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Abstract  The aim of this meta-study is to provide an 

understanding of the events which slowly ended the Great 

Ice Age (GIA) and caused the formation of the Sahara 

Desert. During the GIA, a layer of floating ice 900 m thick 

in the Arctic Ocean and grounded ice in the North Sea 

prevented the flow of the Gulf Stream into the Arctic 

Ocean. An 8-km layer of salt at the bottom of the Gulf of 

Mexico suggests that the gulf has been an inland sea for a 

long period. It might have been separated from the Atlantic 

Ocean by an overflow via the Straits of Florida and a land 

bridge in the Yucatan Channel, which was reflected the 

North Equatorial Current (NEC) flow towards the coast of 

Northwest Africa as the GIA-Gulf Stream (GIA-GS). 

During the GIA, the return waters by the GIA-GS were 

warm, and the Sahara was “green.” About 11,300 to 11,600 

years ago, an earthquake might have cut the land bridge 

connecting the gulf to the Atlantic Ocean. This allowed the 

Gulf Stream Currents (GSC) to occupy their present flow 

route. Within 4,000 to 5,000 years, grounded and floating 

ice and continental glaciers had melted and the global sea 

level risen by 10 to 15 meters. By then, the return flow of 

water carried by the GSC into the Arctic Ocean was fully 

developed: first via undercurrents (mainly) into the 

Labrador Sea, and then from there to the coast of 

Northwest Africa as the North Atlantic Undercurrent 

(NAUC). Its upwelling waters desiccated the sea-air 

entering the Sahara. Paleobiological, paleohydrological, 

and paleontological observations confirm that the drying of 

the Sahara started in earnest about 6,000 years ago. 

Keywords  Route Change of the Gulf Stream, Slow 

Ending of the Great Ice Age, Development of the North 

Atlantic Undercurrent, Desiccation of Sea Air by Cold 

Water and by Cloud Seeding, Formation of the Sahara 

Desert, Desertification of Sahel Belt 

1. Introduction

The desiccation of the nearby continental climate by the 

upwelling waters of cold undercurrents is a typical 

oceanic–atmospheric phenomenon. This prevents 

rain-laden sea-air from entering the land. This phenomenon 

is most conspicuous in the subtropical latitudes (around the 

Tropic of Cancer and Tropic of Capricorn). 

The cold Peru-Humboldt Current (PHC) flows north 

parallel to the west coast of South America. It creates the 

105,000-km
2
 Atacama Desert in northern Chile and 

southern Peru 1]. The desiccation is effective, the mean 

annual rainfall is not more than 15 mm 2. The Atacama 

Desert has been arid for at least 22 Ma 3–4. The Northern 

Hemisphere counterpart of the PHC in the Pacific Ocean is 

the California Current, which brings aridity to Baja 

California.  

That cold-water undercurrent from the Antarctic 

Circumpolar Current (ACC) in the Southern Ocean, which 

is directed towards Africa, is divided by the African tip into 

two branches: the Benguela Current (BenC) parallel the 

western coast and the BenCE parallel the eastern coast of 

Africa 7. The BenC leads to the existence of the 34,000 

km
2 
Namib Desert 1, 5]. Aridity in southwest Africa is at 

least 5 million years old, predating the onset of the BenC, 

and it may have been initiated shortly after the opening of 

the Atlantic Ocean 6] and the development of the South 
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Atlantic Ocean currents. The BenCE is also known as 

Agulhas Undercurrent 8. It creates the harsh, 

drought-prone environment in southwestern Madagascar. 
The Somali Current (SomC), which dries the Horn of 

Africa, is a continuation of the BenCE. 

The Sahara Desert is the largest warm-climate desert, 

with an area of approximately 9,100,000 km
2
. Due to the 

bottom topography, most of the water which the Gulf 

Stream Currents (GSC) carries into the Arctic Ocean flows 

first in undercurrents mainly into the Labrador Sea. From 

there, the North Atlantic Undercurrent (NAUC) carries the 

water towards the coast of Northwest Africa 7. The 

upwelling takes place over 3,500 km of coastal area from 

Dakar (NW Africa) to A Coruña (NW Spain) (10°N to 

43°N) 9]. NAUC waters flow almost perpendicular 

towards the Northwest African coast, and effectively cool 

both the coastal sea area and the local atmosphere.  

The Sahara Desert is the youngest of all the deserts on 

Earth. During the past 6,000 years, major changes in biome 

distributions have occurred in Africa north of 15°N. Many 

low-elevation sites were previously steppe and the Saharan 

mountains featured temperate xerophytic woods/scrub and 

warm mixed forest. At present those areas are desert. These 

shifts in biome distributions imply a significant decrease in 

precipitation between 6,000 years and the present 10.  

Recent geomorphological data reveal the existence of a 

large buried paleo-drainage network of the Tamanrasset 

River on the Mauritanian coast. Already during the late 

Quaternary, this river has contributed to the delivery of 

sediments to the Tropical North Atlantic margin 11. This 

means that the West Saharan area needed to receive 

significant precipitation during the Great Ice Age (GIA).  

The Sertão 12] in northeastern Brazil is distinctive for 

its low rainfall compared to other areas of Brazil. It is a 

xerophytic shrubland and thorn forest consisting primarily 

of small, thorny trees that shed their leaves seasonally 13–

14]. This drying is mainly caused by the upwelling of the 

Malvinas Current (MalC) water in the Capo Frio region 

and along the Atlantic coast up to the Baía de Todos os 

Santos 7]. Stone Age people lived in Sertão between circa 

22,000 to 6,000 cal BP 15]. This suggests that the drying 

of Sertão started around the same time as that of the Sahara. 

It has been suggested that during the GIA the Arctic 

Ocean was covered by a layer of floating ice that was 900 

m thick 16. This means that the shallow Arctic seas 

(Barents, Kara, Laptev and East-Siberian Seas) as well as 

the Greenland, Iceland and Svalbard continental shelves 

were covered by grounded ice. The entire North Sea was 

also covered by grounded ice 17. This implies that the 

Gulf Stream flow at that time was not directed into the 

Arctic Ocean. This would have required a watertight 

obstacle—a land bridge—in the Yucatan Channel. 

The waters of the North Equatorial Current (NEC) and 

the contribution of the South Atlantic water brought over 

the Equator by the North Brazilian Current (NBC) would 

have reflected from this land bridge back towards the coast 

of Northwest Africa as a warm current. Sea air entering the 

Sahara would not have desiccated, and the Saharan area 

would have received more precipitation than it does today.  

The enlargement of the Sahara is a continuing process, 

the advance of which is a clearly measurable phenomenon. 

In the mid-19th century, Timbuktu was savannah area 18. 

In those days, the preferable route of reaching Timbuktu 

and the Niger River was north through the world’s largest 

desert rather than from the west coast (Dakar) through 

dense and unexplored forests 19. 

Airborne dust enhances the formation of the 

precipitation embryos in the atmosphere [20. It is likely 

that when the sand deserts in Sahara enlarged, cloud 

seeding started to play an auxiliary role in the 

desertification. Today desertification is threatening the 

Sahel belt, which is a transition zone between desert and 

tropical savannah [21.  

When the GIA ended, the sea level is assumed to have 

risen by 120 m. This theory is accounted for by the age 

determinations of coral Acropora palmata at the sea 

bottom in Barbados. The results were interpreted to show 

two brief periods of accelerated melting superimposed on a 

smooth and continuous rise of sea level with no reversals. 

These so-called meltwater pulse (MWP-1A and MWP-1B) 

events would have taken place approximately 14,000 and 

11,300 years ago respectively. A third, much smaller 

MWP-3 would have taken place around 7,600 years ago 

[22]. 

The first measurements in Tahiti showed that the 

MWP-1A had taken place 13,800 years ago 23]. This was 

thought to corroborate the claimed global sea level rise. 

Later the Tahiti sea level record was updated with offshore 

drill cores demonstrating that the age of MWP-1A is older 

by about 500 years than was previously thought based on 

the Barbados record [24]. 

Measurements in Tahiti were done starting from the 

depth of 87 m upwards 23]. If the sea level 14,000 years 

ago really would have been 120 m lower than it is today, 

the Tahiti coral reef would have been 33 m above the sea 

level 14,300 years ago.  

Barbados is located in a subduction zone, which was also 

active throughout the GIA 25]. It is likely that 14,000 

years ago the sea bottom was lowered by local tectonic 

movements. Even though Tahiti is taken to be tectonically 

a quiet area, it is likely that 14,300 years ago the sea bottom 

was lowered by a local tectonic movement as well. 

MWP-1B cannot be confirmed with the measurements 

in Tahiti 26]. It was more or less related to the Barbados 

area. Then the sea bottom there was likely lowered a 

second time. 

Subsequently, the MWP-1A and MWB-1B 

measurements do not prove the rise of the global sea level. 

The presumption of the 120 m rise is vastly exaggerated. 

The present estimates of the global glaciated area and the 

thickness of the glaciers during the GIA based on the 
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supposed 120 m rise are vastly exaggerated as well. It is 

commonly presumed that all continental ice sheets would 

be 2 to 3 km thick, and that their weight would have 

pressed down the ground beneath. As the glaciers melted, 

the granite crust would have then started to recover their 

“original” height. This means that granite would have a 

rather sensitive and reversible elastic modulus. Elastic 

modulus of granite is 10 to 70 GPa 27 or 1–7 × 10
9
 at 

(technical atmosphere), rather insensitive and rather 

irreversible. The thickness of the continental ice layer 

needs to be 1,000 to 7,000 km before it would have some 

effect on the granite in terms of its elasticity. 

Much of the earliest (14,550 years ago) record of human 

habitation in beaches of Florida lies submerged and buried 

in unique depositional settings. On the riverbank of the 

Aucilla River a settlement has been found at the depth of 9 

m [28. This suggests that the sea level rose by 10 to 15 m 

when the GIA glaciers melted. 

The MWP-3 may be related to the melting of ice. In the 

Cyclades Islands in Greece, 6,000-year-old beach rock was 

found at a depth of 4.3 m 29]. Along the northern coast of 

Rio Grande do Norte, in northeastern Brazil, the age of 

beach rock 3 m below the sea level was 7,000 cal BP 30]. 

A plausible explanation would be a global sea level rise 

over several thousand years after the end of the GIA. 

2. Materials and Methods 

2.1. Aims of the Study 

The aim of this meta-study is to provide an 

understanding of the events which slowly ended the Great 

Ice Age (GIA) and initiated the formation of the Sahara 

Desert.  

2.2. Methods of Study 

The methods of this study are literature studies, present 

temperature observations and deductions.  

A comparison of coastal water and air temperature data 

[31–34 across the North Atlantic Ocean within the 

Saharan latitudinal range will demonstrate the importance 

of the cold return waters by the North Atlantic 

Undercurrent (NAUC) for the existence of the Sahara 

Desert.  

The young age of the Sahara Desert (around 6,000 years) 

is demonstrated by citing paleontological, paleobiological, 

and paleohydrological studies in the literature. 

The existence of the Green Sahara during the GIA is 

argued for the fact that return waters at the time arriving to 

the Northwest African coast were warmer than they are 

today. Subsequently, the Saharan area would have received 

more moisture than it does today.  

The thick salt layer at the bottom of the Gulf of Mexico 

is used to demonstrate that the gulf has long been an inland 

sea. During the GIA there needed to be a land bridge in the 

Yucatan Channel separating the Gulf of Mexico from the 

Atlantic Ocean, preventing the GSC from flowing in their 

present route.  

As evidence of the earthquake which is supposed to have 

destroyed the land bridge, this article will use the MWP-1B 

(11,300 years ago). The literature data show that the GIA 

ended around 11,500 years ago in Europe, and the writings 

of Plato in which he described the sinking of a continent 

11,600 years ago. 

The rise of the sea level shown by the beach rock studies 

will be used as evidence of the slow melting of grounded 

and floating sea ice, and continental ice sheets. Only after 

that were the NAUC waters able to flow in full strength to 

upwell into the beaches of Northwest Africa, desiccating 

the air entering the Sahara. 

Based on this evidence, it is deduced that the flow route 

of the Great Ice age Gulf Stream (GIA-GS) radically 

changed and ended the GIA. 

3. Discussion 

3.1. Turning the Green Sahara into Desert during the 

Holocene 

3.1.1. The Sahara Desert 

The Mid-Sahara Rise consists of rugged mountain 

ranges and plateaus with vast gravel plains (hammada) that 

have an average elevation of 900 m. Otherwise, most of the 

Sahara is a low-lying plateau area with an average 

elevation of 500 m (see Figure 1). Relatively small areas 

lay below sea level. The movement of sand by winds has 

concentrated the sand desert mainly around the periphery 

of the Sahara leaving the central mountainous areas free of 

sand accumulation of any size. Sand desert dunes (erg) 

comprise one fifth of the Saharan area 1, 35].  

 

Figure 1.  Topographic map of Sahara Desert [36] 

The sand seas of the Sahara are open regional deposition 

centers that receive the sand at their northern or 

northeastern edge and lose their particles at their southern 

or southwestern edge. The sand dunes flow in chains.  

In the most western part from southeast Cap Juby, near 

Tarfaya, to southeast Cap Blanc, the barchans reach a 
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height of 15 m (average of 6 to 10 m). The maximum width 

from the end of one wing to the end of the other is 75 m 

(average of 15 to 35 m). The rocky surface is favorable to 

saltation. The current barchans achieve an average speed of 

25 meters per year. The size of the grains has a median of 

220 μm. Sand particles smaller than 100 μm in diameter are 

ejected into the atmosphere as dust 37. 

The export of airborne dust from the desert is huge. 

Annually, an average of 182 million tons (at the level of 

15°W) is carried west by the wind 38. Sirocco winds 

bring some dust to southern Europe, and about 25 million 

tons is annually carried east as well 39. 

3.1.2. Desiccation of Air by Cold Sea Water and by 

Airborne Dust 

Between 34°N to 20°N, the seawater on the shores of the 

Sahara Desert is cold compared to the ambient sea water 

temperature farther away at the sea (see Figure 2). South of 

20°N, the cold surface water is not necessarily the primary 

reason for the drying of the air as it enters the Sahara/Sahel 

area from the Atlantic Ocean. An important additional 

reason for the drying is likely the airborne sand dust. 

 

Figure 2.  Mean sea-surface temperature along the northwest African 

coast [47] 

The drain droplets start to grow by both homogeneous 

and heterogeneous nucleation, with the latter being much 

more effective by several orders of magnitude. As the 

droplets grow further due to the process of condensation, 

they start to absorb small particles (which acted previously 

as the condensation nuclei) in the process known as cloud 

scavenging 40. 

In the Northwest African region, during the dry season 

months (November to March), the southeast trade winds 

blow across the Sahara Desert towards the Gulf of Guinea. 

During this period, the deposition of Saharan mineral dust 

(SMD) aerosols is so massive that the atmosphere is 

opalescent even in the coastal areas of the Gulf of Guinea. 

Locally, this dusty wind phenomenon is called the 

Harmattan 41. The largest concentrations aloft occur 

where dust loading at the surface is the greatest—between 

10°W to 10°E and 15°N to 20°N [42. During winter the 

wind is carrying the SMD aerosols to the Amazonas [43]. 

During summer, the African Easterly Jet (AEJ), at a 

height of 3 km, reaches its zenith between 12°N to 17°N. 

During October and November, the AEJ weakens and 

drops southward [44]. As the AEJ and southwest trade 

winds meet, the resultant wind path is directed west.  

As the dust is driven out over the Atlantic Ocean, 

inversion occurs and SMD aerosols are lifted above the 

denser marine air [45]. The Saharan Air Layer (SAL) is 

characterized as a warm dusty layer aloft around 700 to 600 

mb (3,000 to 4,300 m) [42], which is known for 

transporting SMD aerosols across the Atlantic Ocean, even 

to the Antilles [46]. 

In 1907, a group of French scientists was appointed to 

observe the condition of the forests in the French West 

African colonies. The group concluded: “The forest is 

shrinking in the whole area, and between Goumbou and 

Timbuktu it is in the process of completely disappearing” 

19. Today Timbuktu is more or less sand desert area. 

A combined consequence of the advancing Saharan sand 

seas and desiccation by airborne dust is the ongoing, 

clearly measurable desertification of the Sahel Area.  

3.1.3. Paleobiological and Paleohydrological Evidence of 

the Green Sahara 

Observations of the ancient Tamanrasset River system 

11 demonstrate that the West Sahara received significant 

precipitation during the GIA. This would imply that then 

the Atlantic waters on the Northwest African coast were 

much warmer than they are today. They did not desiccate 

the sea air entering into the Saharan area. 

A 7-million-year-old sand dune deposit has been found 

in the northern Chad Basin, in the middle of the Sahara 

Desert 48]. However, this does not necessarily imply that 

all 9.1 million km
2
 of the Sahara would have been desert 

since the Upper Miocene. Small deserts can form even in 

rather unlikely environments. For example, in Northwest 

Brazil there is a small desert called the Lençóis 

Maranhenses 49 and in Canada the Athabasca Sand 

Dunes 50. Even the 600,00 km
2
-Patagonian Desert is 

small compared to the Sahara. It is likely that outside the 

desert in the Chad basin there have been large areas where 

the precipitation has been greater than it is today. Most of 

the Saharan area has likely been “green”. 

Biomes for Africa have been mapped for 6,000 cal BP. 

Madagascar along with eastern, southern and central Africa 

show only minor changes in terms of biomes, compared to 

the present. Major changes in biome distributions occur 

north of 15°N, with steppe in many low-elevation sites that 

are now desert, and temperate xerophytic woods/scrub and 

warm mixed forest in the Saharan mountains. These shifts 

in biome distributions (from woodland and savannah into 
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desert) imply a significant decrease of precipitation 

between 6,000 years and the present 10. The drying of the 

Green Sahara has taken place during the latter half of the 

Holocene.  

3.1.4. Paleontological Evidences of the Speed of Drying 

At the early Holocene, there were stone age settlements 

over large areas which are now inhospitable. 

Between 5300 and 3500 BC, prehistoric settlers began to 

withdraw from the Western Desert of Egypt, which, due to 

aridity, became increasingly hostile to man. After 3500 BC, 

the Western Desert of Egypt (outside the oases) seems to 

be almost void of human occupation 51. 

The remains of both terrestrial and aquatic animals 

retrieved during the excavation of the Takarkori rock 

shelter (Tadrart Acacus desert, 24°50'N 10°20'E in Libya), 

illustrate the more humid climatic conditions in the Sahara 

of southwestern Libya during early and middle Holocene 

times. The material was abundant, consisting of 17,551 

identifiable remains, and covered a period between 10,200 

and 4,650 cal BP. In the Late Acacus period (10,200 to 

8,000 cal BP), fish remains represent around 90% of all the 

remains. Interestingly, this proportion continues to be 

robust (80%) until the Middle Pastoral 1 (6,400 to 5,600 cal 

BP) and it then drops in the Late Pastoral phase (5,900 to 

4,650 cal BP) when fish constitute only about 48% of the 

remains [52]. 

Gobero is located in Nigeria in the Ténéré desert region, 

on the northwestern rim of the Chad Basin, approximately 

150 km southeast of the Aïr massif (17°N 9°E). Sereno et al. 

53 discovered approximately two hundred human burials 

in the location on the edge of a paleolake. 

The early Holocene occupants at Gobero (7700 to 6200 

BC) were largely sedentary hunter-fisher-gatherers with 

lakeside funeral sites that include the earliest recorded 

cemetery in the Sahara. Gobero was then abandoned for 

one millennium. More gracile humans arrived in the 

mid-Holocene (5200 to 2500 BC), employing a diversified 

subsistence economy based on clams, fish, and savanna 

vertebrates as well as some cattle husbandry 53]. Between 

5300 and 2500 BC, the uninhabited desert area moved 

over 2,000 km west from the Nile river. 

3.2. Flow of the Present Day GSC 

The general circulation of the present-day Gulf Stream 

Currents in the North Atlantic Ocean is depicted in Figure 

3.  

The volume transport of the Yucatan Current (YuC) is 

approximately 24 Sv into the Gulf of Mexico 54]. The 

volume transport of the Florida Current (FloC) at the 

transect from Miami to Bimini (25.7°N) ranges from an 

early winter low of 25.4 Sv to a summer high of 33.6 Sv, 

the average being 29.5 Sv 55. Some of the north branch of 

the North Equatorial Current (nNEC) water via the Antilles 

Current (AntC) south of the Andros Island joins the flow.  

At 27°N, the mean transport for the FloC is 32.3 ± 3.2 Sv. 

It is obvious that 2.9 Sv more of the nNEC water via the 

AntC north of the Andros Island reaches the FloC. The 

mean northward heat flux via the FloC is then 1.30 ± 0.13 

PW 56. 

Between 27°N and 29°N, the total transport of the FloC 

increases additionally by approximately 3 Sv, while the 

current broadens by about 50%. By then also the Sargasso 

Sea Circulation (SSC) water starts to reach the FloC. 

Above 29°N, the contribution of the SSC water increases. 

At Cape Hatteras (35°24'N, 75°29'W), the FloC transport 

has increased nearly threefold to 93.7 Sv 57. It is obvious 

that the AntC is the driving force for the south–

southwestern section of the SSC flow. 

The FloC follows the shelf break of the southeastern 

United States to Cape Hatteras, where it separates abruptly 

from the continental margin and proceeds northeast. The 

Gulf Stream sensu stricto is part of the GSC chain from 

Cape Hatteras to the southeast edge of the GBN. The single 

flow bed of the Gulf Stream is characterized by wavy 

perturbations known as Gulf Stream meanders and eddies. 

The main momentum of flow is northeast. However, some 

warm water is transported northward and some cold water 

southward in so-called Gulf Stream ‘‘rings’’ 58. An 

amplitude-related dispersion relation is observed in region 

from 75°W to 45°W 59. 

In the Arctic Ocean, the seawater carried by the Irminger 

Current (IrmC), Norwegian Atlantic Current (NwAC), and 

its branches the North Cape Current (NCaC) and West 

Spitsbergen Current (WSC) 7 are frozen. Then 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 

to –2 °C. 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. Here this water is 

called descending salty water (DSW) 7. 

In the Arctic Ocean, the DSW forms the East Siberian 

Shelf Undercurrent (ESSUC) and the Barents Sea 

Undercurrent (BSUC). The East Greenland Current (EGC) 

flowing into the Labrador Sea is the continuation of the 

ESSUC. In the North Atlantic Ocean, the BSUC branches 

to a southbound branch (BSUCS) and a westbound branch 

(BSUCw). BSUCW flows into the Labrador Sea and 

BSUCS flows into the West European Basin 7. 

A surface buoy drifting at a depth of 10 m was released 

in the Denmark Strait above the EGC. It was floated into 

the Labrador Sea and thereof ultimately to the NwAC 60. 

This implies that the momentum of the Gulf Stream water 

transported over the GBN is determining an eastbound 

direction for the surface currents in the Labrador Sea from 

the axis of a few hundred kilometers south of Cape 

Farwell–GBN. 

Another buoy drifting at a depth of 75 m was released in 
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Denmark Strait into the shelf break East Greenland Current 

(sEGC). It was ultimately floated into the West Greenland 

Current (WGC) 60. This implies that sEGC is also 

participating in the confluence (CFL) with the BSUCW and 

the westbound branch of the Irminger Current (IrmCW) 

southeast from Cape Farwell over the Greenland 

continental shelf (see Figure 3) [7.  

In the Labrador Sea, the southwest-flowing EGC meets 

the southeast flowing LabC in front of the GBN. The main 

part of the deep-core EGC water is diverted southeast by 

the GBN and joins the deep core of the LabC. Together, 

they form the North Atlantic Undercurrent (NAUC) bound 

southeast to the coast of Northwest Africa. 

Some of the EGC deep-core water also pushed 

southwest through the Flemish Cap in the GBN, taking 

with it some of the LabC deep-core water 7.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 61]. Here it is called the 

south-bound Labrador Current (LabCS), even though it 

equally well could be named south-bound EGC (EGCS). 

Waters in the Mid-Atlantic Bight have connection to the 

waters in the East Siberian Shelf. Ultimately, the flow of 

the LabCS extends to Cape Hatteras 62]. 

 

Figure 3.  The present circulation of the Gulf Stream Current in the North Atlantic Ocean. See List of Abbreviations for explanations of names of the 

currents 
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In front of the GBN, some of the EGC deep-core water is 

forced to upwell. The flow continues southwest over the 

GBN, taking with it some LabC water. This combined flow 

southeast can be named the North Atlantic Surface Current 

(NASC). When this flow encounters the Gulf Stream, it 

forces the Gulf Stream to meander, and the Gulf Stream 

rings are formed. The driving force for NASC is the kinetic 

energy obtained by the DSW in the Arctic Ocean. NASC 

forms the northeastern section of the SSC. Two thirds of 

the FloC flow at Cape Hatteras is in a water layer with 

temperatures between 17.0 and 19.5 °C, colder by 7 °C 

than the “still” water temperature found at 27°N 57. The 

SSC is therefore a consequence, not a reason, that the GSC 

are flowing along their present route. 

Once the Gulf Stream has passed the GBN, the NASC no 

longer interferes with the flow. Subsequently, the flow bed 

structure of the North Atlantic Current (NAC) becomes 

multiple, branching fronts, and the flow volume is reduced 

to 35 to 38 Sv. 

3.3. Effects of the Upwelling of NAUC Water 

On the route of NAUC from the Labrador Sea to the 

coast of Northwest Africa, there are no major confluences 

with warm currents. In addition to Azores Current (AzC) 

water, the upwelled NAUC water is a major contributor to 

the Canary Current (CanC), which finally returns the 

compensation water to the starting point of the NEC 7.  

By comparing the areas of the Sahara Desert and the 

Namib Desert, the climatic effects of the NAUC waters are 

more conspicuous than those of the BenC. In addition to 

the parallel flow with the South African west coast, the 

confluence of the BenC with the Agulhas Current mitigates 

the coldness of the BenC water 7. The NAUC water is 

colder than the BenC. NAUC water is also more plentiful 

than BenC water.  

CanCS is a transporting part of the NAUC water into the 

South Equatorial Current (SEC). It is returning the water 

which the North Brazil Current (NBC) is bringing north 

balancing the water budgets between the North and South 

Atlantic Oceans but same time creating imbalanced heat 

budgets. This contribution is cooling the SEC so much that 

in the South Atlantic Ocean hurricanes are extremely rare 

63. 

The most important upwelling area of the NAUC is 

between the cities of Nouadhibou and Agadir. The water 

temperature on the coast of Nouadhibou is in March 18 °C 

and in September 24 °C 32. At the same time, on the coast 

of Puerto Rico the temperatures are 25 and 28 °C 

respectively 33. 

The lowering effect of the cold water to the coastal air 

temperature is high as well. The summer temperature 

(April to September) is approximately 4.5°C colder on the 

Northwest African coast between Nouadhibou and Agadir 

than on the Mexican and American coasts between Cancun 

and Jacksonville (see Table 1). 

From August to October, the rainfall is the greatest in the 

Nouadhibou 34, implying the importance of the seawater 

temperature for precipitation. Even though the islands of 

Lanzarote and Fuerteventura only partially prevent the 

upwelling of NAUC water on the El Aaiún (Laâyoune) 

coast, the air temperature in summer is higher there than in 

Nouadhibou, which is located 800 km south from El Aaiún. 

This emphasizes the importance of NAUC upwelling 

waters for the sea and atmospheric temperature on the 

Saharan coast. 

Table 1.  Average summer and winter temperatures between 20°N to 34°N along the coasts of northwestern Africa, eastern Mexico and southeast 

USA 

 

Cancun, 

Mexico, 

21o10’N, 

86o51’W 

Tampico, 

Mexico, 

22o17’N, 

97o52’W 

Melbourne, 

FL, 

28o4’N, 

80o39’W 

Jacksonville, 

FL, 

30o19’N, 

81o40’W 

Noadhibou, 

Mauritania, 

20o56’N, 

17o02’W 

Dakhla, 

Western Sahara, 

23o41’N, 

15o57’W 

El Aaiún, 

Western 

Sahara, 

27o08’N, 

13o11’W 

Agadir, 

Morocco, 

30o24’N, 

9o36’W 

Winter +24.6 +22.2 +20.3 +16.7 +21.6 +19.7 +19.7 +17.0 

Summer +27.7 +27.9 +26.3 +25.6 +23.2 + 21.0 +23.5 +21.3 
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3.4. Route of the Gulf Stream during the GIA 

During the GIA, the North Sea would have been covered 

by grounded ice. A necessary requirement for that was that 

the Gulf Stream sensu stricto did not flow at that time. This, 

on the other hand, also means that the FloC, NAC, IrmC, 

NwAC and SSC were not flowing along their present route. 

The trade winds are an unstoppable phenomenon. Two 

corollaries are included: (1) the removal of water from the 

African coast by the NEC, and (2) the existence of a return 

current to provide the compensating water for the NEC are 

unstoppable phenomenon as well. During the GIA, the 

route of the NEC has been more or less the same as today: 

the starting point was between 10°N to 20°N in the 

Northwest African coast, but the route of the return current, 

the Great Ice Age Gulf Stream (GIA-GS), differed from the 

present-day route of the Gulf Stream.  

3.4.1. Salt Deposit in the Gulf of Mexico  

Salt deposits lie under the Gulf of Mexico and the 

southern United States as far north as Arkansas. At their 

thickest, these deposits are 8 km deep. They form two 

chunks: the Louann Salt layer stretching from Arkansas to 

the northern Gulf of Mexico, and the Campeche layer, 

which starts at the base of the Yucatan peninsula and runs 

up the middle of the Gulf 64–66. 

The average depth of the Gulf of Mexico is at present 1.6 

km. The deepest point is the Sigsbee Deep, with a depth of 

about 4,400 m. Originally, the Gulf of Mexico was very 

deep, likely comprising an ocean trench as well. In addition 

to salt accumulation, a gradual seafloor subsidence may 

also have contributed to its formation 67. Without salt 

deposits, the Gulf of Mexico might extend up to Arkansas. 

The accumulation of a salt layer that is 8 km thick 

requires the Gulf of Mexico to have been an inland sea for 

millions of years. The Yucatan Channel was then needed to 

be cut by a land bridge. River discharges flowing into the 

Gulf have partially evaporated, during which salt has 

accumulated, and partially flowed into the Atlantic Ocean 

via the Straits of Florida, preventing the discharge of the 

Atlantic water into the Gulf of Mexico. 

A virgin stream emerging from a mountain watershed 

may contain as little as 50 ppm, or 0.05‰ of total dissolved 

solids 68. The Salar de Uyuni is located at an altitude of 

3,600 m on the Altiplano, a plateau in the south of the 

Bolivian Andes. It has a surface area of about 10,000 km
2
. 

The basin is hydrologically closed, so it receives water only 

from rainfall and river inflow but does not have any 

outflow except evaporation and probable seepage into 

deeper layers. Siedland 69 determined the 
14

C-age of that 

salt layer to be 12,400 BP at a depth of 7.6 m. Generating 

this layer of salt would require the accumulation of 0.6 mm 

of salt a year. At this rate, an 8-km layer of salt in the Gulf 

of Mexico would have developed within 14.4 million 

years.  

The precipitation in the watershed areas from which 

rivers were running into the Gulf of Mexico has been 

greater than it is today (see section 3.4.3). The 

accumulation of the salt and sediment has definitively been 

greater than that in the Lake Titicaca watershed in the 

Altiplano. However, the overflow via the Straits of Florida 

has reduced the salt remaining in the Gulf and the possible 

subsidence of the sea floor increased the demand of salt. 

These processes extended the time interval during which 

the 8-km layer of salt has been accumulated. The 

accumulation of salt may have begun already then when 

the Caribbean plate was formed.  

3.4.2. Earthquake between 11,300 to 11,600 Years Ago in 

the Caribbean Arc 

The motion causing the creation of the Caribbean Plate 

began in the Late Cretaceous to Eocene (85 to 45 Ma). 

Since that time, it has been a geologically active area. 

Rapid tectonic arrangements should be the rule, rather than 

the exception, in the Mesozoic-Tertiary oceanic evolution 

of the Caribbean arc [70]. 

According to paleobiological evidence, the temperature 

in Europe started to rise around 11,500 years ago [71]. Due 

to the warming, the precipitation increased in Greenland 

72. This can be taken as evidence that the GSC started to 

flow north at that time, carrying warm water with it. It is 

likely that during those times there was an earthquake in 

the Caribbean arc, due to which the Yucatan land bridge 

collapsed. Measurements related to the MWP-1B can be 

taken to demonstrate that around 11,300 years the sea floor 

near Barbados fell. 

Historical evidence of the earthquake can be seen in the 

writings of Plato. In his dialogues Timaeus and Critias, he 

describes a continent as Atlantis that would have sunk 

around 11,600 years ago. People which managed to escape 

disseminated the news around the Mexican Gulf area.  

During the GIA, the human habitation on the Aucilla 

River practiced Clovis culture [28, which is known in 

Europe as well. Then the Great Ice Age Gulf Stream 

(GIA-GS) (see section 3.4.3) formed a convenient route to 

sail from America to Europe/Africa. People might have 

used it and brought Clovis culture to Europe. Due to the 

rising sea level caused by the slowly melting glaciers, 

people had to abandon their living spaces, which presently 

are at the depth of 9 m [28. It is likely that some 

inhabitants had moved to Europe/Africa, bringing the 

memory of the earthquake as a tale of the “sinking of a 

continent.” Plato, for example, took this heritage-based 

evidence seriously, even though today his writings on this 

issue are discounted. 

 In southern Australia, a stone age axe has been found 

under the volcanic ash of the Budj Bim and Tower Hill 

volcanoes. By measuring the radioactive decay of 
40

K into 
40

Ar over time, archaeologists have estimated the age of the 

axe to be 37,000 years. The sudden and simultaneous 

eruptions of two volcanoes have provided the basis of an 

ancient Aboriginal tale which is told even today 73. This 

heritage-based evidence is counted. 
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3.4.3. The Gulf Stream and NAUC during GIA 

During the GIA, the sea currents in the South Atlantic 

Ocean were likely more or less the same as they are today. 

Already then water from the northern branch of the South 

Equatorial Current (nSEC) was flowing via the North 

Brazil Current (NBC) into the North Atlantic. This created 

an unbalanced water budget between the North and South 

Atlantic Oceans, as is the case today. In the tropical North 

Atlantic Ocean, the NEC and NBC waters flowed into the 

Caribbean Sea. The land bridge in the Yucatan Channel 

diverted the flow back. The outflow of the return water, 

the GIA-GS, was likely directed via the channels between 

the Cayman Islands and Cuba, and then via the Windward 

Passage between Cuba and Hispaniola Islands (see Figure 

4). 

The AzC can be considered as relict of the GIA-GS. 

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. No unbalancing forces acted on the flow of the 

GIA-GS when it was approaching the Northwest African 

coast. Only the flow volume was drastically limited as the 

GSC started to flow north via the Straits of Florida. 

Large areas, 60%, or 61,400 km
2
, of the Great Bahama 

Bank (GBB), are shallower than 5 m 74. Due to this, the 

Bahamas are one of the most recognizable places on Earth 

for astronauts as large areas of shallow, light blue seas 75. 

During the GIA, this area was a dry land forming Greater 

Bahama Islands (GBI). It was diverting the flow of the 

possible GIA Antilles Current (GIA-AntC) back. Only a 

small portion of the GIA-GS flow was directed northeast 

towards the sea ice line (see Figure 4). The flow did not 

reduce the sea area covered by the floating or grounded ice. 

 

Figure 4.  The ocean currents in the North Atlantic during the Great Ice age. See List of Abbreviations for explanations names of the currents 
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The winter time sea ice likely extended around 45°N on 

the American coast to 50°N on the European coast. 

During summer, the ice line moved further north. The 

floating ice layer in the Arctic Ocean and the grounded ice 

in the Greenland and Iceland continental shelves as well 

as North Sea prevented the GIA-GS flow further north. 

The annually freezing and melting amount of sea ice and 

formation of the DSW was much smaller than it is today. 

The suction for GIA-GS into the North Atlantic Ocean was 

small.  

The DSW had immediate, free access to the North 

Atlantic Ocean. It ended up piecemeal to the sea. A 

focusing suction, like there is now, was not able to develop. 

The GIA-GS provided the compensating surface water 

immediately and piecemeal. 

The average mass weight center of the 

piecemeal-forming DSW during the GIA was somewhere 

between Greenland and Iceland, about 1,500 km more east 

than where the starting point of the NAUC is today in the 

Labrador Sea. The flow of the Great Ice Age North Atlantic 

Undercurrent (GIA-NAUC) would have been directed 

south by southeast towards the starting point of the NEC. 

Compared to the present NAUC, the GIA-NAUC had 

smaller flow volume. A considerable part of its flow was 

not upwelling on the Moroccan/West Saharan costs. 

Overall cooling capacity of the GIA-NAUC was low. So, 

the seawater temperature in coastal Northwest Africa 

would have been warmer than it is today.  

Most of the compensating water for the NEC at the coast 

of Northwest Africa was provided by the GIA-GS. That is 

why the NEC waters were warmer already at the starting 

point than is the case today. The water arriving to 

Caribbean Sea was warmer as well. Subsequently, due to 

the higher water and atmospheric temperature the 

evaporation and precipitation in the Caribbean Sea and 

Gulf of Mexico likely were higher than they are today. 

The GIA-CanC (consisted of waters provided by 

GIA-GS and GIA-NAUC) would also have been warmer 

than present-day CanC. The GIA-CanCS returned some 

water to the northern branch of the South Equatorial 

Current (nSEC), balancing the water budgets between 

North and South Atlantic Oceans. Due to this the nSEC 

waters were warmer at the starting point as well. The heat 

budgets between the two oceans would have been less 

unequal than they are today. 

During the GIA, the Brazilian Current (BraC) was a 

warmer current than it is today. Then cooling capacity of 

that part of the MalC water which went north through the 

confluence of BraC vs. MalC 7 was reduced. For this 

reason, the Sertão was more humid.  

Only after the warm water had melted the grounded ice, 

the 900 m of floating ice on the Arctic Ocean which was 

the flow of the NAUC was able to develop to its full 

strength. The Sahara and Sertão started to dry around 6,000 

years ago, which forced the inhabitants to move elsewhere. 

3.5 One Great Ice Age Containing Local Interglacial 

Periods 

3.5.1 Validity of the Milankovitch Cycle 

The present understanding is that during the 2.5 million 

years of the Pleistocene, extensive ice sheets existed in 

both the northern and southern hemispheres [76. 

Numerous global glacial periods, or significant advances of 

continental ice sheets, are believed to occur at intervals of 

approximately 40,000 to 100,000 years. The long glacial 

periods would have been separated by more temperate and 

shorter interglacial ones 77. These presumptions are 

based on the theory of the Milankovitch cycle and the ice 

core δ
18

O determinations. 

Milankovitch believed that of all the orbital cycles 

obliquity had the greatest effect on climate, especially by 

varying the summer insolation in the northern high 

latitudes (shifting geographical latitudes). He calculated 

these changes and drew a conclusion that the ice ages, as 

far as their durations were known, seemed to fit his 

calculations. Therefore, he deduced a period of 41,000 

years for ice ages. 

When Milankovitch calculated the amounts by which 

solar radiation changes through orbital variations, he found 

them to be very small. Most climatologists at the time did 

not believe them to be large enough to cause such drastic 

climate changes as were represented by glacial and 

interglacial periods 78. 

Milankovitch made his calculations about the effect of 

the obliquity change vs. the latitudinal shift along the 

latitude of 65°N (see Figure 5). At this latitude, the 

maximum change of 2.6 degrees in the obliquity of the 

earth would mean a latitudinal shift of around 2 degrees 

north or south (220 to 250 km). It is like moving from the 

level of Yellowknife to the level of Dawson City, or vice 

versa. For winter temperatures, it would mean a difference 

of 1.6 °C and for summer temperatures 1.2 °C 31. This 

kind of change does not trigger any global ice age. The 

farther below 60°N one goes, the more the Milankovitch 

curve approaches a straight line. Milankovitch’s 

calculations are valid only in the short latitudinal range 

around 65°N and 65°S. 

Criticism of Milankovitch by his contemporaries was 

justified. The Milankovitch Cycle is not a valid indicator of 

the global cyclicity of ice ages. The idea of recurrent global 

ice ages needs a profound reconsideration. 
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Figure 5.  The original Milankovitch curve (solid line) compared with modern isotopic data (dotted line) 78 

3.5.2. Error Factors in the Ice Core δ
18

O Determination 

The most abundant oxygen isotope is the lightest 
16

O 

(99.75%), the share of the heaviest 
18

O is 0.20%, and that 

of the 
17

O is 0.04%. Hydrogen has two stable isotopes, 
1
H 

(99.98%) and 
2
H (deuterium, 0.02%) and radioactive 

tritium 
3
H (traces). According to mass numbers and 

characteristics, nine isotopic configurations have been 

distinguished for water. However, due to the low 

abundances of 
17

O, 
2
H and 

3
H, in practice all water 

molecules are considered to be isotopic combinations of 
1
H2

16
O and 

1
H2

18
O 79. 

Delta values (δ) of stable isotope ratios of water are 

conventionally expressed as per mil (‰) deviation from 

Vienna Standard Mean Ocean Water (VMSOW) 80. In 

the air, heavier water molecules containing
18

O atoms tend 

to condense and precipitate first. The water vapor gradient 

heading from the tropics to the poles gradually becomes 

more and more depleted of 
18

O. On the ice caps in 

Greenland and Antarctica relatively more H2
16

O is 

precipitated as snow. The ratio of 
18

O to 
16

O (marked as 

δ
18

O) from the ice core samples is used as a proxy to 

determine the eras of ice ages on Earth 81.  

However, in the poles during the continuous 4 to 6 

months of summer sunshine, a portion of snow evaporates. 

Then relatively more H2
16

O(g) is removed, and H2
18

O is 

subsequently enriched in the remaining snow. This process 

reverses some of the δ
18

O depletion that occurs on the 

journey to the poles. 

During summers, part of the snow also melts in 

Greenland and Antarctica. Meltwater digs holes (moulins) 

in the ice and descends until it is frozen again. The liquid 

density of H2
16

O is 0.997 g/cm
3
, while that of the H2

18
O is 

1.106 g/cm
3
 79, and in the meltwater the H2

18
O tends to 

stratify at the bottom. This process develops layers 

enriched with H2
16

O or H2
18

O. They do not have any causal 

connection to the atmospheric temperature during that time 

when the seawater originally evaporated. So, the δ
18

O ratio 

alone is not a sufficient proxy for the atmospheric changes 

occurring on the earth.  

Additionally, it needs to be observed that the 2- to 3-km 

ice layers in Antarctica and Greenland do not move 

monolithically. The higher section of ice moves more 

rapidly compared to the more bottom sections. That is why 

a vertical ice core sample does not necessarily indicate the 

exact chronological history of the ice layer. Even tens of 

thousands of years may be missing. A skewed 

cross-section would yield a more exact chronological 

history.  

A further important observation is that due to the smaller 

glaciated area, the flow of the ice currents in Greenland is 

more rapid than it is in Antarctica. A more skewed 

cross-section should be taken in Greenland than in 

Antarctica for the comparison. The present chronological 

data in terms of the ice core δ
18

O determination provided 

from vertical ice core samples are not directly comparable 

between Greenland and Antarctica. 

3.5.3 Local Interglacial Periods during the GIA  

Locally in Finland, southern Sweden, northern Poland, 

Latvia and the areas of the Adirondack, White and 

Laurentian mountain areas, there might have been iceless 

periods that lasted thousands of years, and which would 

have allowed the emergence of flora and fauna. These 

periods within the GIA are known as the interglacial 

periods (IGP). The dates of IGPs have not necessarily been 

coincident.  

During the IGP, the advancement of a glacier to a certain 

direction was stopped by friction. In these relatively 

southern locations, the ambient summer temperatures 

during the GIA were above zero. Without new input of ice, 

the glaciers started to melt and recede. Eventually the 

resistance to the glacier flow was relieved to such an extent 

that ice started to flow again from the center of the 

glaciation. 

Based on isotope tests dating of the bedrock surfaces 

using cosmogenic isotopes of 
10

Be and 
26

Al 82, it is 

supposed that a glacial armor has covered the mountains in 

Svalbard for at least the past one million years 83. In 
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Greenland, Iceland, Novaya Zemlya, Severnaya Zemlya, 

and Franz Josef Land, where the average summer 

temperatures were also below zero, the glaciers did not 

melt. It is also likely that the floating ice layer and shallow 

sea areas with grounded ice were stable during the whole 

GIA. 

The accumulation of a floating ice layer that was 900 m 

thick in the Arctic Ocean may have taken tens of thousands 

of years, if not even a few hundred thousand years. As the 

freeboard of the floating ice has been 80 m, the suggested 

freshening of the entire Arctic Ocean during the GIA 16 

may be caused by the bottom melting at a depth of 820 m. 

The melting has been a slow process. Effective freshening 

may require millions of years. It is plausible that during the 

whole Pleistocene and maybe even the entire Neogene era, 

the North Atlantic Ocean north of 45 to 55 
o
N and related 

terrestrial areas along the present flow route of the GSC 

were in the GIA.  

4. Conclusions 

The aim of this meta-study was to provide an 

understanding of the events which slowly ended the Great 

Ice Age (GIA) and initiated the formation of the Sahara 

Desert.  

At the bottom of the Gulf of Mexico, there is a layer of 

salt that is 8 km thick. This suggests that the gulf has been 

an inland sea for a long period. A land bridge in the 

Yucatan Channel and an overflow via the Straits of Florida 

might have separated it from the Atlantic Ocean. The land 

bridge reflected the flow of the NEC towards the coast of 

Northwest Africa as the GIA-GS. Its upwelling waters 

were warm. They did not desiccate the sea air entering the 

Sahara, which was subsequently “green.” 

During the GIA, the floating ice layer in the Arctic 

Ocean and grounded ice in the Iceland and Greenland 

continental shelves as well as in the North Sea prevented 

the flow of the GSC into the Arctic Ocean. Related 

terrestrial areas were covered by thick, sub-zero glaciers. 

About 11,300 to 11,600 years ago, an earthquake in the 

Caribbean plate might have cut the land bridge connecting 

the gulf to the Atlantic Ocean. This allowed the Gulf 

Stream Currents (GSC) to occupy the present northern flow 

route. Within 4,000 to 5,000 years, the grounded ice, 

floating sea ice and the continental glaciers had melted and 

the global sea level had risen by 10 to 15 meters. By then 

the return flow of water carried by the GSC into the Arctic 

Ocean was also developed first via undercurrents into the 

Labrador Sea, and then from there to the coast of 

Northwest Africa as the North Atlantic Undercurrent 

(NAUC). Its upwelling waters started to desiccated the sea 

air entering the Sahara  

Paleobiological, paleohydrological, and paleontological 

observations confirm that the drying of the Sahara started 

in earnest about 6,000 years ago. By then the 

desertification was advanced so that airborne dust, working 

as a cloud-seeding agent, started to enhance the drying. 

Today, the continuing desertification is threatening the 

Sahel belt as well. 

List of Abbreviations 

ACC = Antarctic Circumpolar Current 

AEJ = African Easterly Jet 

AntC = Antilles Current 

at = technical atmosphere 

AzC = Azores Current 

BenC = Benguela Current 

BenCE = Branch of BenC along the African east coast 

BIC = Baffin Island Current 

BraC = Brazil Current 

BSUC = Barents Sea Undercurrent 

BSUCW = western branch of the BSUC 

BSUCS = southern branch of the BSUC 

CanC = Canary Current 

CFL = Confluence 

DSW = Descending Salty Water 

EGC = East Greenland Current 

sEGC = shelf break East Greenland Current 

ESSUC = East Siberian Shelf Undercurrent 

FloC = Florida Current  

GBB = Great Bahama Bank 

GBI = Greater Bahama Islands 

GBN = Grand Bank of Newfoundland  

GIA = Great Ice Age  

GIA-AntC = Great Ice Age Antilles Current 

GIA-CanC = Great Ice age Canary Current  

GIA-GS = Great Ice Age Gulf Stream 

GIA-NAUC = Great Ice Age North Atlantic 

Undercurrent 

GSC = Gulf Stream Currents 

IGP = Interglacial period 

IrmC = Irminger Current 

IrmCW = western branch of the IrmC 

LabC = Labrador Current 

LabCS = southern branch of the LabC 

LoopC = Loop Current 

MalC = Malvinas Current 

MWP = melt water pulse 

NAC = North Atlantic Current 

NAUC = North Atlantic Undercurrent 

NASC = North Atlantic Surface Current 

NBC = North Brazil Current 

NCaC = North Cape Current 

NEC = North Equatorial Current 

nNEC = northern branch of the North Equatorial Current 

NECC = North Equatorial Countercurrent 

NwAC = Norwegian Atlantic Current 

PHC = Peru-Humboldt Current  

SAL = Saharan air layer 

SEC = South Equatorial Current 
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nSEC = northern branch of the South Equatorial Current  

SMD = Saharan mineral dust 

SomC = Somali Current 

SSC = Sargasso Sea Circulation 

Sv = Sverdrup 

VSMOW = Vienna Standard Mean Ocean Water 

WGC = West Greenland Current 

WSC = West Spitsbergen Current  

YuC = Yucatan Current 
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