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Abstract: Integrative studies on paleoclimate variations over oceanic and continental regions are
scarce. Though it is known that Earth’s climate is strongly affected by sea-air exchanges of heat
and moisture, the role of oceans in climate variations over land remains relatively unexplored.
With the aim to unveil this influence, the present work studies major climate oscillations in the
North Atlantic region and Europe during the Quaternary, focusing on the oceanic mechanisms
that were related to them. During this period, the European climate experienced long-term and
wide-amplitude glacial-interglacial oscillations. A covariance between the North Atlantic sea surface
temperature and climate signals over the continent is especially observed in Southern Europe.
The most severe and drastic climate changes occurred in association to deglaciations, as a consequence
of major oceanographic reorganizations that affected atmospheric circulation and ocean-atmosphere
heat-flow, which led to variation of temperature and precipitation inland. Most deglaciations began
when Northern Hemisphere summer insolation was maximal. Increased heating facilitated the
rapid ice-sheet collapse and the massive release of fresh water into the Northern Atlantic, which
triggered the weakening or even the shutdown of the North Atlantic Deep Water (NADW) formation.
Though the extension of ice-sheets determined the high-latitude European climate, the climate was
more influenced by rapid variations of ice volume, deep-water formation rate, and oceanic and
atmospheric circulation in middle and subtropical latitudes. In consequence, the coldest stadials in
the mid-latitude North Atlantic and Europe since the early Pleistocene coincided with Terminations
(glacial/interglacial transitions) and lesser ice-sheet depletions. They were related with decreases in
the NADW formation rate that occurred at these times and the subsequent advection of subpolar
waters along the western European margin. In Southern Europe, steppe communities substituted
temperate forests. Once the freshwater perturbation stopped and the overturning circulation resumed,
very rapid and wide-amplitude warming episodes occurred (interstadials). On the continent, raised
temperature and precipitations allowed the rapid expansion of moisture-requiring vegetation.
Keywords: Quaternary climate; ocean-land interactions; north Atlantic; European climate

1. Introduction
1.1. Quaternary and Climate
The Quaternary period is characterized by the existence of extensive ice sheets that covered part
of the continental surface and their periodic advance/retreat oscillations, which conditioned global
climate at orbital time-scales [1–4] (Figure 1). Each climate cycle began with a very warm interval,
known as the interglacial optimum, and usually coincided with minimum ice volume (Figure 2).
Models suggest that during some climate optima, like during the interglacial Marine Isotope Stage
(MIS) 11 or the MIS 5 interglacial optimum, the extension of ice sheets was even smaller than it
is today [5]. A progressive cooling and growth of ice sheets followed the interglacial optimum.
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Figure 2. Glacial cycles for the last 800,000 years. The ice volume is indicated by the benthic δ18 O [10];
purple fill shows the ice volume threshold separating glacial (G) and interglacial (IG) conditions.
Marine isotope stages, terminations (in roman numerals), and climate cycles are represented on top.
Yellow bands highlight interglacial stages, which are defined by convention. Iop, interglacial optimum;
Gmax, glacial maximum.

Geosciences 2018, 8, x FOR PEER REVIEW

3 of 21

Figure 2. Glacial cycles for the last 800,000 years. The ice volume is indicated by the benthic δ18O [10];
purple fill shows the ice volume threshold separating glacial (G) and interglacial (IG) conditions.
Geosciences
2019, 9,
119 stages, terminations (in roman numerals), and climate cycles are represented on top. 3 of 21
Marine
isotope
Yellow bands highlight interglacial stages, which are defined by convention. Iop, interglacial
optimum; Gmax, glacial maximum.

At a suborbital time scale, the existing discrepancies between climatic records and orbital
parameters
that
other
factors
also contributed
to modulate
the climate
system.
Some of
At a suggest
suborbital
time
scale,
the existing
discrepancies
between climatic
records
and orbital
these
factors are
atmospheric
of greenhouse
gasesthe
CH
CO2 [8,12–15],
parameters
suggest
that other concentration
factors also contributed
to modulate
climate
Some of oceanic
these
4 and system.
factors are
atmospheric
concentration
gases[20,21].
CH4 and
[8,12–15],
oceanicfor
circulation
[16–19],
ice sheets
size, and ofthegreenhouse
albedo effect
In CO
the2 North
Atlantic,
circulation
[16–19], ice sheets
size, surges
and thedeeply
albedo effect
[20,21].
In the North
forand
instance,
instance,
millennial-scale
iceberg
altered
the ocean´s
heat Atlantic,
conveyor
caused
millennial-scale
iceberg
surges
deeply
altered
the
ocean´s
heat
conveyor
and
caused
fundamental
fundamental reorganisations of the ocean-climate system. This resulted in extreme cooling episodes,
reorganisations
of events,
the ocean-climate
system.
This resulted
extreme cooling
known
known
as Heinrich
that affected
the whole
region in
repeatedly
duringepisodes,
the middle
andas
late
Heinrich
events,
that
affected
the
whole
region
repeatedly
during
the
middle
and
late
Pleistocene
Pleistocene [22–26]. Heinrich events had a duration from a few hundred to a thousand years and
[22–26]. Heinrich
events
a duration
from a few
hundred
a thousand
years
and a recurrence
of of
a recurrence
of ~7–10
ky had
[27,28].
Temperature
in the
polartoregion,
in turn,
underwent
a series
~7–10 ky [27,28]. Temperature in the polar region, in turn, underwent a series of decadal-frequency
decadal-frequency and wide-amplitude stadial-interstadial (cold-warm) shifts that could reach up to
and wide-amplitude stadial-interstadial (cold-warm) shifts that could reach up to 15 °C oscillation
15 ◦ C oscillation [29,30]. These so-called Dansgaard–Oeschger (D–O) oscillations were registered in
[29,30]. These so-called Dansgaard–Oeschger (D–O) oscillations were registered in the Greenland ice
the Greenland ice and grouped in sequences of progressively cooler events [31,32]. Such sequences
and grouped in sequences of progressively cooler events [31,32]. Such sequences are known as Bond
are known as Bond cycles [33] and are linked to changes in the mode of overturning circulation in the
cycles [33] and are linked to changes in the mode of overturning circulation in the North Atlantic
North Atlantic [34]. Most Heinrich events happened at the end of a Bond cycle, coinciding with its
[34]. Most Heinrich events happened at the end of a Bond cycle, coinciding with its coldest stadial,
coldest
stadial,
and were
followedtoby
warming
to almost
interglacial
temperatures
and were
followed
by warming
almost
interglacial
temperatures
[35,36]
(Figure 3).[35,36] (Figure 3).

Figure
Temperaturereconstruction
reconstructionfor
forGreenland
Greenland [37],
[37], compared
ofof
Heinrich
Figure
3. 3.
Temperature
comparedwith
withthe
theoccurrence
occurrence
Heinrich
Events,
as
indicated
by
the
Ice
Rafted
Debris
(IRD)
record
from
the
North
Atlantic
site
Events, as indicated by the Ice Rafted Debris (IRD) record from the North Atlantic siteU1308
U1308
◦ 52.670 N,N,
◦ 14.30 W)
W)[25].
[25].Marine
Marine isotope
isotope stages,
and
climate
(49(49°52.67’
2424°14.3’
stages, Terminations
Terminations(in
(inroman
romannumerals),
numerals),
and
climate
cycles
represented
top.Yellow
Yellowbands
bandshighlight
highlight interglacial
interglacial stages.
cycles
areare
represented
onontop.
stages.

Climate
Regimeininthe
theNorth
NorthAtlantic
AtlanticRegion
Region
1.2.1.2.
Climate
Regime
According
to studies
on the
Holocene
climate,
ocean
dynamics
(especially
heat transport)
According
to studies
on the
Holocene
climate,
ocean
dynamics
(especially
heat transport)
control
control
Sea
surface
temperature
(SST)
and
influence
climate
variations
on
decadal
timescales.
Sea surface temperature (SST) and influence climate variations on decadal timescales. Interannual
Interannual
variations,
on the
hand,
are mainly
driven byheat
atmospheric
heat[38].
fluxDue
changes
[38].
variations,
on the
other hand,
areother
mainly
driven
by atmospheric
flux changes
to the
large
Due
to
the
large
heat
capacity
of
water
when
compared
to
the
atmosphere,
changes
in
SST
can
alter
heat capacity of water when compared to the atmosphere, changes in SST can alter the global circulation
circulation
of the atmosphere,
certain
delay—the
accumulated
in latent
the
of the
the global
atmosphere,
releasing—with
certainreleasing—with
delay—the heat
accumulated
in heat
the upper
ocean as
upper ocean as latent and sensible heat fluxes; thus, changes in SST can trigger, in this way,
and sensible heat fluxes; thus, changes in SST can trigger, in this way, teleconnections. The most
teleconnections. The most important teleconnection pattern affecting Western Europe is the North
important teleconnection pattern affecting Western Europe is the North Atlantic Oscillation (NAO),
Atlantic Oscillation (NAO), which is associated with changes in the meridional gradient between the
which is associated with changes in the meridional gradient between the subpolar and subtropical
subpolar and subtropical pressure systems. As with other teleconnection patterns, NAO has a
pressure systems. As with other teleconnection patterns, NAO has a significant impact on other
significant impact on other atmospheric surface variables such as temperature and precipitation, so
atmospheric surface variables such as temperature and precipitation, so it can be used as a useful
intermediate index to relate changes in the North Atlantic Ocean state (e.g., SST or circulation) and
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The climate regime over mid-latitude North Atlantic and Western Europe is mainly governed
by the position and intensity of the Azores high-pressure area (AzH) and its variation through the
annual seasonal cycle. During spring/summer, the AzH migrates northward and induces strong
northerly winds, while, during fall/winter months, the AzH and its associated wind-system are
significantly weaker [39,40]. In consequence, this region is under the influence of the North Atlantic
Oscillation (NAO) anomaly. This anomaly is measured by the NAO index, which records the difference
in atmospheric pressure between the Iceland low and the AzH. The anomaly is positive (NAO+ ) when
the AzH is reinforced, and the difference with the Iceland low is greater. In this scenario, westerly
winds become stronger and the Gulf Stream migrates northward, which results in anomalously mild
and wet winters for Northern Europe, while Southern Europe becomes anomalously cold and dry [41].
In Southwest Europe, NAO+ phases are associated with the reinforcement of the seasonal upwelling
off Portugal, via the strengthening of northeast trade winds. In NAO- conditions, the westerlies are
weaker, the Gulf Stream is located southward, climate in Northwest Europe is dry while in South
Europe is wet, and off Iberia the Azores Current prevails, inducing warm conditions and the reduction
of the upwelling [42]. The NAO also affects the sea ice coverage in the North Atlantic [43] and,
indirectly, the thermohaline circulation [42].
Other teleconnection patterns that affect the North Atlantic region include the position of the
Inter Tropical Convergence Zone (ITCZ) and the “El Niño/Southern Oscillation” (ENSO). Periods
of southward migration of the ITCZ are related with cooling in the North Atlantic. During these
periods, less evaporation over the Caribbean resulted in decreased salinity of surface water. The Gulf
Stream transported this water to a subpolar latitude, where its relatively low salinity hampered the
surface-water sinking-rate. This weakened the Atlantic meridional overturning circulation (AMOC)
and favored the expansion of cold, subpolar water over the North Atlantic [44–47]. ENSO, on its turn,
influences Southern Europe´s climate, specifically the Iberian Peninsula´s. For instance, rainfall in
Iberia is controlled by both ENSO and NAO phenomena [48,49]. The western part of the peninsula is
generally more under the influence of NAO in winter, while the eastern part is under the influence of
ENSO in spring and autumn.
2. Causes of Major Climate Changes in the European Atlantic Margin Associated
with Deglaciations
2.1. North Atlantic Circulation and SST Oscillations
The western European margin is under the influence of the North Atlantic eastern gyre that consists
of two branches, the North Atlantic Current (NAC) in the North and the Azores Current (AzC) in the
South (Figure 4). The NAC conforms a wide transition zone between the cold polar waters and the warm
subtropical waters of the AzC; the Artic Front (AF) and the Azores Front separate the three masses of water.
When the NAC reaches the continental margin, it diverts southwards and advects water of subpolar origin
(~46◦ ) along mid-latitude and Southern Europe—the Portugal Current [50,51]. The AzC, in turn, forms
along the Azores Front at about 35–37◦ N [52] and flows eastwards. While approaching the continent,
it bifurcates into two branches, the northern one being the Iberian Poleward Current (IPC) [53]. This one
advects warm waters northwards, overflowing the PC until ~42◦ N [54]. This surface limit between masses
of water of subpolar and subtropical origin can vary depending on their thermohaline characteristics and
on the migration of the AzH. Changes in the intensity of the northward flow in the North Atlantic drive a
deep impact on the subpolar and subtropical gyres as well as on the position of the Arctic and subtropical
fronts. Such changes, in turn, influence the strength of the currents and the origin of the water masses that
bathe the Atlantic European margin at different latitudes.
During Terminations and other important reductions of ice volume, profound reorganizations of
the North Atlantic circulation occurred that reduced the northward flow of warm water. This sharp
decrease of the heat flow resulted in the most rapid and coldest events registered in the mid-latitude
North Atlantic during the Quaternary, including the most severe glacial maxima [56–59]. Such cooling
affected the whole European margin. For instance, during some of these events, the Southwestern
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Iberian margin registered drops of 8 ◦ C in the winter SST that reached ~6.2 ◦ C [56,60]—today’s
temperature being 15.5 ◦ C [61] (Figure 5). The amplitude and duration of these cooling episodes
were directly related with the magnitude of the ice volume reduction. Sudden and wide-amplitude
warming—up to 11 ◦ C oscillation—followed the cooling and marked the climate optimum of the
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Figure 4. Map showing the North Atlantic surface currents that bathe mid-latitude European margin
and the location of sites mentioned in the text. ENACWsp: Eastern North Atlantic Central Water of
subpolar origin; ENACWst: Eastern North Atlantic Central Water of subtropical origin; IPC: Iberian
Poleward Current; PC: Portugal Current. The position of the Arctic Front is taken from [55].
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During Terminations and other important reductions of ice volume, profound reorganizations
of the North Atlantic circulation occurred that reduced the northward flow of warm water. This
sharp decrease of the heat flow resulted in the most rapid and coldest events registered in the
mid-latitude North Atlantic during the Quaternary, including the most severe glacial maxima
[56–59]. Such cooling affected the whole European margin. For instance, during some of these
events, the Southwestern Iberian margin registered drops of 8 °C in the winter SST that reached ~6.2
°C [56,60]—today’s temperature being 15.5 °C [61] (Figure 5). The amplitude and duration of these
cooling episodes were directly related with the magnitude of the ice volume reduction. Sudden and
wide-amplitude warming—up to 11 °C oscillation—followed the cooling and marked the climate
optimum of the succeeding interglacial [60,62].
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threshold separating glacial (G) and interglacial (IG) stages. Alkenone-based SST (in red) records
the temperature of the upper ~10 m [56]. Foraminifer-based SST [62], on the other hand, registers
the average temperature of the upper ~100 m [63]. The apparent discrepancy between both signals
suggests that the uppermost ocean is more affected by climate variations than the subsurface water.
Marine isotope stages, terminations (in roman numerals), and climate cycles are represented on top.
Yellow bands highlight interglacial stages.
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Bottom Water (AABW) (data from [36,60]). Cyan diamonds and line, in (e–f), represent icebergs and
fresh-water, respectively,
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After the ice-sheet-collapse events had finished and the input of very cold, low-salinity water
After
the ice-sheet-collapse events had finished and the input of very cold, low-salinity water
stopped, the AF retreated northward again. The subtropical gyre rapidly resumed, and the
stopped, the AF retreated northward again. The subtropical gyre rapidly resumed, and the
strengthened NAC transported warm surface water along the European margin, which resulted in
strengthened NAC transported warm surface water along the European margin, which resulted
the remarkable warming episode registered after deglaciations. Prolonged and wide-amplitude
in the remarkable warming episode registered after deglaciations. Prolonged and wide-amplitude
deglaciations reduced drastically the extension of Northern Hemisphere ice-sheets and allowed a
deglaciations reduced drastically the extension of Northern Hemisphere ice-sheets and allowed a
very northern position of the AF. This, in turn, permitted the northward migration of the AzF and
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the advection of warm water along the European margin (Figure 6a). The very rapid substitution of
the masses of water that bathed the European margin during and immediately after deglaciations
was registered by a sudden change in planktonic assemblages. Both in high and low latitudes,

Geosciences 2018, 8, x FOR PEER REVIEW
Geosciences 2019, 9, 119

8 of 21

8 of 21

the masses of water that bathed the European margin during and immediately after deglaciations
was registered by a sudden change in planktonic assemblages. Both in high and low latitudes,
planktonic
from polar
polar to
to warm
warmspecies
species(subtropical,
(subtropical,
South
planktonicassemblages
assemblagesoff
off Europe
Europe switched
switched from
in in
South
Iberia)
[36,59,70,73,75,80].
Iberia) [36,59,70,73,75,80].

2.3.2.3.
Weakening
Circulation
Weakeningofofthe
theAtlantic
AtlanticMeridional
Meridional Overturning
Overturning Circulation
During
glacial
stages,
thethe
North
Atlantic
circulation
waswas
severely
affected
not only
at theatsurface,
During
glacial
stages,
North
Atlantic
circulation
severely
affected
not only
the
butsurface,
also at depth
(Figure
6b,e).
Slowdowns
of
the
Atlantic
meridional
overturning
circulation
(AMOC)
but also at depth (Figure 6b,e). Slowdowns of the Atlantic meridional overturning
registered
especially
deglaciations
(Figure 6f). This
reduced
AMOC
by a
circulation
(AMOC)during
registered
especially[25,36,60]
during deglaciations
[25,36,60]
(Figure
6f). was
Thiscaused
reduced
weakened
North
Atlantic
Deep
Water
(NADW)
formation,
triggered
by
lower
surface
salinities
in
AMOC was caused by a weakened North Atlantic Deep Water (NADW) formation, triggered bythe
subpolar
North Atlantic
were
the consequence
of fresh
releases
at the onset
of ice-sheets
lower surface
salinities that
in the
subpolar
North Atlantic
that water
were the
consequence
of fresh
water
retreat.
Asatthe
responsible
for ~50%
the total
poleward advection
ofthe
heat
[81,82],
during
releases
theAMOC
onset ofisice-sheets
retreat.
As theofAMOC
is responsible
for ~50% of
total
poleward
advection
of reduced
heat [81,82],
during
events
of reduced
AMOC,
of heat
were
these
events of
AMOC,
lowerthese
rates of
heat were
transferred
to thelower
Northrates
Atlantic
and resulted
to the
North
and resulted
in decreased
SST from high to subtropical latitudes
in transferred
decreased SST
from
highAtlantic
to subtropical
latitudes
[16,18,19,59,83].
[16,18,19,59,83].
Once the fresh-water perturbation produced by ice-sheets collapse finished, the NADW export
Once
the fresh-water
perturbation
produced
by ice-sheets
collapse finished,
the NADW
export6d).
abruptly
resumed
and the deep
circulation
switched
to a northern-sourced
regime
[84] (Figure
abruptly
resumed
and
the
deep
circulation
switched
to
a
northern-sourced
regime
[84]
(Figure
6d).the
The reactivation of the AMOC strengthened the surface circulation in the North Atlantic, allowing
The
reactivation
of
the
AMOC
strengthened
the
surface
circulation
in
the
North
Atlantic,
allowing
recirculation of warm water along the European margin. Such rapid reorganization of oceanographic
the recirculation
of the
warm
water along
the that
European
margin.
Such rapid
reorganization of
conditions
resulted in
remarkable
warming
followed
deglaciations
[58,60].
oceanographic conditions resulted in the remarkable warming that followed deglaciations [58,60].
These oscillations of the AMOC rate can be recognized in the variation of the NADW/AABW
These oscillations of the AMOC rate can be recognized in the variation of the NADW/AABW
boundary depth (Figure 6d–f). The relative advance/retreat of the AABW with respect to the NADW
boundary depth (Figure 6d–f). The relative advance/retreat of the AABW with respect to the NADW
is traceable in the carbon isotopes record from the North Atlantic bottom. As both masses of water
is traceable in the carbon isotopes record from the
North Atlantic bottom. As both masses of water
13 C
have different carbon isotope composition, the δ13
indicates which of them is present at any given
have different carbon isotope composition, the δ C indicates which of them is present at any given
time
(Figure
8).
time (Figure 8).

Figure 8. Atlantic meridional overturning circulation (AMOC) rate and origin of the deep water mass
Figure 8. Atlantic meridional overturning circulation (AMOC) rate and origin of the deep water mass in
in the North Atlantic (northern-sourced NADW or southern-sourced AABW) along Pleistocene. In
the North Atlantic (northern-sourced NADW or southern-sourced AABW) along Pleistocene. In purple,
purple, δ18O [10] indicates ice volume; the fill shows the glacial/interglacial threshold. In brown,
18
δ O [10] indicates ice volume; the fill shows the glacial/interglacial threshold. In brown, benthic δ13 C
U1385 (37°34´ N; 10°7´ W; 2589 m depth) [79]; orange fill
benthic δ13C from the mid-latitude◦ site
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The AMOC rate was not the same in all glacial maxima or in all deglaciations. During some
of them, an active but shallow overturning cell maintained, exporting northern-sourced water at
intermediate depth; while the abyssal North Atlantic was occupied by AABW [85,86] (Figure 6e).
Strong sinking rates, although relatively superficial, would allow the recirculation of warm surface
water along the European margin and prevent severe thermal drops. This is what happened during T
VII, VI, and I [76,77,84,87].
Episodes of weakest AMOC happened during ice rafting events (Heinrich-type events) that
coincided with Terminations. Several works have demonstrated the relationship between ice-sheets
instabilities— which resulted in iceberg calving and dispersal—and cooling events along the western
European margin. Such events were accompanied by high percentages of the polar foraminifer
Neogloboquadrina pachyderma, and by layers of ice-rafted debris (IRD). During most deglaciations, IRD
layers were recorded even at the southernmost European margin [56,57,60,68,69]. Continuous massive
surges and melting of iceberg during deglaciations increased the freshwater flow into the subpolar
North Atlantic. This drastically reduced the export of NADW [18,88] and resulted in the spread of sea
ice and polar waters along the European margin, with the associated SST drop [58,89,90].
Heinrich events happening at times of particularly high ice volume would produce the complete
shutdown of the NADW formation, as studies for the last glacial demonstrate [84] (Figure 6f).
Nevertheless, it is thought that this mechanism could have also worked during the Pleistocene,
as deduced from records of the southernmost European margin (Figure 5). Here, the most pronounced
cooling events were associated to Heinrich-type events that coincided with Terminations either with
maximal ice coverage, like T IX, of very prolonged in time, like T VIII [60].
3. Climate Variations in Inland Europe
3.1. Influence of NAO-Index Variations in the European Climate
The NAO is coupled with the trade winds that greatly influence the inland climate. This index
determines both the wind-speed variability and winter precipitation levels [41,91,92] (Figure 9). It also
impacts on the mean temperature of the region, as well as on maximum (Tmax) and minimum (Tmin)
thermal values, especially in winter. Central and Northern Europe records Tmax anomalies up to
1.8 ◦ C during winter months with high NAO index, and Tmin anomalies from −0.9 to −1.8 ◦ C in
association with low NAO index [49].
During NAO+ phases, the strengthened westerlies advect moist warm air to the Northeast, which
results in warming and increased precipitation over Northern Europe. With values of the NAO index
>1.0, this anomalous warmth extends to Central Europe and even as far south as the Iberian Peninsula
and the Balkans. The observed trend towards a NAO+ can explain the recent winter warming over
Europe [93]. On the other hand, an anomalous anticyclonic circulation develops over Central Europe
and the Iberian Peninsula during NAO+ winters. This reduces the cloud cover in these regions and,
subsequently, the precipitation (Figure 9a,c).
During NAO- phases, a strong, anomalous, southern flow from the Arctic advects very cold air
into Northern Europe, causing negative Tmin anomalies [49]. This impact on the Tmin rather than
on the Tmax is related with the lack of clouds that corresponds to the typical high pressure cell, and
anticyclonic circulation that characterise the NAO- phase over North and Central Europe (Figure 9b).
In this sense, the lack of clouds during daytime allows increased solar radiation, enough to modulate
the cooling effect of the advected polar air. During the night, the clear sky favors the loss of heat
through long-wave radiation, further lowering the Tmin.
Variations of the NAO index can also trigger climate changes over continental Europe that have
further consequences. In this line, the decreased Mediterranean Sea-level observed from the 1960s to
the 1990s has been explained, at least in a significant proportion, by the strengthening of the NAO
over the period. A strong NAO would produce atmospheric pressure anomalies that would result in
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increased evaporation and decreased precipitation over the Mediterranean hydrographic basin [94]
(Figure 9c).
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the glacial-maximum-mode of vegetation to the interglacial-optimum-mode [109–113].
Nevertheless, the transition between modes must have occurred by a succession of centennial-scale
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margin for the two last glaciations show that percentage variations of the temperate vegetation
closely mirrored the planktonic isotopic signal [112,114] (Figure 11). This suggests the synchronous
response of vegetation to SST variability. Temperate arboreal communities expanded coinciding
with interstadials (warm intervals), registered by both SST records and Greenland ice cores (Figure
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latitudinal position of the Gulf Stream [135]. It has been demonstrated that the axis of the subtropical
gyre migrates southwards as consequence of reduced NADW formation and the associated spread
of cold water over the North Atlantic [136].
During the Quaternary, main alterations of AMOC were associated with deglaciations and
stadial-interstadial transitions [25,137–139]. At these times, climate in most of Europe became very
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consequence of reduced NADW formation and the associated spread of cold water over the North
Atlantic [136].
During the Quaternary, main alterations of AMOC were associated with deglaciations and
stadial-interstadial transitions [25,137–139]. At these times, climate in most of Europe became very
cold, dry, and windy in the southern margin. This interpretation is supported by pollen records from
the Balkan to the Iberian Peninsulas, which show an increase of steppe vegetation at the expense of
temperate forest during the last deglaciation [129,140], which indicates a climate shift towards colder
and dryer conditions.
3.4. Influence of the Ice Sheet Extension and Volume
Sea-ice coverage influences the heat flow to the atmosphere and, in consequence, can modify the
atmospheric circulation. Studies of trends in the modern ocean show that decadal sea-ice variability
is strongly coupled with the NAO index [43,141]. Particularly, the sea-ice extension in Nordic and
Baltic seas correlates negatively with the NAO index, while in the Labrador Sea, it is positively
correlated [142–144]. Though this NAO–sea-ice-coverage interaction is clear, it does not mean that
variability of the European inland climate can be correlated to the present-day sea-ice surface. In fact,
studies of southern European climate regimes during previous interglacials—measured as forest
development—showed that forest extent was not related with residual ice volume but with other
climate forcing, like the amplitude of insolation [145]. Nevertheless, during glacial intervals, the
correlation between ice-sheets volume and forest extent was very close. This suggests that different
climate forcing worked in inland Europe during glacial and interglacial stages.
The ice volume, as well as the sea-ice extension and location, has also an influence on continental
climate. The global ice volume during glacials, and especially the Northern Hemisphere ice-sheets,
determine the strength of the following interglacial. That is, a very warm and rapid interglacial
follows a strong (in ice volume and cold temperature) glacial maximum and vice-versa. A greater
deglaciation corresponds also to stronger glacials [4]. Such a connection has been identified for all the
Terminations since 800 ka, as well as for other important decreases of ice-volume that occurred during
both glacial and interglacial periods. The explanation is that deglaciations occur when astronomical
forcing combined with ice-sheet volume reach a threshold. During periods of weak forcing, a
greater ice-sheet extension is required for a deglaciation to occur. As glaciations only initiate as
consequence of astronomical forcing, these periods of weak forcing will allow a greater deglaciation
and, in consequence, a stronger interglacial [146].
During glacial stages, climate in Southern Europe was generally cold and dry, its climatic
severity depending on the global ice volume and particularly, on the Northern Hemisphere´s [113,145].
Relatively high percentages of semi-desert vegetation were recorded when ice volume was great,
as during glacials MIS 12, MIS 6, MIS 4, and MIS 2. Opposite to this, less severe glacial periods
were marked by higher forest coverage, which require warmer and wetter conditions [112,134,147]
(Figure 10). During interglacials, climate in these regions became milder and more humid.
The temperature rise from the preceding glacial depended mainly on the amplitude of the deglaciation.
That is, the temperature during interglacial optima was directly proportional to the ice volume during
the previous glacial period. Such climate changes were mainly recorded by the rapid increase of
temperate and Mediterranean arboreal pollen percentage in Southern Europe [109–113] as well as by
speleothems [103,148].
4. Conclusions
The most severe and drastic climate changes in European climate during the Quaternary occurred
in association with deglaciations as a consequence of major oceanographic reorganisations that affected
atmospheric circulation and ocean-atmosphere heat-flow, which led to the variation of temperature
and precipitation inland. During deglaciations, profound changes in the North Atlantic circulation
resulted in reduced northward flow of warmth, which promoted the southeastward migration of
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the Arctic front and the expansion of cold subpolar waters along the European margin, passing the
37–39◦ N threshold of glacials. This resulted in the deepest cooling registered in the region during the
Quaternary, including the most severe glacial maxima. The amplitude and duration of these cooling
episodes were directly related with the magnitude of the ice volume reduction. After ice-sheet collapse
had finished, and once the AF retreated northward again, the subtropical gyre resumed and the NAC
strengthened, advecting warm surface water along the European margin. This resulted in the sudden
and wide-amplitude warming that was recorded after deglaciations, and that marked the climate
optimum of the succeeding interglacial. This sudden substitution of water masses bathing both high
and low latitude North Atlantic during and immediately after deglaciations was registered by a very
rapid change in planktonic flora and fauna that switched from polar to warm/subtropical assemblages.
Decreased SST from high to subtropical-latitude North Atlantic were the consequence of
slowdowns of the AMOC that were caused by a weakened NADW formation and were triggered by low
salinities in the subpolar North Atlantic due to fresh water releases at the onset of Northern Hemisphere
ice sheets retreat. Nevertheless, the rate of AMOC was not the same in all deglaciations—during
some of them, an active but shallow overturning cell maintained, exporting northern-sourced water at
intermediate depth. This mechanism can counteract the effect of deglaciation in decreasing SST and be
responsible for the anomalously weak cooling recorded during some of the largest deglaciations of
the whole Quaternary, like T VII. Complete shutdowns of NADW formation only occurred during
Heinrich-type events coinciding with deglaciations either with maximal ice coverage—like T IX—or
very prolonged in time—like T VIII, when continuous massive surges and melting of iceberg increased
the freshwater flow. Such events resulted in the most pronounced cooling. Once the fresh water
perturbation produced by ice sheets collapse finished, the NADW export abruptly resumed and the
deep circulation switched to a northern-sourced regime. The reactivation of the AMOC strengthened
the surface circulation in the North Atlantic. Such rapid reorganization of oceanographic conditions
resulted in the remarkable warming that followed deglaciations.
Variations in SST and other oceanographic changes affected atmospheric circulation,
ocean-atmosphere heat-flow, evaporation, and precipitation rates, which led to variation of temperature
and precipitation inland. Covariance between SST and European inland climate signals was especially
observed in speleothems from France and vegetation communities in Southern Europe. During
deglaciations, climate in Southern Europe was cold, dry, and windy, which caused the substitution of
temperate, moisture-requiring vegetation for less-demanding steppe communities. Once deglaciation
had finished, the climate in these regions became milder and more humid, the temperature rise
depending mainly on the amplitude of the deglaciation. Nevertheless, the climate change from glacial
to interglacial stages influenced mid-latitude European climate not merely by switching between two
different climate regimes but by changing its main driving forcing. During glacials, climatic severity in
Southern Europe depended on the global ice volume; the forest extent being closely correlated with
the North Hemisphere ice sheet extension. During interglacials, forest coverage was not related with
residual ice volume but with other climate forcing, like the amplitude of insolation.
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