.998 496 2893 VACM 11 Apr 74 - 05 Dec 74
WHOI 524 39.125 -09.998 1005 2893 DT-VACM 11 Apr74-05 Dec 74
WHOI 524 39.125 -09.998 2013 2893 VACM 11 Apr 74 - 05 Dec 74
WHOI 524 39.125 -09.998 2512 2893 VACM 11 Apr 74 - 05 Dec 74
WHOI 525 39.118 -70.543 195 2801 VACM 12 Apr 74 - 05 Dec 74
WHOI 525 39.118 -70.543 997 2801 VACM 12 Apr 74 - 05 Dec 74
WHOI 525 39.118 -70.543 2005 2801 VACM 12 Apr 74 -05 Dec 74
WHOI 526 38.783 -70.008 2006 3207 VACM 12 Apr74-05Dec 74
WHOI 526 38.783 -70.008 2810 3267 VACM 13 Apr 74 - 05 Dec 74
WHOI 527 39.163 -68.997 1977 3248 VACM 13 Apr 74 - 06 Dec 74
WHOI 527 39.163 -08.997 2781 3248 VACM 16 Apr 74 - 06 Dec 74
WHOI 528 38.587 -69.108 2329 3708 DT-VACM 13 Apr 74 - 06 Dec 74
WHOI 529 38.357 -69.993 2483 3683 VACM 13 Apr 74 - 06 Dec 74
WHOI 529 38.357 -09.993 3283 3683 VACM 14 Apr74 - 06 Dec 74
WHOI 530 38.008 -70.010 2818 3802 VACM 14 Apr74-13 Dec 74
WHOI 531 38.003 -69.308 3724 3933 VACM 15Apr74-12Dec 74
WHOI 532 37.497 -09.332 3213 4398 DT-VACM 15 Apr74 - 13 Dec 74
WHOI 533 37.505 -70.007 3182 4228 VACM 15 Apr74 - 13 Dec 74
WHOI 533 37.505 -70.007 3981 4228 DT-VACM 16 Apr74-13 Dec 74
WHOI 534 37.007 -69.997 3337 4349 VACM 16 Apr74 - 15 Dec 74
WHOI 534 37.007 -69.997 4138 4349 VACM 16 Apr 74 - 15 Dec 74
WHOI 535 36.988 -69.328 3453 4483 VACM 16 Apr 74 - 13 Dec 74
WHOI 536 36.502 -69.332 3466 4502 VACM 17 Apr74-14 Dec 74
WHOI 536 36.502 -69.332 4267 4502 VACM 16 Apr74-14 Dec 74
WHOI 537 36.497 -70.000 4262 4484 VACM 17 Apr74-15 Dec 74
POLYMODE

All of these files have a one-hour time increment. Those from VACMSs were recorded
originally with a time increment of 15 minutes, but were low-pass filtered and
subsampled prior to being included in the dataset.

, “Instr Udepthwater  depth, [ .
pamc . o (meters) (meters) instr type dates v ‘
WHOI 547 28210  -54943 496 5609 VACM 04 Aug 74 - 12 May 75

WHOI 547 28210 -54.943 996 5609 VACM 05 Aug 74 - 12 May 75
WHOI 547 28.210  -54.943 4000 5609 VACM 04 Aug 74 - 30 Mar 75
WHOI 548 31.025 -60.072 2001 5550 VACM 06 Aug 74 - 09 May 75
WHOI 548 31.025 -60.072 4001 5550 VACM 00 Aug 74- 08 Mar 75
WHOI 565 35.600  -55.083 4046 5162 VACM 10 May 75 - 17 Dec 75
WHOI 566 34.891 -55.028 604 5515 VACM 10 May 75-16 Dec 75
WHOI 566 34.891 -55.028 1005 5515 VACM 10 May 75 - 16 Dec 75
WHOI 566 34.391 -55.028 1505 5515 Gceodyne 850 09May 75-17 Dec 75
WHOI 566 34.891 -55.028 4000 5515 VACM 10 May 75 - 16 Dec 75
WHOI 567 31.598 -55.083 628 5296 VACM 15May 75-14 Dec 75
WHOI 567 31.598  -55.083 1028 5296 VACM 15May 75-14 Dec 75
WHOI 567 31.598  -55.083 4030 5296 VACM 15 May 75 - 14 Dec 75
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WHOI 568
WHOI 568
WHOI 568
WHOI 568
WHOI 580
WHOI 580
WHOI 581
WHOI 581
WHOI 581
WHOI 581
WHOI 582
WHOI! 582
WHOI 583
WHOI 583
WHOI 583
WHOI 583
WHOI 584
WHOI 584
WHOI 584
WHOI 598
WHOI 598
WHOI 598
WHOI 599
WHOI 600
WHOI 600
WHOI 600
WHOI! 600
WHOI 601
WHOI 601
WHO! 601
WHOI 601
WHOI 602
WHOI 603
WHOI 604
WHOI 605
WHOLI 605
WHOI 606
WHOI 606
WHOI 606
WHOI 607
WHOI 607
WHOI 608
WHOI 608
WHOI 612
WHOI 612

e
W)
o

wnoWn
DY)
(=]

nhin oo v
3N % &k W =
Q3338 1<)

Y Y VY " B VYR VY R VY R W ]
~

(V)
LELLz=g
DD DO

S I ¥ )

PRy

35.600
35.600
35.875
35.875
35.875
35.875
35.948
35.948
35.948
35.922
35.922
35.922
35.957
35.922
35.922
35.922
35.922
35.958
35.958
35.958
35.958
41.490
40.452
39.487
38.480
38.480
37.488
37.488
37.488
36.500
36.500
35.880
35.880
31.587
31.587

-59.028
-59.028
-59.028
-59.028
-54.933
-54.933
-55.078
-55.078
-55.078
-55.078
-55.083
-55.083
-55.042
-55.042
-55.042
-55.042
-59.025
-59.025
-59.025
-59.038
-59.038
-59.038
-55.463
-54.740
-54.740
-54.740
-54.740
-53.782
-53.782
-53.782
-53.782
-54.907
-35.050
-55.013
-54.935
-54.935
-54.993
-54.993
-54.993
-55.000
-55.000
-55.077
-55.077
-54.933
-54.933

4001
599

1000
1500
1494
3995
587

990

1494
3995
588

3996
605

1008
1492
3993
996

1499
4000
1000
1500
4000
3997
599

999

1498
3999
603

1003
1503
4003
3993
3996
4002
4003
5240
1014
1513
4013
647

4047
605

1005
2503
4003

whoh W
wotnotn
O OO
9 9 o

U

w

(%]
Mot
[= =l
(=20~

W
(=]
(=)

5457
5318
5318
5318
5318
5467
5467
5467
5467
4772
5173
5266
5340
5340
5334
5334
5334
5445
5445
5054
5054
5595
5595

VACM
VACM
VACM
Geodyne 850
Geodyne 850
VACM
VACM
VACM
Geodyne 850
VACM
VACM
VACM
VACM
VACM
Geodyne 850
VACM
VACM
Geodyne 850
VACM
VACM
Geodyne 850
VACM
VACM
VACM
VACM
Geodyne 850
VACM
VACM
VACM
Geodyne 850
VACM
VACM
VACM
VACM
VACM
VACM
VACM
Geodyne 850
VACM
VACM
VACM
VACM
VACM
VACM
VACM

16 May 75 -09 Aug 75
16 May 75 - 19 Dec 75
16 May 75 -19Dec 75
16 May 75 - 19 Dec 75
16 Dec 75 - 18 Oct 70
17Dec75-170Qct 76
19 Dec 75 - 15 Oct 70
19 Dec 75 - 15 Oct 76
18 Dec 75 - 29 Feb 70
19 Dec 75 -150ct 70
20 Dec 75 - 14 Oct 76
20 Dec 75- 14 0ct 76
20 Dec 75 - 03 Mar 76
18 Apr 76 - 13 Oct 70
19 Dec 75 - 14 Oct1 76
20Dec 75-130ct 76
21 Dec 75 -01 Oct 76
20 Dec 75-02 Oct 76
21 Dec 75-01 Oct 76
04 Oct 76 - 26 May 77
03 Oct 76 - 27 May 77
04 Oct 76 - 26 May 77
05 Oct 76 - 27 May 77
06 Oct 76 - 28 May 77
06 Oct 76 - 28 May 77
05 Oct 76 - 29 May 77
06 Oct 76 - 28 May 77
07 Oct 76 - 28 May 77
07 Oct 76 - 28 May 77
26 Oct 76 - 29 May 77
07 Oct 76 - 28 May 77
09 Oct 76 - 07 Jut 77
11 Oct 76 - 06 Jul 77
12 Oct 76 - 05 Jul 77
13 Oct 76 - 04 Jul 77
13 0ct 76 - 04 Jul 77
14 Oct 76 - 03 Jul 77
13 Oct 76 - 04 Jul 77
14 Oct 76 - 03 Jul 77
150ct76-15Feb 77
15 Oct 76 - 02 Jul 77
17 Oct 76 - 02 Jul 77
17 Oct 76 - 08 Apr 77
21 Oct 76 -20 Jun 77
21 Oct 76 - 20 Jun 77

All of the time series in these files were low-pass filtered and decimated to one point per

day.

o

40.468
40477
40.403

Bedford Institute of Oceanography moorings

November 1976 - May 1977

linstr depth water " depth

“(meters) {meters)

4000 5115 Aanderaa
4000 St1o Aanderaa
4000 5153 Aanderaa

finstr type -dates.

05 Nov 76-11 May 77

05 Nov 76 - 10 May 77
07 Nov 76 - 10 May 77




May 1978 - December 1978

instr depth'water depth.
; {meters) i {meters) P ;'? SU Iype :
270 38.248 -50.121 4760 5420 Aanderaa 11 May 78 - 30 Nov 78
271 37.998 -19.640 4000 5420 Aanderaa 10 May 78 - 02 Dec 78
271 37.998 ~29.040 4762 5420 Aandcraa 10 May 78 - 02 Dec 78
271 37.998 -49.640 4764 5420 Aanderaa 10 May 78 - 02 Dec 78

December 1978 - September 1979

instr' - dépthwater depth..

i P (meters) (meters) nstr type

312 37.762 -50.132 990 5420 Aanderaa 05 Dec 78 - 09 Sep 79
312 37.762 -50.132 1200 5420 Aanderaa 05 Dec 78 - 21 Feb 79
312 37.762 -50.132 1500 5420 Aanderaa 05 Dec 78 -12 Sep 79
312 37.762 -50.132 3980 5420 Aanderaa 05 Dec 78 - 01 Jul 79

313 37.988 -49.632 1010 5420 Aanderaa 05 Dec 78 - 13 Sep 79
313 37.988 -19.632 1240 5420 Aanderaa 05 Dec 78 - 13 Sep 79
313 37.988 -49.632 1540 5420 Aanderaa 05 Dec 78 - 160 Aug 79
313 37.988 -49.632 4030 5420 Aanderaa 05 Dec 78 - 13 Sep 79
314 38.238 -50.142 5320 5420 Aanderaa 02 Dec 78 - 12 Sep 79

September 1979 - April 1980

instr . depth water depth.

(meters) ... p. (meters) F Instr type .
346 39.610 -42.147 480 4995 Aanderaa 28 Sep 79 - 28 Apr 80
346 39.610 -42.147 790 4995 Aanderaa 28 Sep 79 - 28 Apr 80
346 39.610 42.147 1490 4995 Aanderaa 28 Scp 79 - 28 Apr 80
346 39.610 42.147 4000 4995 Aanderaa 28 Sep 79 - 28 Apr 80
347 38.457 42475 470 5080 Aanderaa 27 Sep 79 - 29 Apr 80
347 38.457 42475 1470 5080 Aandcraa 27 Sep 79-29 Apr 80
347 38.457 -42.475 4000 5080 Aanderaa 27 Sep 79 - 30 Apr 80

Local Dynamics Experiment

All of these files have a one-hour time increment. They were recorded originally with a
time increment of 15 minutes and were low-pass filtered and subsampled at OSU.

instr depthwater -~ depth. '
‘ Str.ty at
(meters). (meters) Instr type... .d e

WHOIG638 31385 -60.482 636 5239 VACM 01 May 78 - 24 Dec 78

WHOI 639 31.163 -09.367 611 5211 VACM 01 May 78 -24 Dec 78
WHOI 639 31.163 -69.367 830 5211 VACM 01 May 78 -19Jul 79
WHOI 640 31.023 -69.498 269 5355 VACM 0l May 78 -21 Jul 79
WHOI 640 31.023 -69.498 394 5355 VACM 01 May78-21Jul 79
WHOI 640 31.023 -69.498 516 5355 VACM 0! May 78 - 21 Jul 79
WHOI 640 31.023 -09.498 616 5355 VACM 0] May 78 -21 Jul 79
WHOI 640 31.023 -09.498 715 5355 VACM 01 May 78-17 Scp 78
WHOI 640 31.023 -69.498 839 5355 VACM 01 May78-21Jul 79
WHOLI 640 31.023 -69.498 2008 5355 not available 01 May 78 - 17 May 79
WHOI 640 31.023 -69.498 3004 5355 not available 20 May 78 - 19 May 79
WHOI 640 31.023 -69.498 5250 5355 VACM 01 May 78 - 21 Jul 79
WHOI 640 31.023 -69.498 5332 5355 VACM 01 May 78 - 21 Jul 79
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WHOI 641 31168 -69.625 619 5254 VACM 02 May 78 - 13 May 79
WHOI 641 31168 -69.025 839 5354 VACM 02 May 78 - 21 Jul 79
WHOI 642 30975 -69.833 617 5299 VACM 02 May 78 - 21 Jul 79
WHOI 643 30818 -69.615 ol 5201 VACM 11 May 78 - 09 Nov 78
WHOI 643 30818  -69.615 634 5261 VACM 11 May 78 - 09 Nov 78
WHOI 643 30818 -69.615 858 5261 VACM 11 May 78 - 21 Jul 79
WHOI 644 30592 69470 587 5216 VACM 11 May 78 - 23 Jul 79
WHO! 646 30.838  -69367 567 5220 VACM 12 May 78 - 22 Jul 79
WHOI 647 31000  -69.160 578 5200 VACM 12 May 78 - 22 Jul 79
Gulf Stream Extension

All of these files were recorded originally with a time increment of 15 minutes. In the
present archive they have been low-pass filtered and subsampled. A few of them have a
time increment of one day; the rest have a time increment of one hour.

“instr depthwater . depth.
name . ‘(meters) © (meters) . nstr type .
WHOI 673 37.002 -42.007 0640 4788 VACM 250c179-23 Nov 80

WHOI673  37.002 42007 1530 4788 Geodyne Model 850 25 0ct 79 - 23 Nov 80
WHOI673  37.002 42007 4026 4788 Geodyne Model 850 24 0c179 - 24 Nov 80
WHOI674  39.768 -43.948 550 4695 VACM 27 0ct79 - 21 Nov 80
WHOI674  39.768 -43.948 4023 4695 Geodyne Model 850 26 Oct 79 - 22 Nov 80
WHOI675 40367 45332 570 4550 VACM 28 Oct 79 - 22 Nov 80
WHOI675 40367 45332 1530 4550 VACM 28 Oct 79 - 22 Nov 80
WHOI676  39.050 -44.033 4658 4841 VACM 31 0ct79 - 23 Nov 80
WHOI676  39.050 44033 4697 4841 VACM 31 0ct 79 - 23 Nov 80
WHOI676  39.050 44.033 4747 4841 VACM 31 0ct 79 - 23 Nov 80
WHOI676  39.050 -44.033 4779 4841 VACM 31 0ct 79 - 23 Nov 80
WHOI 676  39.050 44033 4829 4841 VACM 31 0ct 79 - 23 Nov 80
WHOI677 38973 44110 581 4960 VACM 01 Nov 79- 23 Nov 80
WHOI677 38973 44110 1521 4960 VACM 01 Nov 79- 15 Apr 80
WHO1677 38973 -44.110 4020 4960 VACM 31 0ct 79 - 23 Nov 80
WHOIG677 38973 44110 4777 4960 VACM 01 Nov 79 - 23 Nov 80
WHOI677 38973 -44.110 4857 4960 VACM 01 Nov 79- 23 Nov 80
WHOI677 38973 -44.110 4928 4960 VACM 01 Nov 79 - 23 Nov 80
WHOI 678  38.678 -45.623 1491 4944 Geodyne Model 8350 01 Nov 79 - 21 Nov 80
WHOI678  38.678 -45.623 3989 4944 Geodyne Model 850 01 Nov 79- 21 Nov 80
WHOL678  38.678 -45.623 4835 4944 VACM 02 Nov 79- 21 Nov 80
WHOI 678  38.678 -45.623 4915 4944 VACM 02 Nov 79 - 21 Nov 80
WHOI679  37.975 -46.633 506 5285 VACM 03 Nov 79 - 20 Nov 80
WHOI 679 37.975 -46.633 1504 5285 VACM 03 Nov 79 - 20 Nov 80
WHOI 680  38.875 -36.908 520 5335 VACM 03 Nov 79- 19 Nov 80
WHOI680 38875 -46.908 1520 5335 VACM 03 Nov 79- 19 Nov 80
WHOI 680  38.875 -46.908 4010 5335 Geodyne Model 850 03 Nov 79 - 19 Nov 80
LOTUS
(northwest Atlantic)

All of these files have been filtered and decimated to one point per day.

~instr depth-water depth, .
ame M " gmeters) . (meters) .. ISwwpe . daes
WHOI 693 34.047 -70.005 110 5368 VACM 06 May 80 - 01 Dec 80

WHOI 765 34.015 -09.807 530 5366 VACM 10 May 82-13 Apr83
WHOI 765 34.015 -69.807 1030 5366 VACM 10 May 82 - 13 Apr 83
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WHOI 766 34.037 -70.043 30 5366 VMCM 12May 82 - 11 Apr 83
WHOI 766 34.037 -70.043 130 5360 VACM 12May82-11 Apr 83
WHOI 766 34.037 -70.043 180 5360 VACM 12May82-11 Apr83
WHOI 766 34.037 -70.043 230 33060 VACM 12May 82-11 Apr§3
WHOI 766 34.037 -70.043 280 5366 VACM 12May82-11 Apr 83
WHOI 766 34.037 -70.043 330 5300 VACM 12May82-11 Apr83
WHOI 766 34.037 -70.043 780 5360 VACM 12May 82-11 Apr83
WHOI! 766 34.037 -70.043 1020 53366 VACM 12May82-11 Apr83
WHOL! 766 34.037 -70.043 1520 5300 VACM 12May82-11 Apr§3
WHOI 766 34.037 -70.043 4000 5360 VACM 12 May 82 - 11 Apr83
WHOI 787 34.013 ~70.060 15 5366 VACM 13 Apr83-25Sep 83

WHO! 787 34.013 -70.060 75 53606 VMCM 13 Apr83-300ct 83

WHOI 787 34.013 -70.060 100 5360 VMCM 13 Apr 83 -30 Oct 83

WHOI 787 34.013 -70.060 1000 5366 VMCM 13 Apr 83 - 30 Oct 83

WHOI 788 33.977 -70.007 100 5366 VACM 15 Apr 83 - 04 Dec 83
WHOI 788 33.977 -70.007 150 5366 VACM 15 Apr83-01 May 84
WHOI1 788 33.977 -70.007 200 5366 VACM 15 Apr83-07 Oct 83

WHOI 788 33.977 -70.007 300 5360 VACM 15 Apr83-01 May 84
WHOI 788 33.977 -70.007 350 5366 VACM 15 Apr 83 - 30 Apr 84
WHOI 788 33.977 -70.007 400 5360 VACM 15 Apr 83 - 01 May 84
WHOI 788 33.977 -70.007 450 5366 VACM 15 Apr 83 - 05 May 84
WHOI 788 33.977 -70.007 500 5360 VACM 15 Apr83-01 May 84
WHOI 788 33.977 -70.007 600 53606 VACM 15 Apr 83 - 02 May 84
WHOI 788 33.977 -70.007 750 5366 VACM 15 Apr 83 - 30 Apr 84
WHOI 788 33.977 -70.007 1000 5366 VACM 15 Apr83 -29 Apr 84
WHOI 788 33.977 -70.007 1500 5366 VACM 15 Apr 83 - 30 Apr 84
WHOI 788 33.977 -70.007 2500 5366 VACM 15 Apr 83 - 04 May 84
WHOI 788 33.977 -70.007 4000 5366 VACM 15 Apr 83 - 29 Apr 84
WHOI 789 33.978 -69.758 500 5366 VACM 16 Apr 83 - 27 Apr 84
WHOI 789 33.978 -09.758 1000 5366 VACM 16 Apr 83 - 01 May 84
WHOI 790 33.778 -09.997 510 5366 VACM 17 Apr83 - 28 Jan 84

WHOI 790 33.778 -09.997 1010 5366 VACM 17 Apr 83 - 01 May 84

Current meter records from the LLWODP East Experiment
(Low Level Waste Ocean Disposal Program)

dcmh'insu type

instr depth water

~ (meters) (meters)
-70.845 1060 5410

CMME-1 32.643 Aanderaa RCM5 16 Sep 80 - 02 Jul 81
CMME-1 32.043 -70.845 3240 5410 Aanderaa RCMS5 16 Sep 80 - 02 Jul 81
CMME-1 32.643 -70.845 4060 5410 Aanderaa RCMS 16 Sep 80 - 02 Jul 81
CMME-1 32.643  -70.845 4910 5410 Aanderaa RCMS5 16 Sep 80 - 02 Jul S1
CMME-1 32.043 -70.845 53060 5410 Aandcraa RCM5 16 Sep 80 - 02 Jul 81
CMME-2 32,767  -70.798 1320 5410 Aanderaa RCMS 03 Jul 81 - 01 Jun 82
CMME-=2 32767 -70.798 2890 5410 Aanderaa RCMS 03 Jul 81 - 01 Jun 82
CMME-2 32767 -70.798 3950 5410 Aanderaa RCMS 03 Jul 81 -0} Jun 82
CMME-2 32767 -70.798 5340 5410 Aanderaa RCMS 03 Jul 81 - 01 Jun 82
CMME~4 32725 -70.818 2880 5440 Aanderaa RCMS5S 02 Jun 82 - 28 Apr 83
CMME+4 32725 -70.818 4100 5440 Aanderaa RCMS 02 Jun 82 - 28 Apr 83
CMME+4 32.725  -70.818 5300 5440 Aanderaa RCMS 02 Jun 82 - 28 Apr 83
CMME-3 32342 -71.822 4050 5390 Aanderaa RCMS 30 May 82-29 Apr83
CMME-5 32342 -71.822 5350 5390 Aanderaa RCMS 30 May 82-29 Apr 83
CMME-6 36277 -71.458 1180 4200 Aanderaa RCMS 28 May 82 - 03 May 83
CMME-6 36277 -71.458 2730 4200 Aanderaa RCM3S 28 May 82 - 03 May 83
CMME-6 36277 -71.458 3350 4200 Aanderaa RCMS 28 May 82 - 03 May 83
CMME-6 36.277  -71.458 3160 4200 Aanderaa RCMS 28 May 82 - 03 May 83
Sandia BOM 36362 -71.603 4195 4200 Aanderaa RCMS5 28 May 82 - 03 May 83
CMME-9 34928 -71.463 2810 4348 Aanderaa RCMS 27 Apr83-25 Aug 84
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CMME-9 34.928  -71.463 4300 4348 Aanderaa RCMS 27 Apr 83 - 25 Aug 84
CMME-11 344068  -71.125 4750 4939 Aanderaa RCM3 27 Apr 83 - 22 Aug 84
CMME-11 34408  -71.125 4820 4939 Aanderaa RCM5 27 Apr83-18 Aug 84
CMME-11 34408 71125 4835 4939 Aanderaa RCMS 27 Apr83-10 Aug 84
CMME-12 33703 -71.028 3770 5324 Aanderaa RCMS 28 Apr 83 - 01 Sep 84
CMME-12 33.703  -71.028 4830 5324 Aanderaa RCMS5 28 Apr 83 -28 Aug 84
CMME-12 33703 -71.028 5250 5324 Aanderaa RCMS 28 Apr 83 -03 Sep 84
CMME-13 32772 -70.787 5400 5404 Aanderaa RCMS 30 Apr 83 - 28 Aug 84
CMME-13 32.772  -70.787 5430 5464 Aundcraa RCMS 30 Apr 83 -24 Aug 84
CONSLEX

(an experiment of the Institute of Oceanographic Sciences)

CONSLEX is an acronym but there is no record of its meaning.

instr depth

(meters)

depthwater
" (meters)

inste tjpe

not available 60.212 -0.222 251 1463 Aznderaa 19 Mar 82 - 20 Mar 83
not available 60.212 -9.222 054 1463 Aanderaa 19 Mar 82 - 26 Mar 83
not available 60.212 -9.222 1055 1463 Aandcraa 19 Mar 82 - 20 Mar 83
not available 60.212 9222 1440 1463 Aanderaa 19 Mar 82 - 26 Mar 83
not available 57.293 -10.337 534 2201 Aanderaa 29 Apr 82 - 10 Nov 82
not available 57.293 -10.337 1035 2201 Aanderaa 28 Apr82-25Nov 82
not available 57.293 -10.337 1786 2201 Aandcraa 28 Apr 82-17 Nov 82
not available 52.985 -18.390 1771 3155 Aanderaa 30 Nov 82-03 Jul 83
not available 52.985 -18.390 3110 3155 Aanderaa 30 Nov 82-03 Jul 83
not available 53.425 -19.023 1263 2495 Aanderaa 30 Nov 82-04 Jul 83
not available 53.425 -19.023 2450 2495 Aanderaa 30 Nov 82-04 Jul 83
not available 54.087 -19917 1290 1335 Aanderaa 03 Dec 82 -04 Jul 83
not available 51.898 -17.623 3520 4440 Aanderaa 04 Dec 82 - 28 Dec 82
not available 51.898 -17.623 4395 4440 Aanderaa 04 Dec 82 -05Jul 83
NEADS

(a British experiment in the North Atlantic)

deplh‘»in str type

instr

depth water-
' {meters)’ :

(meters)

-17.715 29 Jun 82 - 03 Jul 83

not available 52.455 547 4135 Aanderaa RCM

not available 52.455 -17.715 1559 4135 Aanderaa RCM 29 Jun 82 -03 Jul 83
not available 52455  -17.715 2346 4135 Aanderaa RCM 29 Jun 82 -03 Jul 83
not available 52.455 -17.715 3109 4135 Aanderaa RCM 29 Jun 82 -03 Jul 83
not available 52.455 -17.715 3910 4135 Aandcraa RCM 29 Jun 82 -03 Jul 83

Abyssal Circulation
(northwest Atlantic)

All of the time series from this experiment have been low-pass filtered and decimated to
one point per day.

jnstr. __ depthwater. . depth
{meters) (meters)

500 4027

1390 4027

nstrtype T

WHOI 775
WHOI 775

-63.023
-63.023

VACM
Geodyne/WHO! Model 850

20 Mar 83 - 00 Aug 84
20 Mar 83 - 06 Aug 84




WHOI 776
WHOI 776
WHOI 776
WHOI 776
WHOI 777
WHOI 778
WHOI 779
WHOI 780
WHOI 780
WHOI 780
WHOI 780
WHOI 781
WHOI 782
WHOI 782
WHOI 783
WHOI 783
WHO! 784
WHOI 784
WHOI 784
WHOI 786
WHOI 786

40.478
40.478
40.478
40.478
40.213
40.680
40.940
39.478
39.478
39478
39.478
38.440
37.527
37.527
35.647
35.647
30.535
36.535
36.552
37.448
37.448

-62.060
-62.060
-62.060
-62.060
-61.592
-01.502
-00.715
-60.330
-60.330
-00.330
-00.330
-59.257
-58.288
-58.288
-60.887
-60.887
-63.072
-63.072
-63.072
-04.998
-04.998

520

1520
4010
4790
4870
4000
4010
510

1010
1500
4000
4000
1390
4010
510

4020
510

1410
4000
500

4000

4880
4880
4880
4886
4970
4760
4798
5140
5140
5140
5140
5165
5165
5165
4721
4721
5020
5020
5020
4998
4998

VACM
VACM
Geodyne/WHOI Model 850
VACM
VACM
Geodyne/WHOI Model 850
VACM
VACM
Geodyne/WHOI Model 850
VACM
Geodyne/WHOI Modet 850
VACM
Geodyne/WHOI Model 850
VACM
VACM
VACM
VACM
Geodyne/WHOI Model 850
VACM
VACM
VACM

20 Mar83 - 07 Aug 84
20 Mar83 - 07 Aug 84
20 Mar83 - 07 Aug 84
20 Mar83 - 07 Aug 84
21 Mar83 - 07 Aug 84
21 Mar83 - 24 Aug 84
22 Mar83 - 08 Aug 84
22 Mar83 - 09 Aug 84
22 Mar83 - 09 Aug 84
22 Mar83 - 09 Aug 84
22 Mar83 - 09 Aug 84
23 Mar83 - 05 Feb 84
23 Mar83 - 10 Aug 84
23 Mar83 - 10 Aug 84
24 Mar83 - 11 Aug 84
24 Mar83 - 11 Aug 84
25Mar83 - 11 Aug 84
25Mar83 - 11 Aug 84
25Mar83 - 11 Aug 84
26 Mar83 - 12 Aug 84
26 Mar83 - 12 Aug 84

Nares-3
Nares-3

23.200
23.200
23.200
23.200
23.247
23.247
23.247
23.247
23.252
23.252
23.252
23.252

Current meter records from the Nares Experiment
(Subseabed Disposal Project, Nares Abyssal Plain)

-63.982
-63.982
-63.982
-63.982
-64.030
-64.030
-64.030
-64.030
-64.035
-04.035
-64.035
-04.035

instr

{meters)
725
2950
4800
5800
775
1465
4800
5800
715
1450
2875
5800

dcpdi water
(meters)

5847
5847
5847
5847
5835
5835
5835
5835
5846
5840
5846
5846

- depth

Ainstr type

Aanderaa RCMS5S
Aanderaa RCMS
Aanderaa RCM5
Aanderaa RCMS
Aanderaa RCMS
Aanderaa RCMS
Aanderaa RCMS
Aanderaa RCMS
Aanderaa RCMS
Aanderaa RCM3S
Aanderaa RCMS
Aanderaa RCMS

dates

15 Aug 83 - 20 Sep 84
15 Aug 83 - 20 Sep 84
15 Aug 83 - 20 Sep 84
15 Aug 83 -20 Sep 84
21 Sep 84 - 21 Nov 85
21 Sep 84 - 21 Nov 85
21 Sep 84 - 21 Nov 85
2] Sep 84 - 13 Aug 85
23 Nov 85- 03 Nov 86
23 Nov 85-03 Nov 86
23 Nov 85-03 Nov 80
23 Nov 85 -03 Nov 86




8.2. A Note about Rotor Type Current Meters

There were three general types of current meters that were used in the collection
of the WOCE data. They were all mechanical devices using rotors to obtain current

speed. The following is a basic run-down on the main characteristics of these meters.

8.1.1 The RCM series of current meters

Include the Geodyne and RCM4 current meters with sampling rates of 3.75 x 2N
min (i.e. 3.75, 7.5, 15, 30, 60 minutes) where N = (0, 1, 2, ...) is an integer. Speed is
obtained from the number of rotor revolutions for the entire sample interval, and is
therefore an average value over the recording interval, while direction is the direction
recorded at the end of the sample period and is therefore a single measurement (Emery

and Thomson 1997).

8.2.2 The vector averaging current meter (VACM)

Allows data to be acquired via “burst sampling” in which a rapid series of speed
and direction measurements are averaged over a short interval of the sampling period. In
vector-average mode, the instrument uses speed and direction to calculate the horizontal
and vertical components of velocity. One of the main advantages of this setup is that the
amount of recording spaced needed in sampling is greatly reduced (Emery and Thomson

1997).



8.2.3 Vector measuring current meter (VMCM)

This current meter is able to accurately measure mean flow in conditions of
unsteady oscillating flow, however the design is open which allows small strands of

seaweed and other matter to enter into and clog the rotors (Emery and Thomson 1997).
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