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Abstract The aim of the study is to clarify the driving
forces and flow mechanisms of ocean currents. The
primary driving forces of the surface currents are the thrust
by the trade winds and westerlies. For the undercurrents,
the driving force is the thrust of descending salty water
(DSW) formed in the Arctic and Southern Oceans by brine
ejection from ice. The annual production of DSW in the
Arctic Ocean is 21.7 Sv and in the Southern Ocean 26 Sv.
The annual average downward thrust created for the
outflowing undercurrents in both oceans is 44,000 N/m>.
Most of the DSW outflow from the Arctic Ocean occurs
via the Labrador Sea towards the coast of northwest Africa
as the North Atlantic Undercurrent (NAUC). The direction
of the flow is towards the suction at the starting point of the
North Equatorial Current. The flow and the fluid dynamics
of the NAUC follow Pascal’s law and Bernoulli’s equation.
Upwelling provides an unobstructed passage for the
continuous flow of an undercurrent. The water molecules
moving along streamlines trade speed for height or for
pressure. Due to this exchange, the flow of the NAUC
slows and the flow bed widens. Subsequently, it upwells
along the 3,500 km of coastal area from A Corufia (NW
Spain) to Dakar (NW Africa). In the abyssal oceans, the
mixing of water is relatively weak and intermittent, driven
by double diffusive convection (DDC). The phenomenon
known as salt fingering is typical for the DDC. However,
the DDC is vigorous where the temperature difference
between warm water and the cold water below is great, like
in the confluence of the Brazil vs. Malvinas currents. Then
salt fingers which are several hundred meters deep and
several hundred kilometres wide are formed. In these salt
fingers, the water of the warm current downwells and the
water of the cold current upwells. This slows down the
horizontal movement of the water molecules in both
currents.
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1. Introduction

Warm surface and cold undercurrents neutralize the
temperature difference between the oceans and adjacent
continental areas. A  typical oceanic-atmospheric
phenomenon is the desiccation of the nearby continental
climate by the upwelling waters of the cold undercurrents.
Typical biological phenomena include the abundant marine
habitats due to the high nutritional value of the upwelled
waters.

In the equatorial Atlantic Ocean, over a distance of 4,500
km, trade winds create a constant pressure gradient which
induces the westward flowing North Equatorial (NEC) and
South Equatorial (SEC) currents. Those currents are the
backbone of the water circulation in the Atlantic Ocean.

In the North Atlantic Ocean there is a major clockwise
circulation or “gyre” of surface currents. In the South
Atlantic Ocean, there is a counter-clockwise surface gyre,
the southern branch of which is the South Atlantic Current
(SAC). These ‘“anticyclonic” circulations dominate the
low- and mid-latitude portions of the Atlantic Ocean [1].

The major warm surface current induced by the NEC is
the Gulf Stream and by the SEC the Brazil (BraC) and
North Brazil (NBC) Currents. Especially important in the
North Atlantic Ocean is the warmth carried by the Gulf
Stream. In Finland, the basic school textbooks say that the
Gulf Stream brings warmth to the British Isles, Nordic
Countries, Iceland, Kuola Peninsula, Svalbard and the
coasts of southern Greenland. In more explicit analysis,
this route is divided into several interconnected chains of
currents (Gulf Stream Currents, GSC), each of which have
aname of its own. In this context, the Gulf Stream is only a
small, but still important part of the chain.
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Specifically, the known major cold undercurrents are the
East Greenland (EGC), Labrador (LabC) and Canary
(CanC) currents in the North Atlantic and the Benguela
(BenC) and Malvinas (MalC) currents in the South
Atlantic.

Rather than being part of the North Atlantic surface gyre,
the EGC and LabC are thought to be connected via the
Deep Western Boundary Current (DWBC) to a separate
Deep Conveyor Belt gyre, which is supposed to flow at a
depth of several kilometers in ocean basins [2]. This theory
does not explicitly explain how the NEC and SEC receive
the compensating water for their continuous flow. The
MalC is thought to form a gyre more or less of its own [3].

At present, there are three different formation
mechanisms for the descending salty water (DSW). In the
North Atlantic Ocean, it is presumed that warm surface
water carried by the GSC upon cooling becomes denser
and would then descend, forming the North Atlantic Deep
Water (NADW). In the Southern Ocean, the brine ejection
from ice is understood to produce dense water which
descends as the Antarctic Bottom Water (AABW). In the
North Pacific Ocean, it is supposed that because of the low
salinity of the surface water no DSW forms at all [4]. On
the other hand, it is known that the seawater freezes during
winter in the North Atlantic, the North Pacific [5], and the
Southern Ocean. It is not logical to suppose that brine
would not be ejected from the ice in the North Atlantic and
North Pacific Ocean.

An enigmatic issue is also the flow route of the DSW in
the North Atlantic Ocean. It is suggested that the DWBC
would convey the DSW (or in this case specifically the
NADW) to the South Atlantic, and finally it would upwell
into the Antarctic Circumpolar Current (ACC) [6].

The evidence of the existence of the DWBC flow route
is based on measurements of chlorofluorocarbons (CFC),
such as CFC-11 and CFC-12, in the seawater. These
compounds are thought to be good tracers because they
become incorporated into the deep water when it is
renewed from the surface [7-9]. However, CFC are
considerably denser than the water [10-11], due to which
they descend in the oceans [12]. The density difference is
so great that the CFC can descend to the bottom of the
oceans with gravitation only. It is obvious that CFC
measurements do not necessarily pinpoint the route of the
DWRBC. Instead, they show that CFC actually descend in
the oceans at a considerable speed.

No driving forces along the presumed 12,000 km long
route of the DWBC into the Southern Ocean can be
presented. There needs to be an explanation other than the
DWBC for the flow of the Arctic DSW in the North
Atlantic Ocean.

The Arctic Ocean includes the deep central basin areas
and the shallow coastal seas, Norwegian, Barents, Beaufort,
Chukchi, East Siberian, Laptev, Greenland and Kara seas,
Baffin Bay and the waters of the Canadian Arctic
Archipelago (CAA).

The proportion of continental shelf to Arctic Ocean

surface area is significantly greater than in any other ocean.
The continental shelf comprises slightly more than half of
the Arctic Ocean area over which most of the ice is
annually freezing and melting. Subsequently they are
significant producers of the DSW, which at first flows
hundreds of kilometers along the bottoms of shallow
coastal seas, where it acquires much nutritional value for
the phytoplankton in the upwelling coasts.

The outflow routes of undercurrents from the Arctic
Ocean are restricted to the CAA waters and the Davis Strait,
the Fram Strait between Svalbard and Greenland, the Strait
of Denmark between Greenland, troughs in the Iceland—
Faroe Islands—Scotland ridge and the Bear Island channel
between the Barents and the Norwegian Seas.

Double diffusion convection (DDC) is a fluid dynamics
phenomenon in instances where warm water lies above
cold. DDC occurs because the heat and salt are subjected to
unequal vertical transport. The molecular diffusivity for
heat is approximately 10-3 cm2s—1 and for salt
approximately 10—5 cm2s—1 [13-14]. DDC is studied in
the middle depths (1,000 to 1,500 m) in the central North
Indian and North Atlantic Oceans. There the temperature
difference is small, and DDC creates weak stratified
turbulences.

In the confluence of BraC vs. MalC, warm surface
current flows above cold undercurrent. The temperature
difference between warm and cold water is great. The
vertical movement of the waters by DDC is expected to be
vigorous. The role of DDC in the observed changes in the
flows of the currents after the confluence needs to be
clarified.

2. Materials and Methods

2.1. Aims of the Study

The aims of this meta-study are as follows: (1) apply
basic ice physics to calculate the annual amount of DSW
formed by brine ejection from ice in the Arctic/Southern
Oceans and the formation of undercurrents thereof, (2)
calculate the thrust of the DSW as a driving force of the
cold undercurrents, (3) apply the basic laws of hydraulics,
Pascal’s law of transmission of fluid pressure and
Bernoulli’s equation of fluid dynamics to understand the
flow mechanisms of cold undercurrents, (4) clarify the
importance of DDC in the generation of the salinity
profiles of oceans (5) understand mechanisms in
confluences of warm surface vs. cold undercurrents, and (6)
demonstrate that upwellings are important indicators of
cold undercurrents. The study is based on the available data
in the literature on ocean currents and on DDC.

2.2. Formulas Used in Calculations

2.2.1. Calculation of the Annual Formation of the DSW in
the Arctic and Southern Oceans
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The amount of DSW by brine ejection from the ice is
calculated by the following proportion (1):

a c

Pl 1)
where a is the salt increment which causes the sinking of b
(=1 0) of surface water, c is the total amount of salt ejected
and d is the annually formed amount of DSW in cubic
meters.

The increment a is the difference of the salt
concentration of the surface water at the moment when
DSW starts to descend (34.75%o and 34.62%o), and the salt
concentration just before the freezing starts (32.5%o and
33%o) for the Arctic and Southern Oceans, respectively.

For calculating ¢, the residual salt concentration in the
one-year-old ice is assumed to be 6%o. The annual area of
the sea ice is 9,100,000 km” and 15,700,000 km’, and the
thickness of the ice 2 m and 1 m in the Arctic and Southern
Oceans, respectively. The density of the ice is assumed to
be 0.91 kg/m’ and the effective freezing time 6 months (see
Section 3.4.2 for the argumentation behind the selected
values).

2.2.2. Calculating the Thrust/Suction Created by DSW

The Sverdrup (Sv) is used as the volume transport unit of
the flow of an ocean current. One Sv is 10° m%/s. In
calculating the thrust created by DSW in the Arctic and
Southern Oceans, the flow of DSW in Sv is converted to
kilograms. The product is divided by the maximum
ice-covered area of the particular ocean (15,600,000 km? in
the Arctic and 18,800,000 km? in the Southern Ocean) in
square meters to yield the pressure in technical
atmospheres (kg/m”). The quotient is converted to N/m’ by
the calculator [15].

2.2.3. Newton's First Law of Motion (the Law of Inertia)

Newton’s first law states that an object at rest will stay at
rest and an object in motion will stay in motion with the
same speed and direction unless acted upon by unbalanced
force. In the boreal/austral summers, only little water
freezes in the Arctic and Southern Oceans. Then brine
ejection from ice is at its minimum. Due to the inertia the
outflow continues, though the flow volumes are then
smaller. This causes fluctuation in the outflow of the
undercurrents. In the calculation of the thrust/suction
created by DSW, this decrease is estimated to be 30%.

2.2.4. Basic Laws of Hydraulics

The flow of a deep-sea current obeys Pascal’s law,
according to which any force applied to a confined fluid is
transmitted uniformly in all directions throughout the fluid
regardless of the shape of the container (see Figure 1). It is
important to note that (1) fluid pressure cannot be created
without resistance to flow, and (2) Pascal’s law is
independent of the shape of the container, it is not
necessary that the tube connecting the two pistons have the

same cross-sectional area. A connection of any size, shape,
or length will do, as long as an unobstructed passage is
provided [16]. Upwellings provide an unobstructed
passage for the continuous flow of an undercurrent.

The dynamics of the flow of an individual line of water
molecules (a streamline) is described with Bernoulli’s
equation, which states that along any streamline, the sum of
the density of kinetic energy, density of potential energy
and pressure is a constant (see Equation 2) [17]:

Yapv® + pgz + p = Constant )
where p is the density and v the speed of the fluid at the
height z and g is the force of the gravity.

In order for the quantity (Y2pv’ + pgz + p) to remain
constant along the streamline, the water molecules need to
trade speed for height or for pressure. In the open sea this is
presumed to lead to slowing of the speed as well as
widening of the flow bed along the route of the
undercurrent before it is upwelling.
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IN THE ARCTIC OCEAN

PUSH CAUSING
UPWELLING

l 1
_AL - i AL AL
o = —/N%RTH ATLANTIC  —- =
AL .
e AL
_A_ A
- AL
A e
Al
A
LABRADOR COAST OF
SEA NORTHWEST
AFRICA

Figure 1. Schematic presentation of how the deep-sea current functions
according to Pascal’s law in the North Atlantic Ocean. Connected water in
the Labrador Sea rises to the same depth in the coast of Northwest Africa.

2.2.5. The DDC

The density of the seawater is determined by a calculator
[18], which takes into account the pressure effect as well.
The decibar is used as the basic pressure unit, where 1
decibar is equal to 0.1 atmosphere.

The DDC is considered in three instances: (1) In the
absence of turbulence and small temperature difference
(AT) between the warm water and the underlying deep
water, (2) in the presence of turbulence and small AT, and
(3) in the presence of turbulence and large AT.

3. Discussion

3.1. Double Diffusive Convection (DDC)

3.1.1. DDC in the Absence of Turbulence and Small AT
The theory of the importance of DDC in abyssal waters
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was understood by research conducted in the northern
Indian Ocean. At depths of 1,000 to 1,500 m, salty and
warm overflow waters from the Persian Gulf and Red Sea
lie over the colder, less salty water [1].

The upper layer loses heat and the lower layer gains it.
The upper water becomes denser and tends to sink and the
lower layer becomes less dense and tends to rise. The
driving force in DDC is the hundredfold difference in
molecular diffusion rates between heat and salt. Vertical
mixing occurs, which is also called salt fingering. The AT
is rather low, the basic requirement for the DDC at those
depths is the absence of other kinds of turbulence.

The vertical scale of the salt fingers varies between 5 and
100 m, and their typical horizontal scale is on the order of
10 km. Due to the low AT, the formation of the salt fingers
is a slow process. The lateral diffusion between the fingers,
which gives rise to a uniform layer, is much slower than the
vertical mixing. In a vast majority of the ocean’s volume,
the interior mixing of water is believed to be relatively
weak and intermittent, driven by DDC [14].

If cool, less saline water lies over the warm, more saline
water, the system is in static equilibrium. Again, assuming
that turbulence may be neglected, the upper (cool) layer
will gain heat from the lower (warm) layer by molecular
diffusion without getting much salt and so becomes less
dense and parcels of water will tend to rise within the upper
layer. As the lower layer loses heat through the interface
but not much salt, it becomes denser and water tends to
sink, again with its own layer. The difference from the
previous case is that fluid does not cross the interface —
water stays within its own layer, mixing and carrying heat
up or down respectively [14].

3.1.2. Importance of DDC in the Salination of Abyssal
Waters

Water is slightly compressible. If it were incompressible,
each cubic centimeter of water in the water column would
expand, and density values at all depths would be equal. If
the average pressure occurring at a depth of 4,000 m (the
approximate mean depth of the ocean) was somehow
replaced with the average pressure that occurred at 2,000 m
and the area of the oceans remained constant, there would
be an average sea level rise of about 36 m. Pressure in the
abyssal waters is tremendous [19].

At present, the salinities at 2,000 m (4 °C) and 4,000 m
(2 °C) in the equatorial Pacific Ocean are 34.64%0 and
34.69%o, in the equatorial Indian Ocean they are 34.74%o
and 34.72%o, and in the equatorial Atlantic Ocean 34.95%o
and 34.86%o, respectively. The salt fingers in the vertical
cross sections of the three major oceans are clearly
perceptible [20].

At a depth of 4,000 m with the salinity of 34.95%o and a
temperature of 2 °C, the density of the seawater is 1,045.98
kg/m® [18]. Then the salinity of the surface water needs to
be 57.4%o in order for it to descend by gravity alone to a
depth of 4,000 m. Such a high-salinity surface water is not

formed anywhere in the major oceans or even in the
Mediterranean seas. DDC is a necessary mechanism for
carrying salty water downwards for the development of the
salinity profiles of the oceans.

Assuming 4 billion years as the average age of the
oceans [21] and 34.75%o as the present average salinity of
the abyssal waters, an increase of 1%o in the salinity would
need 106 million years. For the density, the pressure is a
more important factor than the salinity in the abyssal
waters. As the lateral diffusion between the salt fingers is
much slower than the vertical diffusion, it can be concluded
that in the abyssal waters the density differences are an
infinitely small driving force for a deep-water current.
Different salination profiles of the North and South
Atlantic Oceans [20] show that their middle depth and
abyssal waters do not communicate with each other.

The ventilation of the abyssal waters from the surface is
a slow process. At the sea bottoms, thousands of black
smokers constantly and hundreds of volcanoes frequently
eject fresh water, and large-scale seismic activities
(earthquakes, tsunamis and subductions) are stirring the
water columns of the oceans. It is likely that the ventilation
takes place from below as well.

3.1.3. DDC in Turbulent Conditions and Small AT

Between the latitudes of 15°N/°S to 30°N/°S,
evaporation in the oceans is the highest [22]. The salt
content of the surface water may be even 37%o [23]. At a
temperature of 25 °C, the density of the surface water is
1,024.86 kg/m’. At the same time, at a depth of 100 m the
temperature is approximately 16 °C, the salinity of water
is 35%o and the density 1,025.71 kg/m’, greater than that of
the surface water [18].

In the Northern Atlantic Ocean (south of 65°N and west
of 23°W), the water brought by the GSC (the Irminger
Current) is cooled to approximately 7 °C to 8 °C, having a
salinity of 35.2%o [24]. The density of the water is 1,027.43
kg/m’. At a depth of 100 m, the temperature is
approximately 5 °C and the salinity 35.0%o. Its density is
1,028.14 kg/m’, greater than that of the surface water.

Further north and east, in the Norwegian Sea, the surface
temperature of the water brought by the GSC (the West
Spitsbergen Current) is cooled to approximately 5 °C,
with a salinity of 34.5%o. At a depth of about 100 m, the
temperature is approximately 2 °C to 3 °C and the salinity
34.7 to 34.8%0 [24]. The surface water cannot descend.

It is clear that in the unfrozen sea conditions mere
cooling does not increase the density of the water enough
that the water would sink in the North Atlantic Ocean by
gravity alone. The AT between the surface water and the
water below to a depth of 100 m is so small that turbulence
in the unfrozen sea prevents DSW formation by the DDC
mechanism as well.

3.1.4. DDC in Turbulent Conditions and Large AT

Along the eastern coast of South America, the warm
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(20 °C to 23 °C) south-flowing Brazil Current (BraC)
meets the cool (6 °C) north-flowing Malvinas (Falkland)
Current (MalC). As a clearly identified current, the BraC
flows up to 35°S until it reaches the MalC offshore the Rio
de la Plata estuary [25]. According to the satellite visual
wavelength and IR images, the confluence is vigorous
between 37°S and 39°S [26]. In the confluence the AT is so
great that, in addition to salt fingers, temperature fingers
are clearly observable [27] (See Figure 2). Due to the great
AT, the salt and temperature fingerings are so vigorous that
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they overcome the turbulence in the upper 100 m.

According to the 8 °C isotherm contours, the confluence
is discernable even at 45°S. [28]. As at 37°S, one degree of
longitude equals 88 km, the confluence zone is 1,300 km
wide at 37°S (see Figure 3). The MalC splits the BraC into
two contours starting at south of 36°S between longitudes
44°W to 46°W. At around 38°S, the southern branch of the
eastern contour starts to turn east (see Figure 3). This 38°S
branch is the beginning of the South Atlantic Current
(SAC).
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Figure 2. Temperature (a) and salt (b) fingers in the confluence of BraC vs. MalC [27]. West and east branch in this figure are actually subbranches of

the major western contour in the Figure 3
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Figure 3. Depth of 8 °C isotherm showing two major contours when MalC is splitting the BraC along the 44 to 46 °W in the Argentine Basin during the

austral spring of 1984 [28]

Figure 4. Eddy kinetic energy chart (cm%/s’, between 30° to 55°W)
showing two retroflected surface currents at 40°S (SAC) and 50°S formed
in the confluence of the BraC and MalC [30].

The western contour is split by the MalC south of 38°S
between longitudes of 48°W to 52°W into two subbranches

from which the western one at first continues its flow south.

At around 45°S and between longitudes of 50°W to 55°W
it starts to turn east, forming the 50°S current which

eventually joins the ACC (see Figure 4).

In the confluence two eastbound surface currents are
formed, one around 38°S and the second around 50°S [29].
These two currents are clearly depicted in the eddy current
chart (see Figure 4).

The salt fingers of the subbranches extend to a depth of
600 m to 800 m and are 200 km to 300 km wide (see Figure
2) [27]. In the salt fingers, the BraC water downwells and
that of the MalC upwells. The mixing of the water
molecules is uneven. Because both the SAC and the 50°S
currents are initially flowing to south, it is obvious that the
momentum of the BraC water is then commanding the
direction of the movement. The 50°S current contains more
of the BraC water because the momentum of the MalC
water is more slowly diverting the flow east than in the case
of the SAC.

In the confluence zone horizontal movements of water
molecules in both of the participating currents are slowed
by the vertical movement in the salt fingers. South of 40°S
between longitudes 44 to 46°W the eastern subbranch fades
out (see Figure 3). One reason may be that the down- and
upwellings of the BraC and MalC water molecules are
ceased, and their horizontal speeds are slowed to the point
that they are not distinguished from the ambient sea water
molecules by their momentum.

In the gap between the eastern and western contours at
44 to 46°W (see Figure 3), the mixing of the MalC water
with the above flowing BraC water is ceased. The deep
core of the MalC water in the gap encounters no further
stress by the BraC watere and keeps on flowing north more
or less untouched.

The more the BraC molecules descend in the salt fingers,
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the more their horizontal (and vertical) movements
decrease. It is likely that under the salt fingers, the BraC
water is already at a stillstand or close to it. When mixing,
the direction of the momentum of the deep core MalC
water does not change. It continues to flow north there as
well.

The deep convections at 34.5°S described by Meinen et
al. (2017) [31] may be due to the turbulence and shear that
the northbound MalC deep core causes downwards.

3.2. Equatorial Ocean Currents

3.2.1. The NEC and SEC

All three major oceans have similar equatorial current
systems consisting of westward flowing SEC at or south
from the equator and a westward flowing NEC north from
equator. The Atlantic NEC is found between about 10°N
and 20°N, and the SEC between the latitudes of about 0°
and about 20°S [32]. Both begin from the western coast of
Africa (See Figure 5).

The Brazilian coast diverts at 6°S to 8°S the northern
branch of the SEC (nSEC) north forming the main part of
the North Brazil current (NBC) [33]. The southern branch

of the SEC (sSEC) bifurcates south as the Brazil Current
(BraC) and north contributing to the NBC [34]. The
bifurcation axis migrates from 10°S in November to 14°S
in July [35].

Between the NEC and SEC is created a space, which
tends to be void of downstream-flowing water. The NEC
and SEC can be taken as separate bundles of westward
streamlines of water. Between them forms an eastward
bound streamline. One reverse flow is on the surface, the
North Equatorial Countercurrent (NECC), and one is in the
deeper water, the North Equatorial Undercurrent (NEUC).
An important additional driving force of NECC and NEUC
is the suction caused by the removal of the water from the
starting points of the NEC and SEC. In the Atlantic, the
NECC is year-round significant only in the eastern part.

In the Pacific Ocean the Equatorial Countercurrent is
very strong and it is definable north of the equator
year-round. In the Indian Ocean, the three-current pattern is
present for part of the year and a two-current pattern for the
remainder. In summer the Indian Ocean NEC flows
eastwards, when it is called the Indian Monsoon Current.

Figure 5. Major ocean currents in the Atlantic Ocean: 1a =NEC, 1b = SEC, 2a = NECC, 2b = Guinea Current, 3 = NBC, 4 = Guiana and Caribbean
Currents, 4a = Antilles Current, 4b = Sargasso Sea recirculation, 5a = Florida Current, 5b = Gulf Stream, 5¢ = NAC, 5d =NwAC, 5¢ =IrmC, 5g=NCaC,
5f=WSC, 5h =WGC, 6a = Azores Current, 6b = Portugal Current, 7a = Beaufort Sea inflow, 7b = BSUC, 7¢ = BSUCy, 7d = BSUCs, 8a = NAUC, 8b
=NAUC, 9a = EGC, 9b = LabC, 9¢ = LabCs, 10a = CanC, 10b =PUC, 11 =BraC, 12 = ACC, 13 = MalC, 13a = MalC, 14a =SAC, 14b = 50°S current,
14¢ = SIOC 15a = BenC, 15b = BenCg, 16 = AnCoC, 17 = AguC, 18 = Peru Current, CFL1 = Confluence of BraC vs. MalC, CFL2 = Confluence of

AguC vs. BenC.
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In the Indian Ocean, the countercurrent flows only
during the boreal winter and only south of the equator. The
undercurrent is only a seasonal feature [36].

The throughflow from the Pacific NEC via the
Indonesian archipelago to the Indian Ocean is 13.5 (+6.6)
Sv [37].

3.2.2. The NECC and NEUC

In the North Atlantic Ocean, from July to December the
NECC flows continuously eastward between about 5°N
and 8°N, with an average speed up to 50 m/s. East of 20°N
the flow continues throughout the year. In the austral
summer, the intertropical convergence zone, the meeting
line of the northeast and southeast trade winds, shifts
equatorward.

Then, the winds along the equator relax. According to
ship-drift records this takes place in the western equatorial
Atlantic over a band of longitude from 23°W to 33°W. This
causes the seasonal disappearance of the NECC west of
20°W in January to June. A westward current is then
observed [38].

The seasonal cycle of NECC is very regular. Each year it
starts up in May and June and flows eastward across the
Atlantic with surface speeds up to 143 cm/s in the west,
extending down to 350 m at 28°W, and returning water for
NEC and via the Guinea Current to SEC as well [39]. Part

of the heat transported by the NBC is adding up to the NEC.

This is a likely reason why the hurricanes are extremely
rare in the South Atlantic basin.

The NEUC follows the cycles of the NECC. The
maximum current speed of the NEUC is over 100 cm/s
during October and November at a depth of 80 m. Between
January and June the core of the NEUC gradually moves
upward from 80 m to 60 m.

3.2.3. The Guinea Current

Off the Ghanaian coast, the eastern part of NECC is also
known as the Guinea Current (see Figure 5). Depending on
the season, the primary source of water in the Guinea
Current is either the Canary Current (CanC) or the NECC
[40].

In April and May, at the end of the period when NECC
disappears west of 20°W, the contribution of the NECC in
the Guinea Current is the lowest. The CanC contribution is
then the highest. After that the contribution of the NECC
starts to increase. However, due to the inertia, the increase
is at first low, reaching its maximum in October and
November, when the NEUC flow speed reaches its
maximum as well.

In the boreal summer the flow of the CanC starts to
increase (see section 3.5.6). For this reason, the CanC may
maintain its relatively high contribution in the flow of the
Guinea Current even during the boreal summer.

The northern Gulf of Guinea is known to host a coastal
upwelling in boreal summer [41]. It is likely that the CanC
causes this upwelling, and same time removing some of the
water the NBC brings to the North Atlantic Ocean.

3.2.4. NBC and Antilles Current

During austral spring when the NECC disappears, the
NBC continues to flow along the coast northwest as the
Guiana Current. Then (during the boreal winter) the
northward heat transport across 10°N is of the order of a
peta-watt, [42]. This is called northern heat piracy [43].
The volume transport of South Atlantic Water to the North
Atlantic is 7.5 Sv [44].

During austral fall, however, the whole NBC veers off
the coast of French Guyana between 45°W and 50°W,
forming the western NECC [39]. Then, during the boreal
summer, the northward heat transport is practically zero
[42].

The NBC absorbs freshwater from the Amazon River as
well, but it is still predominantly a saltwater current.
Around 15°N the southern part of the NEC waters starts to
join the Guiana Current as well. Between the Windward
Islands, mainly via the Grenada and St Vincent Passages,
the water flows as the Caribbean Current into the southern
Caribbean [45]. Via the Straits of Yucatan, the Yucatan
Current carries the water into the Gulf of Mexico. There the
Loop Current connects the Yucatan Current and the Florida
Current, which is also considered the beginning of the
GSC.

3.3. The Gulf Stream Currents

3.3.1. The Florida Current and the Gulf Stream

The first current in the chain of the GSC is the
north-northeastward Florida Current. From 1982 to 1984,
its volume transport between West Palm Beach and Grand
Bahama Island ranged from 20 Sv to 40 Sv, with a mean of
30.5 Sv. The annual cycle of the transport shows a broad
maximum during spring and summer and then a sharp drop
to a minimum in October. The amplitude of the volume
transport is 3 Sv [46]. This is likely due to the retroflection
of the NBC to the east as part of the NECC.

The northern part of the NEC continues as the Antilles
Current northwest around the Bahamas, after which it is
joined with the Florida Current (see Figure 5) [47]. This
strengthens the flow of the Florida Current, and it also
receives waters from the Sargasso Sea -circulation.
Subsequently, its volume transport is 93.7 Sv in Cape
Hatteras. At the same time, the flow width gradually
increases from 80 km to 145 km [48].

The Florida Current has a strong and rather narrow flow
which creates a seasonally varying coastal countercurrent,
an undercurrent jet attached to the Florida shelf, and an
intermittent undercurrent on the Miami Terrace, all
southward [49].

At around Cape Hatteras, the Florida Current diverts
northeast as the Gulf Stream by that branch of the Labrador
Current (LabCs) that is forced to flow southwest over the
Grand Bank of Newfoundland (GBN) by the East
Greenland (EGC) and the shelfbreak EGC (sEGC) currents
(see section 3.5.4). Around 35°N, 55°W, the Sargasso Sea
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recirculation branches from the Gulf Stream, and at around
40°N, 40°W the Azores Current does the same. On the
GBN, the Gulf Stream mixes with surface waters of the
North Atlantic Undercurrent (see sections 3.5.4 and 3.5.5)
and the flow of the Gulf Stream is diverted east across the
North Atlantic Ocean as the North Atlantic Current (NAC)
(See Figures 5 and 6).

3.3.2. The North Atlantic Current

The NAC is also called the North Atlantic Drift.
Westerlies, in addition to the suction created by the DSW
in the Arctic Ocean, are driving forces for the NAC. At the
beginning, the volume transport of the NAC is 35 Sv,
which on average equals that of the Florida current just
after the Florida Strait.

When NAC is advancing further it diverts to the
northeastern and eastern branch at around 50°N, 45°W. At
around 54°N, 26°W, the Irminger Current (IrmC) branches

60°W 70° 60° 50°

60°N

north from the northeastward NAC. On the southwest coast
of Ireland, the eastward NAC diverts northward, flowing
through the Rockall and Faeroe-Shetland Channels.
Locally, there is a 4 to 5 Sv flow in the Rockall Channel, a
region of pervasive eddies, toward the Norwegian Sea [51]
(see Figure 7).

According to sea-glider observations, the northeastern
branch of the NAC flows approximately five hundred
kilometers farther north than the eastern branch. Along
58°N and between 21°W and 15°W (over the Rockall
Plateau), the annual mean northward transport of this
branch of the NAC is 5.1 + 3.2 Sv. During summer (May to
October), the mean northward transport is stronger and
reaches 6.7 £ 2.6 Sv [52—53]. There may be other branches
of the NAC as well because the flow across 59.5°N is
reported to be 15.5 £ 0.8 Sv east of the Reykjanes Ridge
(RR) [54].
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Figure 6. Summary plot of 110 free drifting satellite-tracked buoy trajectories (1971-1981) in the GSC. The branching of the Gulf Stream into the
Sargasso Sea recirculation, Azores Current and North Atlantic Current is visible in the tracks east of 55°W—40°W [50].
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3.3.3. The Irminger and West Greenland Currents

The volume transport of the IrmC at the beginning is
estimated to be 12 £ 3 Sv [54]. The westbound branch
IrmCy diverts off the western coast of Iceland The
northbound IrmC passes Iceland from the west and then
turns east as the North Iceland IrmC (see Figure 8) [55].

The IrmCy flows into the Irminger Sea. There it turns
southwest by the spill jet, which is a bottom-intensified
phenomenon caused by the EGC [56] (see Figure 8).

From that point onwards southwest in the Irminger Sea
flow codirectionally three currents: The IrmCyw, EGC, and
SEGC. The IrmCyy is hardly directly interacting with the
EGC, as it is able to deliver some of the warmth to the West
Greenland Current (WGC). Vertical and horizontal
distances between the warm and cold water likely prevent
DDC.

Dense Iceland—Scotland Overflow Water ISOW),
brought by the western branch of the Barents Sea
Undercurrent (BSUCy), also enters from the east to the
Irminger Sea as well (see section 3.5.3). At Cape Farwell
after the confluence with the BSUCy, a portion of the
IrmCyw water flows northeast along the coast of western
Greenland as the West Greenland Current (WGC) (see
Figure 8).

The importance of the input of IrmCyy water in the WGC
is manifested in the Disko Bay. It is a sheltered, open
embankment (approximately 150 km long and 100 km
wide with an average depth of 400 m) in central West
Greenland. In winter the bay is characterized by a
well-mixed water column with temperatures around 2 °C,
and by land-fast ice from December/January to March,
which breaks up in spring (April to May). In the summer
the surface temperature may reach 12 °C [57]. At the same
time, on the other side of Baffin Bay, the water temperature
is around zero degrees.

3.3.4. The Norwegian Atlantic, West Spitsbergen and
North Cape Currents

At the level of the Sviney lighthouse (62.33°N, 5.27°E),
the Norwegian Atlantic Current (NWAC) has an eastern
and a western branch (representing the eastern and
northeastern branches of the NAC), both with 30 to 50 km
wide currents, which means that yearly the flow is 7.6 Sv
[58]. (See Figure 7). The NwAC branches at about 67°N,
3°E to the northbound West Spitsbergen Current (WSC)
and eastbound North Cape Current (NCaC) (see Figures 5
and 10) [59]. When arriving to Svalbard, the WSC volume
transport is 1.3 Sv northward (at 78°N). Near 80°N, the
WSC bifurcates to a westward branch, which joins the
southward-flowing EGC, and an eastern branch, which
transports about 20 percent of its initial flow into the

Arctic Basin. No northward flow of WSC water is
observed along the western flank of the Yermak Plateau.
A cyclonic recirculation of the eastern branch of the WSC
has been observed east of the Yermak Plateau [60].

The NCaC keeps the coastline of the Kuola peninsula up
to the Murmansk ice-free during the whole year. Its flow as
a warm current (compared to the ambient cold water) can
be identified up to the Laptev Sea (see Figure 10) [61].

According to a recent study, the throughflow in the
Bering Strait is primarily driven from the Arctic to the
Pacific Ocean, not vice versa [62]. The flow of the NCaC
may continue as a cold current even through the Bering
Strait, contributing to the outflow from the Arctic to the
Pacific Ocean and removing some of the water the NBC
brings to the North Atlantic Ocean.

3.4. Formation of the Undercurrents in the Arctic
Ocean

3.4.1. Brine Ejection from Ice

When seawater freezes, the salt in the ice crystalline
lattice dissolves within liquid inclusions of brine. As this
brine is progressively drained (brine rejection), the ice
desalinates. Due to the brine ejection, the salinity and the
density of the surface water under the ice increases. This
decreases the freezing point of the sea water [63].

Winds (waves) do not mix the water under the ice, so the
salt gradient has time to grow to the point that the saline
water starts to descend by gravity. The freezing of surface
water (at a temperature of —1.9 °C) over the Antarctic
continental shelf produces brine with a salinity of 34.62%o.
The high density (1,027.89 kg/m®) causes brine to sink
[64].

Winter surface salinities in the Central Greenland Sea
(73°30'N to 76°30°N, 3°E to 5°E) from 1960 to 1998 were
between 34.6%o and 34.9%o [65], with respective densities
being 1,027.89 to 1,028.10 kg/m’.

By the end of the winter the bulk salinity of the one-year
ice (1 to 2 m thick) rarely exceeds 6%o [66]. In multi-year
sea ice with a thickness of 3.3 m, the salinity systematically
increases with depth from 0%o at the surface to about 4% at
the base [67].

In the summer, the ice melts and the surface water
become fresher. Depending on the duration of the ice-free
season, the upper 10 m to 40 m in the Arctic Ocean
becomes diluted by meltwater. The summertime salinity
ranges in the Canadian Basin from 30%o to 32.5%0 and in
the Eurasian Basin from 32%o to 34%o [68]. According to
the salinity and density, the Arctic Ocean water profile can
be divided into different layers [69] (see Table 1).
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Table 1. Summertime layering of the Arctic Ocean according to the salinity and density [69]
Water layer Temperature (°C) Salinity (%o) Density (kg/m’)
Surface layer 2 32 1,025.57
40 m to 400 m 0 32.5t034.5 1,026.57 to 1,028.89
400 m to 700 m 1 34.5t035.0 1,029.06 to 1,031.34
Intermediate layer -0.5t00 34.87 to 34.92 1,032.75%*
Canadian Basin, 2,000 m to 4,000 m -0.55t0 —0.5 34.9 to 34.96 1,037.41 to 1,046.40
Eurasian Basin, 2,000 m to 4,000 m —0.97 to 0.5 34.92 to 34.945 1,037.47 to 1,046.39

*1,000 m, salinity = 34.87%o, T =-0.5°C

In winter, brine ejection develops a density gradient
which decreases downward from the surface. In order to be
able to descend by gravity alone at a depth of 1,000 m,
surface water with a salinity of 40.6%o (T = -2 °C) would
be needed. Such a high salinity is not likely obtained by
brine ejection. However, the thrust by the DSW can force
intermediate water with a salinity of 34.87%o to 34.92%o to
descend even somewhat deeper than 1,000 m.

3.4.2. Amount of DSW Formed Annually via Brine
Ejection in the Arctic and Southern Oceans

According to a long-term trend from 1979 to 2008, the
average maximum and minimum areal extents of sea ice
are, respectively, 15,600,000 km? and 6,500,000 km? in the
Arctic Ocean and 18,800,000 km® and 3,100,000 km” in the
Southern Ocean. Typical ice thickness is about 2 m in the
Arctic Ocean and about 1 m in the Southern Ocean [70].

The formation of ice in the boreal and austral sea arecas
occurs mainly during the winter. The effective freezing
time is taken 6 months. Brine ejection from multi-year ice
is omitted in the calculations. The sea ice in the Arctic
Ocean starts to increase in the second half of September
[71]. The salinity of the surface water in the Chukchi Sea
rises during the last few days at the end of September from
31%o to 32%o [72] (See Figure 9). The rapid increase of the
salinity is likely due to several cycles of freezing in which

waves and tides frequently break the formed ice which,
however, is not melted.

Because the salinity in the Norwegian and Greenland
Seas is higher during the summer, the average salinity of
the Arctic Ocean surface water at the moment when the
solid ice-cover is formed is assumed to be 32.5%o. The
average salinity when the brine starts to descend due to its
density is assumed to be 34.75%o [65].

In the Southern Ocean the meltwater is mixed with the
saltier water from the open sea areas by waves and by the
Antarctic Coastal Current and the ACC. That is why
salinity of the surface water before freezing is taken to be
33%o.

Water starts to descend in the Arctic Ocean when the
salinity of the surface water due to the ejection of brine is
increased from 32.5%o to 34.75%0 (a = 34.75 g/t - 32.5 g/t
=2.25 g/t). In the Southern Ocean, a=34.62 g/t - 33.0 g/t
= 1.62 g/t. The calculation of the parameters of ¢c and d in
the Equation (1) are presented in the Table 2.

In the Arctic Ocean the amount of the DSW formed in 6
months is 2 x 10" m*/1.5725 x 10 s = 1.27 x10" m’/s =
12.7 Sv. Outside the proper freezing time the flow is
reduced 30%, being then 8.9 x 10° Sv. The annual amount
of DSW is 21.6 Sv. In the Southern Ocean the annual flow
of the DSW is 26 Sv.
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Figure 9. Development of the surface water salinity in the Chukchi Sea during autumn 2017 [72]

Table 2. Calculating the parameters of ¢ and d in the proportion (1)
Arctic Ocean Southern Ocean
Volume of the annually 1.82 x10" 1.82 x10" m’
forming ice (m’)
Mass of the ice (t) 1.66 x 10t 1.43 x 10"
Ejected salt (%o) 26.5 27
c= anpunt of annually 44 % 10" 39 % 10"
ejected salt (t)
a = increment (t) 225%x10° 1.62 x 10°°
b (m®) 1x107 1x107°
d (m®) 2.0x 10" 2.4 x 10"

3.4.3. The Thrust/Suction Created by the DSW in the
Arctic/Southern Oceans

The mass of the DSW (in one second) is 21.6 x 10° kg. In
the Arctic Ocean it would create a downward pressure of
2.16 x 10" kg/1.56 x 10'* m* = 1.46 x 10 kg/m?, which is
1.46 x 10™® technical atmospheres (at) a second. The annual

pressure would be 3.1536 x 107 s x 1.38 x 10% at/s = 0.44 at.

This equals 44,000 N/m* [15]. This would be the annual
thrust for the outflowing undercurrents and the suction for
the inflow of the Gulf Stream currents in the Arctic Ocean.

In the Southern Ocean the respective values would be as
follows: downward pressure is 1.39 x 10® at/s and the
annual pressure would be 0.44 at. This equals 44,000 N/m’.

3.5. Outflow of Undercurrents from the Arctic Ocean

3.5.1. Upwelling in Svalbard as Indicator of Undercurrent
from the East Siberian Shelf

It is understood that when great quantities of the DSW is
formed at high latitudes there must elsewhere be an offset
in which equal quantities of water is upwelling. Based on
evidence provided by the models, it is suggested that the
place would be either in the North Pacific Ocean or
somewhere north of the Southern Ocean [2]. To support
this theory there is provided no plausible mechanism for
the upwelling and how the NEC and SEC could receive the
compensation water for the continuous flow. This is
unsurprising, as water molecules cannot, on annual basis,
sink and rise several kilometers in the ocean (see Section
3.1.2).

The Ekman transport is suggested to be the cause for the
occurrence of the real upwellings along the coasts of
northwest Africa, southeast Brazil and southern Africa.

The northern coast of Svalbard is also an important
upwelling area [73]. The cold DSW undercurrents are not
at all associated with these upwellings [74].

The pressure created by winds tends to accumulate when
they are able to blow constantly in the same direction over
a wide distance. The length of the NEC is 4,500 km. Its
flow starts to increase in the middle of the North Atlantic
Ocean (see Figure 4). The weekly average wind stress by
the northeasterly trade winds near the coast of northwest
Africa (at the starting point of NEC) is 0.20 N/m” [76].

Along the coast of Svalbard, the monthly average wind
stress is 0.03 N/m?. The wind direction, however, will vary
from month to month [77]. During winter, the open sea
area west and east from the Svalbard is restricted to a few
hundred kilometers. It is likely that in the Svalbard, winds
associated with the Ekman transport would be too weak to
cause upwellings.
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Figure 10. Undercurrents (blue) and GSC in the Arctic Ocean drawn on
the map from [75]

The North Atlantic water brought by the WSC to
Svarbald is originally infertile tropical water. However, a
distinct feature of the upwelled waters in Svarbald have a
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high nutritional value. It is plausible that this kind of water
is formed by the DSW, which is traveled along the bottom
of the coastal seas in the East Siberian shelf [78]. After that,
this DSW flows as an undercurrent below the multi-year
ice cover, over the North Pole towards Svalbard. This
undercurrent can be called the East Siberian Shelf
Undercurrent (ESSUC) (see Figure 10).

3.5.2. Undercurrents through the Fram and Denmark
Straits

Via two relatively deep canyons, the St. Anna Trough
and the Voronin Trough, the DSW formed in the Kara Sea
is conveyed to the Nansen Basin. The DSW from the
Laptev Sea likely enters there as well. This DSW forms the
ESSUC, which continues as the EGC. After the Fram Strait
between Greenland and Svalbard, the EGC starts to
bifurcate north of the Bosseville basin (69°N, 20°W) in
front of the Denmark Strait into the sEGC and the proper
EGC.

The North Icelandic Jet (NIJ) was first measured in 2001
and 2002. It is a deep-reaching (600 m) and narrow (15 to
20 km) barotropic jet with measured speeds exceeding 40
cm/s. Its flow volume is more than 1 Sv. It is clearly not a
part of the EGC, and it flows on the continental slope of
Iceland [79]. The NIJ contains dense water [80].

Ice is a relatively good insulator [81]. Under the
multi-year ice layer in the Arctic Ocean basin areas, the
salinity of the surface water does not vary significantly.
These areas are minor contributors of the DSW. Brine
ejection produces high salinity water. It is likely that the
NIJ contains this kind of water.

The NIJ joins south of the Bosseville basin (67.5°N,
24°W) from east-northeast to the proper EGC. Due to the
flow direction of the NIJ, some of its water is diverted from
the Greenland Shelf Break towards the north as well. This
flow likely causes the bifurcation of the EGC. After
bifurcation, both the EGC and sEGC transport dense
intermediate and light surface waters [82]. After the
Denmark Strait, the DSW is called the Denmark Strait
Overflow Water, which then flows to the Labrador Sea.

3.5.3. Undercurrents in and out the Norwegian Sea

Due to the bottom topography of the Barents Sea, the
flow of the DSW there to the Norwegian Sea is largely
restricted to the Bear Island Channel between Svalbard and
Norway [83]. This undercurrent can be called the Barents
Sea Undercurrent (BSUC). In the Norwegian Sea, the
DSW brought by the BUSC is called the Norwegian Sea
Deep Water. It is likely that N1J is a branch of the BSUC.

Observations of tritium concentrations in the overflow
from the Arctic Ocean have shown that the source of the
overflow to the Norwegian Sea is not the Arctic bottom
water but that from depths close to 1,000 m [84].

Due to the bottom topography of the southern
Norwegian Sea, the route of the BSUC towards the Iceland
Basin is not straightforward. The Iceland—Faroe—Scotland

Ridge (IFSR) forms a continuous barrier over which both
cold and warm water exchange between the proper North
Atlantic Ocean and the southern Norwegian Sea is
confined to the upper ocean (<850 m). Poleward along the
IFSR, above the sill, the Norwegian Sea is filled with cold,
recently ventilated waters. To the south of the sill, the
North Atlantic (Iceland Basin) is filled with warmer and
saltier water at the same depths. It is presumed that these
physical differences in the water would also be a sill-like
barrier for the DSW flow towards the south [85].
Subsequently, the L-shape Faroe-Shetland Channel (see
Figure 7) is expected to direct the flow of the dense water
west over the sill in the IFSR into the Iceland Basin, where
it is known as ISOW.

However, above depths of 850 m the density of stagnant
water can hardly be a watertight obstacle for less dense
flowing water. In the southern end of the L-shaped
Faroe-Shetland Channel is the Wyville Thomson Ridge
(WTR), above which percolation of some dense water to
the Iceland Basin is also expected [85]. It is the only part of
the outflow from the Norwegian Sea, the direction of which
designates entering the Iceland Basin directly from the
north.

It is obvious that in the southern Norwegian Sea the
BSUC branches into western (BSUCy) and southern
(BSUC:s) flows (see Figures 7 and 10). Just after the WTR
starts the Rockall Channel, which at the southern end opens
into the Porcupine abyssal plain in the West European
Basin. In the Rockall Channel, a fresher, cold southward
bottom flow has been observed, which may be the reason
for the pervasive eddies in the eastern branch of the NAC
flowing above it [51]. This is a likely route of the BSUCjg
into the West European Basin.

It has been shown that the ISOW spreads southward
along the eastern flank of the Mid-Atlantic Ridge into the
West European Basin as well [86—88].

The BSUCy flows through the RR via the Charlie Gibbs
Fracture Zone and a small volume also comes via the Bight
Fracture Zone into the Irminger Sea (a sea basin between
Greenland and the RR). Southeast from Cape Farwell the
BSUCy confluences with the IrmCyy.

3.5.4. The Currents in and into the Labrador Sea

The Baffin Bay and Labrador Sea are connected to the
Canada Basin via narrow and shallow passages (the
Amundsen Gulf and M’Clure Strait) and to the central
Arctic Ocean area via Nares Strait [89]. Due to the
shallowness of the passages the inflow is relatively small.
According to the 5-year observations [90] the transport
through the Lancaster Sound varies between 0 and 1.5 Sv
(the Beaufort Sea inflow, see Figure 5). Three-year
observations at four locations provide an estimated mean
volume flux of 0.57 = 0.09 Sv from the Arctic Ocean into
Baffin Bay via the Nares Strait [75]. There the current is
called the Baffin Island Current (BIC).

At the Davis Strait the BIC yields an average flow of 2.7
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Sv [91]. After the Davis Strait, the flow in the west side of
the Labrador Sea is called the Labrador Current (LabC).
The Hudson Bay outflow to the LabCis 1 Svto 1.2 Sv [92].
The LabC, BIC and the Hudson Bay outflow are cold (—
1.5°C) currents.

The LabC extends over the full water depth down to
around 2,500 m [93]. However, it is estimated that 85% of
the flow of the LabC is concentrated in a 50 km wide jet
between 400 m and 1200 m. The minimum of the seasonal
variation in the upper-level circulation (400 m and up) but
not deeper (1000 m) levels are in March and April while
the maxima are in October [91].

At Hamilton Bank on the Labrador Shelf, the LabC
appears as two streams or branches, with a small inshore
stream carrying 15% of the transport and the main stream
over the upper continental slope carrying roughly 85% of
the 4 Sv relative to 1,500 db.

From the Hamilton Bank across the Labrador Sea the sea
level is higher in the summer than in the winter throughout
the year. This would indicate seasonal fluctuation in the
flow of the LabC (maximum in summer and minimum in
winter). In summer the difference in the sea level between
the shelf and open sea is 0.09 m (see Figure 11) [91]. This
would also indicate that downstream from the Hamilton
Bank the flow over the shelf would encounter resistance,
but in the open sea there would be no such resistance.
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Figure 11. The annual and local variations in sea level northeast over the
Hamilton Bank in the open Labrador Sea. (OWS Bravo = Ocean Weather
Ship Bravo). The sea level is higher in the summer than in the winter.
Throughout the year, the sea level is higher over the shelf than in the open
sea [91]

Downstream of the Hamilton Bank is the Great
Newfoundland Bank (GBN). A phytoplankton bloom is
known to occur on the northern edge of the GBN [94]. This
is likely due to the upwelling of the EGC and sEGC waters.
An upwelling is impeding the flow of the LabC upstream
from GBN and raising the sea level at the Hamilton Bank
but not in the open sea.

The main part of the deep core EGC and sEGC water is
diverted southeast by the GBN. Some of that water as well
as some of the water of the LabC is also pushed south

through the Flemish Cap in the GBN. This flow on the
eastern slope of the GBN is traditionally named as the
offshore branch of the LabC, having an average flow of 4.1
Sv relative to 100 dbar [95]. Here it is called the LabCs. If
there would be interest to highlight the connection between
the Mid-Atlantic Bight and the East Siberian Shelf, it could
also be labeled as a continuation of the EGC.

In the Irminger Sea, the EGC, sEGC and IrmCy, are
flowing concurrently many hundred kilometers without
interacting with each other. It is unlikely that mere ending
of the Greenland coast at the level of Cape Farwell would
cause them to start interacting.

A likely mechanism for the formation of the WGC is the
confluence of the IrmCy with BSUCy, which is
approaching from east. It is likely that the EGC and sEGC
do not participate in the confluence. Salt fingers caused by
this confluence are discernable at Cape Farwell (44°W)
[96]. However, they are relatively small compared to the
salt fingers in the BraC/MalC and AguC/BenC confluences.
One important reason for this may be that the volume
transport of the IrmCy is much smaller than that of the
BraC and AguC. In spite of that, it is possible that the
‘epicenter’ of the confluence would be further east of Cape
Farewell over the Greenland continental shelf.

Two retroflected surface currents are formed in the
confluence. Both of them contain BSUCy, and IrmC,, water.
One of the retroflected currents veers off the Greenland
coast into the Labrador Sea. Its warmth is rapidly
dissipated and the flow direction turned southeast by the
LabC. The other is the WSC flowing along the coast as a
warm current (relative to the ambient cold waters).

The LabCs creates fog during its route south and upwells
in Massachusetts Bay [97]. LabCg is traceable up to the
Mid-Atlantic Bight in front of New York [98]. The cold
LabCg prevents the warming influence of the Gulf Stream
from affecting the northeastern coasts of Canada and USA.

From the GBN southeast, the current flowing southeast
in the North Atlantic Ocean can be called the North
Atlantic Undercurrent (NAUC).

3.5.5. The Upwelling of the NAUC Waters

The GBN is steering the direction of the outflow of the
NAUC from the Labrador Sea towards the coast of the
northwest Africa. Factors that force the outflow to maintain
this direction are the upwellings in the coast of Morocco
and the suction caused by the NEC at its starting point
between the latitudes of 10°N and 20°N.

The flow of the NAUC follows Bernoulli’s law, which
states that water molecules moving along streamlines trade
speed for height or for pressure. This implies that the flow
of the NAUC would be slowing, covering a wider area and
getting thinner. At around 52°N, 13°W to 22°W, the flow
bed of the NAUC is widened as the BSUC;s joins it.

The upwellings of the NAUC is called the coastal
upwelling ecosystem of the CanC, which in its broadest
sense covers a 3,500 km of coastal area from Dakar (NW
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Africa) to A Corufia (NW Spain) (10°N to 43°N). Coastal
upwellings in Iberia [99] are likely caused by the NAUC
water via the BSUCg. The northern and southern limits of
the upwelling shift seasonally [100-102]. The upwellings
are important in keeping the NAUC route passable for
continuous flow.

The CanC upwelling region off the coast of northwest
Africa can be divided into three subregions: the weak

permanent, permanent, and seasonal upwelling zones [103].

The seasonal upwelling zone is between Cape Blanc and
the Canary Islands (from 13°N to 20°N). The permanent
upwelling zone is between 20°N and 26°N, and the weak
permanent upwelling zone between 26°N and 33°N.

A wide upwelling area supports the hypothesis that the
NAUC arrives as a wide and slow flow across the North
Atlantic Ocean. Seasonal changes connect the NAUC
water to the seasonal changes in the formation of the DSW
in the Arctic Ocean.

3.5.6. The Canary Current

The CanC forms mainly from the upwelled waters of the
NAUC on the northwest African coast. It receives water
from the Azores and Portugal currents as well. The CanC
detaches from the coast and merges into the NEC. CanC is
rather broad (approximately 1,000 km), relatively slow
(approximately 10 cm/s to 30 cm/s), equatorward flow
extending from the surface to an average depth of

approximately 500 m [104].

The portion of the CanC which lies off the Iberian west
coast is primarily called the Portugal Current [105]. The
Polar Undercurrent (PUC), which flows north along the
northwest African coast, is a countercurrent of the CanC. It
also contains the upwelling waters of the NAUC diverted
north from the African coast. PUC is likely causing the
upwellings in Cadiz Bay [106]. A detailed description of
the multitude of currents along the coast of northwest
Africa is described in [78].

The CanC flow has the maximum intensity from July to
November (see Figure 12). The LabC flow has its
maximum in August and minimum in March. These
fluctuations demonstrate a connection via NAUC.

The distance from the GBN to the Mauritanian coast is
4,600 km. Then the traveling time of the NAUC would be n
+ 1 years, where n may be 1, 2, 3 or 4. If the time is one
year, the flow speed would be 14 cm/s. This is more or less
a suitable speed range for an undercurrent jet. A traveling
time of 2 to 4 years would give an average flow speed of
7.3 to 3.6 cm/s respectively. This may be a more
appropriate average range for the flow speed of NAUC.

The CanC is cool current because the upwelling waters
of the NAUC are cold. Cool water desiccates the winds
from the sea, which is the main cause for the aridity of the
Sahara Desert.
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Figure 12. The seasonal variation of the Canary Current at Arrecife, Tenerife and La Palma stations, 1960 to 1972. [107].
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3.5.7. The Salinities of the North Atlantic and North Pacific
Oceans

It has been established that the North Pacific Ocean is
considerably fresher than the North Atlantic Ocean (see
Figure 13). Considering that the throughflow in the Bering
Strait is primarily driven from the Arctic to the Pacific
Ocean [62], it is logical to suppose that due to the
shallowness of the Bering Strait, only melting water/lowest
density DSW driven mainly by the NCaC can go through it.
The saltier deep-water remains in the Arctic Ocean and
from there spreads into the proper North Atlantic Ocean
driven by, the NEC, GSC and NAUC, making it saltier
over time.
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Figure 13. Subpolar salinity distribution of the Atlantic and Pacific
oceans at depths down to 3000 m. The Northern Hemisphere profiles are
from about 50°N. The Southern Hemisphere profile is from the Pacific
Ocean at about 65°S [20].

3.6. South Atlantic Circulation

3.6.1. Brazil and Malvinas Currents

The geostrophic transport of the MalC relative to the
1400 m level (or sea floor, if shallower) across 46°S, is 10
Sv. The BraC geostrophic volume transport relative to
1400 m across 19°S to 24°S is 7 Sv, and across 38°S is 19
Sv. This represents an increase of approximately 63%
[108].

On the coast along the route of the BraC there are two
distinct upwelling zones: the first around 13°S [109], and
the second, more intense one in the Cabo Frio region (23°S,
42°W to 45°W) [110]. Water from the upwelling in the
Capo Frio region is a likely reason for the increased flow.

The MalC is likely formed when the Antarctic Coastal
Current is partially diverted north by the Antarctic
Peninsula (see section 3.7.2). It flows northward along the
continental slope of Argentina in a band that is 100 km
wide until it reaches the BraC.

3.6.2. Upwellings of the MalC in the Brazilian Coast at
23°S and 13°S

Northeasterly winds are suggested to cause the
upwellings in the Capo Frio region. If those winds really
were able to affect the bottom water in the waterfront and
create upwellings, they should be able to create a
substantial surface flow as well. However, there are no
indications of a northeast surface current starting offshore
the Capo Frio region and continuing into the South Atlantic
Ocean. Again, winds associated with the Ekman transport
are too weak to generate major upwellings.

The nutrient concentration, primary biomass and
productivity as well as fishery production is lower in the
Capo Frio region upwelling waters than in the other main
upwelling regions elsewhere [110]. This would be
plausible evidence that substantial amounts of the BraC
tropical and infertile water mixes with the deep-core of the
MalC in the confluence (see section 3.1.4).

The biological productivity in the upwelling area in front
of Baia de Todos os Santos (13°S) is even lower [109].
After upwelling in the Capo Frio, the volume transport of
the MalC is reduced, which further lowers the nutritional
value of the upwelled water at 13°S. Subsequently, the
MalC can be traced as the source of the 13°S and 23°S
upwellings.

The vegetation of the Capo Frio region is semiarid in
contrast with that of other parts of the Brazilian coast [110].
Desiccation of the continental climate is typical
oceanic-atmospheric physical process at the upwelling site
of a cold current. In the absence of the confluence with the
BraC, the upwellings due to the MalC could make the Capo
Frio region a desert.

3.6.3. South Atlantic, Agulhas and Benguela Currents

At the beginning in the Argentine Basin the volume
transport of the SAC is 30 Sv to 37 Sv, relative to the 800 m
to 1000 m depth [111]. In the vicinity of southern Africa,
the volume transport is reduced to 17 Sv. Surface velocities
of the SAC in the Argentine Basin are of the order of 20
cm/s to 27cm/s, but in the Cape Basin near South Africa
they are decreased by half [112]. It is obvious that the main
driving force for the SAC is the original momentum which
it acquires during the confluence of the BraC/MalC. The
westerlies at the 38°S to 40°S level are only an auxiliary
driving force.

The Agulhas Current (AguC) transports warm water
from the Indian Ocean along the southeast coast of South
Africa. It starts approximately at the border between
Mozambique and South Africa and stretches along the
eastern seaboard of South Africa, down to the latitude of
Port Elizabeth. Farther downstream it flows past the broad
continental slope and over the Agulhas Bank [113]. The
volume transport of the AguC is 65 Sv to 85 Sv [112].

The retroflection of the AguC starts just south of 37°S
[113] and is completed at 40°S, 18°E (see Figure 14) [114].
Much of the AguC water is then diverted east and
recirculates in the southwest Indian Ocean sub-gyre as
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South Indian Ocean Current (SIOC). About 10 Sv of the
AguC flow is diverted northeast into the South Atlantic
[115] as the Agulhas eddies. They are among the most
energetic in the world and should have lifetimes of 5 to 10
years [112]. These eddies are likely formed between 37°S
to 38°S (see Section 3.6.4). SAC flows between 38°S to
40°S, so its water is not diverted by the Agulhas eddies,
neither are there other plausible driving forces which could
divert the SAC to flow north or northeast. Subsequently,
the SAC is not the origin of the BenC but south of 38°S it is

participating to the retroflection of the AguC.

The flow of the AguC is 4 to 5.5 times greater than that
of the SAC. If only these two currents would participate in
the retroflection, the southwest-bound momentum of the
AguC water molecules would overpower the eastbound
momentum vector of the SAC water molecules. It would be
expected to form a relatively warm surface current of
AguC + SAC, the momentum of which would be directed
south or south-southwest.
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Figure 14. Seasonal differences in the circulation pattern of the AguC and BenC during austral winter (below) and summer (above). Currents are

drawn on the map from [117]
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However, the momentum of the SAC water molecules
overpowers that of the AguC molecules, and the AguC
water molecules are retroflected east. This is possible only
when the horizontal movement of the AguC water
molecules cease moving or at least move very slowly. In
the middle of the ocean the only possible mechanism to do
that would be the DDC with large AT — the confluence
between warm and cold current.

The only plausible candidate as the cold current for the
confluence is the Benguela Current (BenC), which is a
branch of the ACC [116].

It is plausible to presume that the BenC approaches the
tip of South Africa from the southwest as a wide flow, even
though there seems to be no available data of the BenC
flow route and its volume transport between the ACC and
the Cape of Good Hope. The Agulhas Bank divides the
deep-core of the BenC into two branches. One of the
branches is the BenC flowing north along the west coast of
South Africa. The second can be called the BenCg, which
flows north along the east coast of South Africa (see Figure
14).

This hypothesis is supported by the fact that the Agulhas
Undercurrent (or the BenCy, as it is here called) has been
observed and measured near Port Edward (31°S). The core
of the undercurrent is centered around a depth of 1200 m,
against the continental slope and directly below the surface
core of the south-westward flowing AguC. Maximum
velocities of 30 cm s™' to the northeast are observed in the

3.6.4. Confluence of the BenC and AguC

In front of the Agulhas Bank, at approximately 37°S,
17°E to 39°S, 13°E (NW to SE), there is a salt finger which
is 250 km wide on the surface, and 150 km at a depth of
1,000 m (see Figure 15). The salt finger observed at the
location matches those in the BraC vs. MalC confluence.

The AT is so great that a vigorous DDC results. In the
salt finger the waters of the AguC and BenC mix. The
warm ring-like Agulhas eddies drift northwest to the South
Atlantic [113]. These eddies contain more of the AguC
water than that of the BenC. They are likely to form
between the 37°S to 38°S. With these eddies the heat (or at
least part of it) which the NBC transports into the North
Atlantic Ocean is compensated by the heat from the Pacific
and Indian Oceans.

The Agulhas Bank diverts that part of the deep core
BenC, the momentum of which is more or less untouched
in the confluence, to flow north. The confluence of the
AguC and BenC at the tip of Africa is shown in the eddy
current chart as well (see Figure 4).

South of 38°S, the horizontal movements of the AguC
and BenC molecules start to slow down even at the surface,
because the direction of the movements are almost opposite.
Further south, the momentum of the BenC water molecules
might overpower the momentum of the AguC water
molecules. The SAC is then able to leach the
still-standing/slow-moving surface water of the AguC and
BenC with it. In the Indian Ocean this current is called the

undercurrent, and its volume transport is 6 SV, guuth Indian Ocean Current (SIOC).
approximately one tenth that of the AguC [118].
CTD Station number

27 28 29 30 il

Depth (m)

\K P e
1500 3 L. Az A ;
0 100 200 300 400 S00 600 700 800 900
Distance (km)

Figure 15. A major salt finger due to the vigorous DDC in the AguC vs. BenC confluence during a hydrographic cruise in the Agulhas retroflection
region in February/March 1987. The section showed extends from 37°S, 17°E to 39°S, 13°E (in the direction NW to SE) [113]
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Figure 16. False color image. showing chlorophyll concentrations on the south and west coast of South Africa due to the BenC, March 28, 1999 [119]

During austral summer, the retroflection of the AguC
occurs in two places, in front of the Agulhas Bank and in
front of Port Elizabeth at 35°S, 25°E (see Figures 14 and 16)
[117]. A plausible explanation for this is that in summer the
flow of the BenC is so great that there is not enough AguC
water to slow down all of the BenC water in the salt finger
in front of the Agulhas Bank. Subsequently. some of the
BenC continues to flow and the second confluence takes
place in front of Port Elizabeth. The resulting retroflected
AguC/BenC current is seen protruding south in March in
the middle of Figure 16 [119-120]. It is in this second
confluence that the Natal eddies are likely formed.

3.6.5. Upwellings Caused by the BenC and BenCg

The BenC creates a large upwelling ecosystem situated
off the west coast of Angola, Namibia, and South Africa
(5°S to 37°S, 0° to 26°E). At the center of the upwelling
region is an area of year-round coastal upwelling at 15°S to
30°S and a region of seasonal upwelling at 30°S to 34°S. In
the region between approximately 15°S and 37°S there is a
poleward undercurrent along the shelf slope and bottom
[121].

It has been found that the mean meridional transport of
the BenC in the upper 800 m decreases from 23 + 3 Sv at
31°S to 11 £ 3 Sv at 28°S [122]. This is in the area of
year-round coastal upwelling. It implies that the upwellings
along the Southwest African coast are due to the BenC. The
Ekman transport does not necessarily have any important
part in the upwellings.

Around 24°S to 30°S, most of the BenC veers from the
coast northwest and joins the SEC [123]. The warm
tropical southward moving coastal Angola Current meets

the Benguela Upwelling System at the Angola-Benguela
Frontal Zone at approximately 15°S to 17°S. [121] and
separates the rest of the BenC from the coast.

During the austral summer, the BenC creates an
upwelling ecosystem situated off the south coast of South
Africa. Pigment indices indicate that in austral summer the
phytoplankton biomass is high on the west coast of South
Africa from Cape Columbine along the coast to the Cape
Peninsula, but also quite extensive in the autumn [124]. In
the images taken by NASA it can be seen that
phytoplankton blooms on the southern coast of South
Africa, in front of Port Elizabeth starting from November
[119-120]. This implies that the retroflected current south
of Port Elizabeth contains BenC water.

The BenCg/Agulhas Undercurrent likely causes the
upwelling in the Gulf of Oman [125].

The blooming of the phytoplankton in the summer can
take as further evidence that the BenC is connected to the
formation of the DSW in the Southern Ocean. During
austral summer, the formation of the DSW is low. The flow
time of the BenC from the ACC to the tip of the Africa is
likely n + 0.5 years, n being 1, 2, 3, or 4.

3.7. Antarctic Circumpolar and Coastal Currents

3.7.1. The ACC and Its Flow in Three Well-Separated
Fronts

The westerlies are the driving force of the Antarctic
Circumpolar Current (ACC). The ACC encircles
Antarctica, extending from the surface to the bottom of the
ocean. Due to the open ocean area around the world, the
wind stress is able to accumulate to the maximum level
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obtainable physically in the Earth. That is why the ACC is
the strongest of the ocean currents. Local instabilities in the
wind stress and the bottom topography of the Southern
Ocean cause the ACC flow to meander. It is not, therefore,
a smooth, large-scale flow. Rather, most of its transport is
concentrated in three, well-separated fronts [126—127].

Fronts are separate regions with distinct temperature and
salinity signatures [126]. The Southern ACC Front is the
southernmost, the Polar Front (PF) is in between and the
Subantarctic Front (SAF) is the northernmost of these ACC
cores [127]. The SAF is characterized by surface
temperatures near 7 °C to 9 °C and a salinity minimum of
33.8%o to 34.0%o [128].

The PF zone is also called the Antarctic Convergence
zone. It is located between approximately 50°S and 60°S.
On average, the Antarctic surface water becomes saltier
and colder to the south of the PF [129]. Hydrographically,
the PF is the northern boundary to cold (—1.5 °C to 2°C)
near-surface water formed by winter cooling [112].

The baroclinic transport of the ACC above 3,000 m
through Drake Passage is 107.3 + 10.4 Sv and has been
steady between 1975 and 2000. The baroclinic transport
relative to the deepest common level is 136.7 + 7.8 Sv.
(Estimates of the volume transport of the sea currents vary,
depending on the chosen reference depth level of the
current). The ACC volume transport is mainly carried in
two jets, the SAF, with 53 = 10 Sv, and the PF, with 57.5 +
5.7 Sv. The Southern SCC Front transports 9.3 + 2.4 Sv
[130].

3.7.2. The Antarctic Coastal Current and Antarctic
Intermediate Water

The Antarctic Coastal Current (AnCoC), also known as
the East Wind Drift Current, is the westward flow close to

the Antarctic coastline. It is the counter-current of the ACC.

The driving forces for the AnCoC are the shear of the ACC
and the prevailing easterly winds found south of
approximately  65°S  [127]. Although AnCoC is
circumpolar, the Antarctic Peninsula partially impedes its
flow [131].

Impeded part is diverted to flow north and the
unimpeded part flows west into the Drake Passage. There it
meets the east-flowing ACC. During their encounter, the
speed of the ACC flow is slowed while that of the AnCoC
ends totally. This situation likely allows the north diverted
part of the AnCoC water to penetrate deep into the ACC
flow. This thrust would possibly divert some of the ACC
flow north. It would then continue as the MalC. In the BraC
vs. MalC confluence, the MalC water upwells, which keeps
the route passable. The confluence can be taken as a
mid-route suction-like driving force for the MalC.

The Antarctic Intermediate Water (AAIW) is found just
north of the SAF [127]. It is characterized by a salinity
minimum (core of AAIW) centered at depths of 600 m and
1,000 m [132].

During summer the ice melts in the Southern Ocean, and

the surface water is freshened. The AnCoC spreads the
meltwater so that it enters the influence of the deep-sea
current pump areas, which are active throughout the year
(as Newton’s first law states). The low-salinity meltwater
then enters the deep-sea currents. This causes the formation
of the AAIW. At the moment, it protrudes over the equator
up to 10°N [133].

3.7.3. Outflow from the Southern Ocean

In terms of the outflow of the DSW, the Arctic and
Antarctic ocean areas show marked differences due to the
bottom topography. In the Southern Ocean, the DSW has
immediate, free access to the sea everywhere. It is
piecemeal ending up to the ACC. The ACC and the AnCoC
immediately provide the compensating surface water.
Subsequently, unlike in the Arctic Ocean, in the Southern
Ocean there is no possibility to develop a focusing suction
to draw a narrow and strong compensating surface inflows.

However, entering the DSW in the ACC is a slow
process, there is time for the thrust to develop. The overall
flow of the DSW is 26 Sv, which is generating an annual
thrust of 44,000 N/m’. Considering the eastern flow
direction of the ACC, the thrust puts the DSW to move
northeast, forming the BenC in the Southern/South Atlantic
Ocean. The suction from the starting point of the SEC is
determining the diversion place of the BenC from the ACC.
Moreover, here the auxiliary mid-route suction-like driving
force is the BenC vs. AguC confluence. Like the flow of
the NAUC in the North Atlantic, the flow of the BenC in
the Southern Ocean obeys Pascal’s law and follows
Bernoulli’s equation. Its initial speed slows and the flow
bed widens before it arrives to the tip of Africa where it is
divided into northern (BenC) and eastern (BenCg)
undercurrents.

The undercurrent outflow from the Southern Ocean is so
effective that the South Atlantic bottom water is clearly
colder than that of the North Atlantic [133]. It is obvious
that the DWBC would confront more repulsion than what
the original thrust obtained by DSW in the Arctic Ocean
would be. The outflowing undercurrents create a barrier for
any incoming deep-sea current entering the ACC.

3.8. Recommendations for the Future Studies

The undercurrents in the Southern and Arctic oceans are
not well known. A potential, though slow and expensive
method to clarify their routes would be the use of tracer
substances. In the Arctic Ocean the appropriate seeding
places would be the Barents, Chukchi, Kara, Laptev and
East Siberian seas. Ultimately, the findings would also
provide information about the route of the NAUC in the
Atlantic Ocean as well as about the travel time of water
molecules from the East Siberian shelf to the Nortwest
African coast.

In the Southern Ocean seeding of tracer substances on
the eastern coast of the Antarctic Peninsula could be a
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means to clarify the importance of the AnCoC in the
formation of the MalC. Seeding them in the ACC clearly
east from the South Georgia and South Sandwich Islands
would clarify the route of the BenC. It would also offer
data on the BenC vs. AguC confluence, the travel time
from the ACC to the tip of Africa, and even further as BenC
and BenCk.

In the Pacific Ocean, the warm Kuroshio and cold
Oyashio currents meet off-shore of Japan. The mixed water
zone between the currents[134] is likely a confluence zone.
Salt fingers could be measured there. The confluence zone
of the IrmCy, vs. BSUCy could also be localized by
measuring salt fingers southeast from Cape Farewell, over
the Greenland continental shelf.

At present, the area of annually melting ice is annually
measured in the Arctic Ocean. Yet to clarify possible
long-term trends in fluctuations of the GSC, the volume of
the annually forming ice should be measured as well. Once
the volume is known, the amount of released salt can be
estimated, as well as that of the DSW. Similar
measurements could be carried in the Southern Ocean as
well. The data would allow comparison of DSW formation
between the polar oceans.

4. Conclusions

Sea currents in the South and North Atlantic Ocean form
two separate hydraulic circulations. The primary driving
forces of the surface currents are the thrust from the trade
winds and westerlies. Water transported by NEC from the
west coast of Central Africa (10°N to 20°N, 15°W to 17°W)
forms the bulk of the flow in the GSC. Part of the water
transported by the SEC is directed northwest as the NBC.
Its flow strengthens by 7.5 Sv the flow of the GSC during
boreal winter. Heat from the Southern Hemisphere is then
transported deep into the North Atlantic Ocean. The
westerlies are an important driving force of the Gulf
Stream and the NAC in the North Atlantic Ocean.

In the Arctic and Southern oceans, the seawater freezes
in wintertime. One-year-old sea ice can hold only less than
6%o of salt. Due to brine ejection under the ice-cover a salt
gradient level is generated which ultimately forces the
descent of the surface water by gravity alone. Here it is
called descending salty water (DSW). The annual amount
of DSW is 21.7 Sv and in the Southern Ocean 26 Sv. The
annual average downward thrust created for the outflowing
undercurrents in both oceans is 44,000 N/m”. This is the
suction of the GSC as well.

Due to the bottom topography, the outflow of the DSW
in the Arctic Ocean and the inflow of compensating surface
water (by the Gulf Stream) are concentrated in confined
passages. In the Southern Ocean, the DSW outflows
piecemeal and freely in every direction. The compensating
surface water is provided by the AnCoC and ACC.

Most of the DSW outflow from the Arctic Ocean occurs

via the Labrador Sea towards the coast of northwest Africa
as the North Atlantic Undercurrent (NAUC). The direction
of the flow is determined by the suction at the starting point
of the NEC, which tends to be void of water. The flow and
the fluid dynamics of the NAUC as well as the other major
cold undercurrents follow Pascal’s law and Bernoulli’s
equation. Upwellings provide an unobstructed passage for
a continuous flow of undercurrents. The water molecules
moving along streamlines trade speed for height or for
pressure. Due to this exchange, the flow of the NAUC
slows and the flow bed widens. Subsequently, the NAUC
upwells along the 3,500 km of coastal area from A Coruiia
(NW Spain) to Dakar (NW Africa).

Some of the Arctic DSW from the Norwegian Sea also
flows directly south, over the IFSR into the West European
Basin and then contributes to the flow of the NAUC and the
upwellings along the coasts of Iberia and northern Morocco.
The Portugal and Canary currents transport the upwelled
waters to the NEC.

DSW formed in the continental shelves of the Arctic and
Southern Ocean have to travel long distances in the sea
bottom, during which time DSW acquires many nutrients.
When the DSW upwells, high nutritional water feeds rich
phytoplankton niches. Phytoplankton can be detected by
multiple means of detection. Subsequently, upwellings are
important indicators of cold undercurrents.

In double diffusive convection (DDC), the driving force
is the hundredfold difference in molecular diffusion rates
between heat and salt. The phenomenon called salt
fingering is typical of DDC. In the abyssal oceans the
mixing of water is relatively weak and intermittent, driven
by DDC. The temperature difference between the warm
and underlying cool water (AT) and salinity differences are
low.

When warm water cools in the North Atlantic Ocean
under unfrozen sea conditions, the density of the water
does not increase to such an extent that it could sink by
gravity alone. Due to the turbulence in the first 100 m and
the relatively low AT between the warm and cool water,
DDC does not produce the DSW.

However, DDC is vigorous when the AT is great. Such
occasion includes the confluence of BraC vs. MalC in
which two retroflected eastbound surface currents are
formed: the first at 38°S, being the beginning of the South
Atlantic Current (SAC), and the second at 50°S. In both of
these currents the BraC water has the majority over the
MalC water. However, the proportion of the BraC water,
and its southbound momentum, in the 50°S current is
greater than in the SAC. This difference is causing two
latitudinally different retroflections.

Between and/or under the salt fingers, at the level of the
MalC deep core, the horizontal movement of the BraC
water is already slowed down so much that it does not
influence to the MalC horizontal momentum. Subsequently,
this part of the MalC continues to flow in a more or less
unchanged direction of momentum through the confluence
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zone. Finally, the Mal C upwells in the Capo Frio region
(23°S) and in front of the Baia de Todos os Santos (13°S).

The retroflection of the AguC occurs in front of the
Agulhas Bank. The BenC approaches as a wide flow from
the southwest. Due to the Agulhas Bank, its flow rises. The
AT between the warm and cool water is great, so DDC is
vigorous. A large salt finger, more than 250 km wide and
over 1,200 m deep, forms. The horizontal movement of the
interacting currents in the confluence zone slows due to the
vertical movement of the water. The waters are unevenly
mixed. The SAC has the ambient water temperature and
salinity, and it does not participate in the DDC. However,
by its flow, it leaches most of the AguC and BenC stillstand
or slowly moving water with it. The deep core of the BenC
is more or less untouched by the confluence. The Agulhas
Bank divides deep core of BenC into two branches. The
western part flows north along the coast of western South
Africa (BenC), and the eastern part flows north along the
coast of the eastern South Africa (BenCg). This is known as
the Agulhas Undercurrent as well.

The AguC/BenC eddies are compensating the heat
transported by the NBC via GSC into the North Atlantic
Ocean with the heat from the Pacific and Indian Oceans.

The pressure and the absence of important driving forces
prevent formation of important sea currents in abyssal
waters, except perhaps in the Southern Ocean. Compared
to the North Atlantic, the North Pacific Ocean is fresher.
This is likely due to the overflow of fresher
meltwater/lowest density DSW from the Arctic Ocean to
the Pacific Ocean via the Bering Strait. The remaining
water is a slightly saltier. Its cycling as the GSC and NAUC
has, over time, increased the salinity of North Atlantic
Ocean.
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