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Abstract In this study, we present a Holocene rainfall index based on three high-resolution speleothem
records from the Western Mediterranean, a region under the influence of the westerly winds belt modulated
by the North Atlantic Oscillation (NAO). On centennial to millennial timescales, we show that the North
Atlantic ice-rafting events were likely associated with negative NAO-like conditions during the Early
Holocene and the Late Holocene. However, our data reveal that this is not clearly the case for the
mid-Holocene ice-rafting events, during which we also show evidence of positive NAO-like patterns from
other paleo-oceanographic and paleo-atmospheric data. Hence, contradictory mechanisms involving
prolonged periods of both north and south shifts of the westerly winds belt (resembling positive and negative
NAO-like patterns) might at least partially trigger or amplify the ice-rafting events and the slowdown

of the Atlantic Meridional Overturning Circulation.

Plain Language Summary During the Holocene, periods of enhanced ice-rafting, associated
with cooling and sea ice expansion in the North Atlantic high latitudes, have been recognized over distant
regions. While the causes of these events are still a matter of debate, changes in the atmospheric
circulation have been proposed as a potential trigger or amplifier. Here, we use speleothems to establish a
precisely dated record of rainfall variability in the Western Mediterranean, a highly sensitive region to the
westerly winds belt modulated by the North Atlantic Oscillation. Our results reveal new insights about
the dynamics of NAO-like patterns during the Holocene. On centennial to millennial timescales,
prolonged periods of both north and south shifts of the westerly winds belt might trigger or amplify the
slowdown of the Atlantic Meridional Overturning Circulation and the North Atlantic ice-rafting. However,
not all ice-rafting events are associated with either positive or negative NAO-like conditions.

1. Introduction

The North Atlantic Oscillation (NAO), expressed by the differential position and strength of the Azores High
(AH) and the Icelandic Low (IL), is the main atmospheric mode of variability in the North Atlantic region
during winter (Baker et al., 2015; Hurrell, 1995; Olsen et al., 2012; Ortega et al., 2015; Trouet et al., 2009;
Visbeck et al., 2001; Wanner et al., 2001). The NAO modulates the strength and the direction of the westerly
winds belt and consequently affects the climate patterns in regions around the North Atlantic. While the
positions of the AH and the IL evolved to patterns resembling the modern modes of the NAO (Wang
et al., 2012), the present-day interannual to decadal variability is believed to be different during the
Holocene due to different forcing mechanisms, the retreat of the Laurentide Ice Sheet and the reduction
in meltwater discharge into the North Atlantic (Wassenburg et al., 2016) and changes in the insolation
(McDermott et al., 2011; Walczak et al., 2015). However, our understanding of NAO-like variability on
centennial to millennial timescales is limited by the sparse number of climate records from key NAO regions.

The Holocene is characterized by multiple episodes of centennial timescale ice-rafting events (Bond events)
in the northern North Atlantic (Bond et al., 1997, 2001). These events were recognized in deep-sea sediments
but rarely replicated in well-dated terrestrial records. Several studies suggest that atmospheric circulation

AIT BRAHIM ET AL.

7614


https://orcid.org/0000-0003-3098-7339
https://orcid.org/0000-0002-4030-4581
https://orcid.org/0000-0003-4909-5023
https://orcid.org/0000-0001-7167-4940
https://orcid.org/0000-0002-5305-9458
http://dx.doi.org/10.1029/2019GL082405
http://dx.doi.org/10.1029/2019GL082405
http://dx.doi.org/10.1029/2019GL082405
http://dx.doi.org/10.1029/2019GL082405
http://dx.doi.org/10.1029/2019GL082405
mailto:aitbrahim@xjtu.edu.cn
https://doi.org/10.1029/2019GL082405
https://doi.org/10.1029/2019GL082405
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019GL082405&domain=pdf&date_stamp=2019-07-03

Geophysical Research Letters 10.1029/2019GL082405

b

EQ T T T T T T T T T T T T T
90w 80W 70W 60W 50W 40W 30w 20w 10W O 10E  20E 30E 40E 50E 60E

~— [ [ [ [ [ [ I —

-0.6 -0.5 -04 -0.3 -0.2 0.2 0.3 0.4 0.5 0.6

Figure 1. Correlation map between rainfall and the North Atlantic Oscillation (NAO) index during the winter season (December to March) over the period
1891-2016. The presented sea level pressure field and Jetstream location resembles negative NAO conditions associated with a southward shift of the westerly winds
belt and storm track resulting in enhanced precipitation over the Western Mediterranean region. The correlation was calculated using the NAO-Gibraltar

index (Jones et al., 1997) and the Global Precipitation Climatology Centre data set (Schneider et al., 2011). The main North Atlantic Ocean circulation currents and
typical positions of the IL and the AH are shown as well. The red circle indicates the approximate location of the ocean core used for the reconstruction of the
North Atlantic current activity (Thornalley et al., 2009). The blue circle indicates the approximate location of the ocean cores (MC52+V29-191) used for
reconstructing the history of North Atlantic ice-rafting (Bond et al., 1997, 2001). The green circle indicates the approximate location of the sediment core used for the
reconstruction of the storminess record (Goslin et al., 2018). The yellow circle indicates the approximate location sediment core used for the reconstruction

of the position of the Azores Front (AF). (Repschléger et al., 2017). The orange circle indicates the location of Chaara and Grotte de Piste caves, where speleothems

have been sampled for this study.

might have played a major role in triggering or amplifying these abrupt cooling episodes of the Holocene
(e.g., Deininger et al., 2017; Goslin et al., 2018; Klus et al., 2018; Yang et al., 2016). However, the linkage
between the atmospheric circulation and the ice-rafting events is still a matter of debate (e.g., Darby et al.,
2012; Sorrel et al., 2012). Although Bond et al. (2001) indicate that North Atlantic land and sea surface
temperature patterns are not in favor of a NAO-like forcing of the Bond events, modeling and other proxy
data support that NAO-like conditions might have intervened in the enhancement of ice-rafting through a
slowdown of the Atlantic Meridional Overturning Circulation (AMOC). However, contradictory
mechanisms have been proposed, involving either northward or southward shifts of the westerly winds
belt (akin to positive and negative NAO-like conditions; e.g., Yang et al., 2016; Deininger et al., 2017; Klus
et al., 2018; Goslin et al., 2018). In this context, new high-resolution paleoclimate records from key NAO
regions are crucial to improve our understanding of the North Atlantic hydroclimate variability, as well as
to study the forcing mechanisms and the coupling between atmospheric and oceanic processes.

The Western Mediterranean is one of the most sensitive regions for the NAO due to its location at the north-
eastern side of the AH (Figure 1). Negative (positive) NAO phases result in increased (decreased) winter pre-
cipitation (e.g., Knippertz et al., 2003; Lopez-Moreno et al., 2011). On multidecadal to centennial timescales,
the Atlantic Multidecadal Oscillation and solar irradiance have been shown to impact the Western
Mediterranean climate through interactions with the NAO during the last millennium (Ait Brahim et al.,
2018). Holocene climate reconstructions from the Western Mediterranean are available from lake, flood,
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and marine archives (e.g., Benito et al., 2014; Fletcher et al., 2013; Morellén et al., 2018; Zielhofer et al., 2017,
2019). However, not all reconstructions represent the winter season only, which is the season when the NAO
is most dominant. Robust information on past NAO variability and the involved mechanisms over the course
of the entire Holocene is thus still lacking.

Here, we present two new precisely dated and high-resolution records of effective rainfall during the
Holocene from Chaara cave in Northern Morocco, in addition to a previously published speleothem record
from the same region (Wassenburg et al., 2016). A rainfall index is constructed from the three speleothem
880 records. Our results are interpreted in the light of paleo-oceanographic and atmospheric paleoclimate
data in the North Atlantic. They provide new insights on the coupling between the North Atlantic atmo-
spheric circulation associated with NAO-like patterns and the ice-rafting in the subpolar region.

2. Materials and Methods

2.1. Samples and Cave Site

We present two new high-resolution §'®0 records from two aragonite stalagmites (Chal and Cha2; Figure S1
in the supporting information). Both stalagmites were collected in 2010 below active drip sites, located 300 m
behind the entrance of Chaara cave (33°57'21”N, 4°14’46”W, 1260 m abover sea level). Chaara cave devel-
oped within complex cave systems in the Liassic carbonate formations of the Middle Atlas region
(Sabaoui et al., 2009; Taous et al., 2009; Wassenburg et al., 2012). The winter rainfall (December to
March) accounts for 80% of the annual rainfall amount (about 1,000 mm/year), mainly related to Atlantic
cyclones during the winter NAO (Ait Brahim et al., 2018; Wassenburg et al., 2016).

We compared our data to the GP2 speleothem 880 record from Grotte de Piste (Wassenburg et al., 2016),
given that Grotte de Piste and Chaara Cave sites are only a few hundred meters apart (Ait Brahim
et al., 2018).

2.2. Oxygen Isotope Analysis

8'%0 analyses were performed using a Thermo Finnigan Delta Plus Advantage at the Institute of Geoscience
of the University of Sao Paulo (Brazil). Sampling was performed along the growth axis of each stalagmite
using a micromill device. The 5'®0 raw data were calculated using a calcite acid fractionation factor, and
subsequently corrected to aragonite 580 values (Kim et al., 2007). The results are expressed in the Vienna
Pee Dee belemnite standard. The analytical error is less than 0.15%o.

2.3. Age Model

Preliminary U/Th analyses were performed using a Neptune Multi-Collector Inductively Coupled Plasma
Mass Spectrometers at the Isotope Laboratory of the University of Minnesota. Further U/Th analyses were
carried out at the Institute of Global Environmental Change of Xi'an Jiaotong University. Uranium and thor-
ium separation procedures are described by Edwards et al. (1987). The final age-depth model was con-
structed for each speleothem using the StalAge algorithm (Scholz & Hoffmann, 2011; Figure S2). Ages are
reported in years BP, with 1950 CE as the year of reference.

2.4. Statistical Approach

A Monte Carlo (MC) approach was used to construct a composite from Chal and Cha2 §'®0 records by max-
imizing the correlation between both time series using the “intra-site correlation age modelling”
(Fohlmeister, 2012). The model parameters were set using 10,000 MC simulations. Significance levels of
the correlation and age uncertainties were determined using 100 runs of a first autoregressive process
(AR1). Afterward, 1,000 MC runs were performed on each AR1. The same process was repeated between
the Chaara cave (Chal-Cha2) §'%0 composite and the GP2 §'®0 time series from Grotte de Piste to deter-
mine the MC records with the highest correlation between the two time series. These were used to perform
a principal component analysis (PCA) to extract their common variability. The first axis of the PCA (PC1)
was detrended using LOESS curve with a smoothing factor of 0.3. Significant periodicities in independent
speleothem 8'%0 records were defined by REDFIT analysis (Schulz & Mudelsee, 2002) using the PAST soft-
ware (Hammer et al., 2001).
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Given the large age uncertainties of the IRD record, expressed by the hematite-stained grains ocean cores
MC52 and V29-191 (Bond et al., 2001), the quantification of the link between the speleothem-based
Western Mediterranean rainfall index and the North Atlantic ice-rafted debris (IRD) is challenging.
Therefore, to test if there is a significant (p < 0.05) correlation between our data and the IRD record, a
MC approach was performed to shift the IRD record in time in accordance with its age uncertainties. For
this, in each MC run, a new age model of the IRD record is calculated by varying the ages within the 2-sigma
age uncertainty limits and using a linear interpolation between these new ages to construct a new proxy
(IRD) age model/record. Then, having the higher temporal resolution, our data are interpolated to the time
resolution of the new IRD record and a linear correlation is calculated between the new IRD record and the
interpolated PC1. This procedure is repeated at least 2,000 times, resulting in at least 2,000 new IRD records
with modified age models compared to original IRD record. Because of the large age uncertainties of the IRD
record, both positive and negative correlations are observed (Figure S3). Therefore, we used the correlation
results between PC1 and the tuned new IRD records to test that the proposed mechanisms, which we discuss
below, are possible over different time periods (Figure S4).

3. Results and Discussion
3.1. Description of Speleothems §'0 Records

The age model of Chal is based on 50 Th/U dates (Table S1) and 1,593 5'®0 data points, while the Cha2
record is constructed using 44 Th/U dates (Table S2) and 669 5'®0 data points. The growth rate of Chal is
higher than for Cha2 (0.13 vs. 0.07 mm/year, respectively). The Chal §'®0 record covers the period from
11.6 to —0.05 ka BP with two relatively short hiatuses (4.52-4.82 ka BP; 9.62-9.9 ka BP), whereas the
Cha2 8'®0 record covers the period from 9.66 to —0.06 ka BP with a short hiatus from 0.21 to 0.39 ka BP
and a relatively long hiatus from 1.15 to 1.76 ka BP. The average age model uncertainties of U-Th ages
account for 33 and 41 years for Chal and Cha2, respectively. The mean resolution for the §'®0 records are
7 and 12 years for Chal and Cha2, respectively.

Monitoring in the cave area, reported by Wassenburg et al. (2016), showed that rainfall amount is well cor-
related to precipitation 880 (r < —0.74) and the winter NAO index (r = —0.66). Additionally, the stable iso-
tope values of drip water samples from Grotte de Piste are consistent with the stable isotope values of the
original rainfall (Text S1 and Figure S5). Therefore, we interpret the Chal and Cha2 records as proxy records
of effective rainfall variability during the Holocene, whereby low 8'%0 values reflect humid conditions and
vice versa.

The comparison of the Chal and Cha2 records shows a high degree of replication (Figures 2a and 2b) when
taking into account the different temporal resolutions, age uncertainties, and growth rate variations, which
cannot be resolved by the age models. The average 5§80 value is —5.5%. in both records. However, the 8'%0
values range from —6.4%o to —4.4%o in the Chal record, and from —6.8%o to —4.1%o in the Cha2 record.
Hence, the Chal record has a smaller §'®0 variability compared to the Cha2 record. This might be related
to a longer water residence time, which results in a smoothing of the §'®0 precipitation signal (Mischel
et al., 2015).

The Chaara cave record, described by a composite of the Chal and Cha2 880 records (Figure 2c), shows s'%0
maxima of humid conditions in the Western Mediterranean that are synchronous with the GP2 speleothem
record (Figure 2d), suggesting common forcing mechanisms. The comparison also reveals a few inconsisten-
cies, which might be related to drip-site-specific conditions during the corresponding periods (Lachniet,
2009; Deininger et al., 2012), growth rate changes between dated intervals (Fohlmeister, 2012), and/or
growth-rate-induced isotope fractionation (Fohlmeister et al., 2018). Another difference is the different
amplitude of some positive and negative §'%0 peaks, which are synchronous in the three records when tak-
ing into account the age uncertainties and different resolutions. Hence, a representative rainfall index of the
Western Mediterranean is constructed using the first axis of the PCA (PC1) between the Chaara composite
and Grotte de Piste record. The PC1 accounts for 79% of their common variability (Table S3 and Figure 2e).

3.2. Western Mediterranean Climate and Linkage to the NAO During the Holocene

Maxima in humid conditions identified in each speleothem record are numbered in each time series in
Figure 2. The rainfall index values show substantial multidecadal and centennial alternations of humid
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Figure 2. Comparison of proxy records from caves in Northern Morocco. (a, b) Chal and Cha2 speleothem 580 records
from Chaara cave. The bold black curves show the 50-year moving average of each time series. The gray curves indicate
the original data set, including the average, minus and plus age models. (c) Composne record of (a) and (b) constructed
using intra-site correlation age modelling (Fohlmeister, 2012). (d) GP2 speleothem 5'80 record from Grotte de Piste.

(e) Rainfall index constructed from the PC1 between (c) and (d). The gray numbers indicate the timing of peaks of humid
conditions in the Western Mediterranean in kiloannum before present. VPDB = Vienna Pee Dee belemnite.

and dry conditions reflecting NAO-like precipitation patterns in the Western Mediterranean during the
Holocene. Indeed, the comparison of the Western Mediterranean winter rain maxima and the NAO
reconstructions (Ortega et al., 2015; Trouet et al., 2009) showed that negative NAO phases correspond to
winter rain maxima in Moroccan speleothem records over the last millennium (Ait Brahim et al., 2018).
This is also consistent with present-day climate patterns in the Western Mediterranean, where periods of
increased winter rainfall are generally linked to negative modes of the NAO (Born et al., 2010; Hurrell
et al., 2003; Knippertz et al., 2003; Lopez-Moreno et al., 2011). Furthermore, the comparison with solar
irradiance (Steinhilber et al., 2009, 2012) reveals that solar minima periods around 0.5, 2.2, 4.9, 5.7, 6.3,
8.2, and 8.9 ka BP seem to coincide within age error with 880 minima in the Western Mediterranean
(Figure S6). This is consistent with present-day negative NAO patterns during periods of low solar activity
(Matthes, 2011; Thiéblemont et al., 2015). The REDFIT spectral analysis reveals 200-year (Figure S7)
periodicities in the speleothem records, similar to the Vries-Suess solar cycle (Suess, 1980), consistent with
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Figure 3. Comparlson of the record of past rainfall variability in the Western Mediterranean derived from Moroccan
speleothem 8'80 records with reconstructions of North Atlantic ocean and atmospheric modes. (a) North Atlantic
ice-rafting records showing the tuned and the original record (Bond et al., 1997, 2001). The numbers indicate the timing of
the eight Bond events. (b) Storminess index based on wind-blown coastal sand in the Western Denmark (Goslin et al., 2018
Corrigendum). (c) North Atlantic current activity, expressed by the activity of the subpolar gyre (SPG) based on the
water-column density-difference (Thornalley et al., 2009). (d) Position of the AF and the extent of the subtropical gyre,
based on the abundance of the planktonic foraminifera Globigerinoides ruber (G. ruber w.) in a sediment core in the vicinity
of the Azores (Repschliger et al., 2017). (e) Detrended rainfall index of the Western Mediterranean, derived from
speleothem 8'%0 records (Chal, Cha2, and GP2) from Northern Morocco. The black curve indicates the 70-year
smoothing. The gray numbers indicate the timing of peaks of humid conditions in the Western Mediterranean (ka BP)
within the periods of the Bond events. The blue shadings indicate the periods of overall humid conditions in the Western
Mediterranean, which coincide within the age uncertainties with enhanced ice-rafting in the North Atlantic.

speleothem records of the last millennium from Morocco (Ait Brahim et al., 2017, 2018) and a lake record
from the same region (Zielhofer et al., 2017).

3.3. North Atlantic Ocean and Atmospheric Dynamics During the IRD Events

In order to provide a detailed overview of the linkage between the Western Mediterranean rainfall and the
ice-rafting on a centennial to millennial timescale, we compare our data with paleo-oceanographic and
atmospheric reconstructions of the North Atlantic region. These include a record of the position of the AF
and the extent of the subtropical gyre (STG; Repschléger et al., 2017; Figure 3d), a record of the activity of
the subpolar gyre (SPG; Thornalley et al., 2009; Figure 3c) and a recent reconstruction of storminess from
Western Denmark reflecting periods of enhanced northerly shifts of the westerly winds belt (akin to positive
NAO; Figure 3b; Goslin et al., 2018).

On centennial to millennial timescales, the humid conditions during the Early Holocene (11.5 to 8 ka BP)
seem to be more pronounced and prolonged with peaks around 8.2, 9.3, 10.3, 10.5, 11, and 11.2 ka BP
(Figure 3e). Interestingly, the timing of these peaks recalls the well-known abrupt ice-rafting episodes in
the North Atlantic high latitudes (Bond events 8, 7, 6, and 5; Figure 3a; Bond et al., 1997, 2001). The
comparison of our rainfall index with the tuned IRD record shows a high positive correlation during this
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period (r = 0.6; Figure S3). In contrast to Zielhofer et al. (2019) who suggest that dry winters prevailed in the
Western Mediterranean in response to the Bond events during the Early Holocene, we propose southerly
shifts of the westerly winds belt during these events resembling negative NAO-like conditions. Our data
are confirmed by the SPG strength and the AF position reconstructions, which show that the period from
11.5 to 8 ka is characterized by a weak SPG, and hence an enhanced STG and southerly positioned AF,
suggestive of a mean negative NAO-like state.

Interestingly, the glacial freshwater discharge event around 8.2 ka BP can be clearly identified in the
Western Mediterranean. This event marks a transition toward enhanced SPG, weaker STG and a northerly
shift of the AF. These conditions mark a transition from predominantly negative NAO-like conditions dur-
ing the Early Holocene toward more positive NAO-like conditions during the mid-Holocene, consistent with
8'80 gradients in European speleothems which reveal a switch from negative to positive NAO at about 8 ka
BP (Deininger et al., 2016). Furthermore, the timing of this transition is close to a major reorganization of the
NAO around 8.5 ka BP as a response to the presence of the Laurentide Ice Sheet and meltwater fluxes into
the North Atlantic (Wassenburg et al., 2016). Subsequent modern positive NAO-like conditions were asso-
ciated with northeasterly and southwesterly shifts of the IL and AH, respectively.

During the mid-Holocene (8 to 4 ka BP), our record shows substantial alternations of wet and dry periods on
centennial timescales. Contrary to the Early Holocene, enhanced ice-rafting periods (around 7.5 ka BP and
Bond events 4 and 3) do not coincide with prolonged humid conditions in the Western Mediterranean.
Moreover, the correlation between the Western Mediterranean rainfall index and the tuned IRD record is
not significant during this period. However, these events are characterized by relatively more enhanced
SPG, northern shifts of the AF and the westerly winds belt, akin to predominantly positive NAO, during
all the ice-rafting events of the mid-Holocene.

After 4 ka, a shift toward more humid conditions is observed in the Western Mediterranean with a peak cen-
tered on 3.8 ka BP. This shift coincides with an abrupt southern shift of the AF and an overall reduced SPG,
marking a temporary passage toward negative NAO-like conditions. However, wet conditions are not clearly
observed in the Western Mediterranean during the subsequent ice-rafting event around 2.8 ka (Bond event
2). Instead, the 2.8 ka BP event shows similar patterns of the SPG and the AF as the 4.2- and 5.8-ka BP events,
which suggest northern shifts of the westerly winds belt as also evidenced by the enhanced storminess in
Western Denmark.

During the last 2 ka, wet conditions are observed in the Western Mediterranean with peaks around 1.5, 1.3,
and 0.5 BP, coincident with the timing of ice-rafting events (Bond events 1 and the Little Ice Age “LIA”) sug-
gesting a predominance of negative NAO-like conditions. Indeed, the 1.5-ka event coincides with relatively
reduced SPG and south shift of the AF. The LIA, shortest Bond event, is also characterized by low SPG.
While the AF record does not extend until the end of the LIA, the southern shift of the westerly winds belt
during the LIA is proposed by the NAO reconstructions during the last millennium (e.g., Trouet et al., 2009).
A high positive correlation is also observed between our rainfall index and the IRD record during the last two
millennia (r = 0.6).

3.4. Proposed Mechanisms and Potential Linkages Between the NAO and the Bond Events

Based on the above, we show that there is no persistency of negative or positive NAO-like phases during all
the periods of enhanced North Atlantic ice-rafting (Bond events). The occurrence of the ice-rafting events
during periods of prolonged positive and negative NAO-like conditions, suggests that the role of the westerly
winds belt in triggering the abrupt cooling events of the Holocene might have been overestimated, at least
during some of the Bond events. However, different feedback mechanisms may have been involved, possibly
linked to the mean state of the NAO during the Holocene on millennial timescales. Depending on the mean
state of the NAO on millennial timescales, the centennial variability of NAO-like patterns may have been
associated with either extreme negative or positive NAO-like conditions. For example, a centennial-scale
negative (positive) NAO-like phase during a period of predominant mean negative (positive) state on millen-
nial timescales might result in extreme negative (positive) NAO-like conditions. As such, the prolonged per-
iods of north and south shifts of the westerly winds belt might have both resulted in triggering or amplifying
the ice-rafting events. These mechanisms are associated with changes in the strength of the STG (Morley
et al., 2011) and possibly influenced by solar forcing (Moffa-Sanchez et al., 2014).
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Indeed, the Holocene ice-rafting events with predominant negative NAO-like conditions (LIA and Bond
events 1, 5, 6, 7, and 8) might be linked to a reduction in North Atlantic Deep Water (NADW) formation.
Therefore, the slowdown of the AMOC might have been triggered or amplified by reduced wind stress result-
ing from southern shifts of the westerly winds belt (Deininger et al., 2016; Mangini et al., 2007; Moffa-
Sanchez & Hall, 2017). The AMOC slowdown gives rise to a cooling and a subsequent expansion of sea
ice in the North Atlantic high latitudes (Deininger et al., 2016). This is in line with modeling results, which
suggest a southward expansion of sea ice as a positive feedback mechanism for a reduced AMOC during per-
iods of reduced wind stress on the North Atlantic (Sanchez-Gomez et al., 2016; Yang et al., 2016).

However, we propose that enhanced ice-rafting might have taken place in the northern North Atlantic dur-
ing periods with predominant positive NAO-like patterns as well (Bond events 2, 3, and 4 and around 7.5 ka
BP). Indeed, north shifts of the westerly winds belt have also been proposed as a potential amplifier of the
pluricentennial ice-rafting events (Goslin et al., 2018; Klus et al., 2018). Strong northerly winds were sug-
gested as a potential trigger of ice drifting by strengthening the polar vortex and cooling at polar and sup-
polar latitudes (Bond et al., 2001). Accordingly, the AMOC slowdown is possibly a feedback mechanism
of the strong SPG.

4. Conclusions

North Morocco is one of the most sensitive regions to the NAO, and its associated westerly winds circulation
in the Western Mediterranean. High-resolution speleothem records from this region, presented in this study,
are interpreted as proxy records of effective rainfall resulting from southern shifts of the westerly winds belt
related to negative NAO-like conditions during the Holocene.

NAO-like conditions evolved during the Holocene as a response to different forcing mechanisms, such as
changes in the insolation and the meltwater input into the North Atlantic Ocean. We propose that predomi-
nantly negative NAO-like conditions occurred during the ice-rafting events of the Early Holocene and the
Late Holocene, whereas positive NAO-like patterns might have probably prevailed during the ice-rafting
periods of the mid-Holocene. Therefore, in contrast to previous assumptions about the linkage between
the NAO and ice-rafting in the North Atlantic high latitudes, we conclude that there is no persistency of
either positive or negative NAO-like conditions during all the North Atlantic ice-rafting events of the
Holocene. Clearly, different mechanisms can trigger or amplify ice-rafting. Prolonged southward shifts of
the westerly winds belt might have played a role in causing the slowdown of the AMOC and the enhanced
ice-rafting due to a reduced wind stress on the North Atlantic Ocean during the Early and the Late Holocene,
whereas northward shifts of westerly winds belt were proposed as a potential amplifier of cooling and
enhanced ice-rafting by strengthening the polar vortex during the mid-Holocene.

Data Availability Statement

After acceptance of the manuscript, the data produced here will be made available in the public paleoclimate
databases of NOAA and SISAL.
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