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Abstract. The 4.2 ka BP event, spanning from ca 4200 to
3900 cal BP, has been documented in numerous archaeologi-
cal data and continental archives across the Northern Hemi-
sphere as an abrupt shift to dry and cold climate. However,
data on synchronous ocean circulation changes are notably
lacking, thus preventing us from getting a full insight into
the physical mechanisms responsible for this climate dete-
rioration. Here, we present two high-resolution (5–20 years)
sea surface temperature (SST) records from the subpolar gyre
and off north Iceland in the vicinity of the polar front ob-
tained from alkenone paleo-thermometry and compare them
with proxy data from the western Mediterranean Sea to gain
information on regional temperature and precipitation pat-
terns. Our results are evidence of a temperature dipole pattern
which, combined with other paleo-oceanographic records of
the North Atlantic, suggests a weakening of the subpolar gyre
possibly associated with atmospheric blocked regimes.

1 Introduction

Holocene rapid climate changes (RCCs) are century-long
time intervals of enhanced high-latitude cooling and trop-
ical dryness (Mayewski et al., 2004; Wanner et al., 2011).
The forcing mechanisms that trigger these RCCs are multi-
ple and in many cases unclear (Wanner et al., 2014). Bond
et al. (2001) suggested a relationship between RCCs and
the reduction in the North Atlantic deep-water production
(NADW) to explain their transmission around the North-
ern Hemisphere. By examining 50 globally distributed proxy
records, Mayewski et al. (2004) concluded that RCCs re-

sult from natural external forcing (i.e., solar and volcanic)
and interactions with internal variability (ocean–atmosphere
dynamics). Wanner et al. (2011) highlighted the absence of
a clear periodicity of the RCCs and the lack of spatiotem-
poral homogeneity of temperature and humidity patterns of
these events. They also recognized that the early Holocene
RCC known as the 8.2 ka event likely differed from other
Holocene RCCs because of anomalously high freshwater
forcing and insolation at the final stage of the deglaciation.

The 4.2 ka BP event, developing from 4200 to 3900 cal BP
(Weiss, 2016), is one of the most widely documented RCCs.
Regarded as the second outstanding RCC after the 8.2 ka
event in terms of magnitude and duration, it is often regarded
as a boundary between the Middle and Late Holocene cli-
mate (Magny et al., 2013; Walker et al., 2012). It is no-
tably known for being synchronous with the occurrence of
a megadrought in the Levant and the collapse of the Akka-
dian Empire and the Old Kingdom in Egypt and, further east,
of the Old Chinese cultures (Weiss and Bradley, 2001; Liu
and Feng, 2012; Stanley et al., 2003). In the last decade,
an increasing number of high-resolution proxy records has
provided a more comprehensive description of this event
(Weiss, 2016). In the Mediterranean region, climate recon-
structions have highlighted a drastic reduction in precipita-
tion and extreme climate conditions prevailing during this
period, mostly during the winter season (Magny et al., 2013;
Fohlmeister et al., 2013; Zanchetta et al., 2016; Cheng et
al., 2015; Ruan et al., 2016; Jalali et al., 2016; Finné et al.,
2017; Bini et al., 2019, this issue and references therein). Ac-
cording to Weiss (2015), a 30 %–50 % reduction in precipi-
tation delivered by the Mediterranean westerlies during the
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4.2 ka BP event led to extreme dryness in the Middle East and
central Asia. The synthesis of Weiss (2016) also pointed out
a weakening of major monsoon systems during this period.
Evidence for Indian monsoon disruption comes from high-
resolution speleothem and Lake Rara precipitation records
(Berkelhammer et al., 2012; Dixit et al., 2014; Nakamura et
al., 2016). Donges et al. (2015) also reported a weakening of
east and southwest Asian summer monsoon resulting in pro-
nounced dryness in northeastern China, Inner Mongolia, and
Australia. Finally, a drastic decline in precipitation was also
observed over North America (Booth et al., 2005; Fisher et
al., 2008).

While the expression of the 4.2 ka BP event is evident in
several paleoclimatic records all over the Northern Hemi-
sphere, physical drivers of this climatic period are still not
elucidated in part because of missing data from the ocean, the
main water and heat reservoir on Earth. Booth et al. (2005)
proposed a La Niña-like pattern and warming of the equa-
torial Atlantic Ocean to explain enhanced dry conditions
in North America between 4100 and 4300 cal BP. Liu et
al. (2014) suggested a transition from a negative to a positive
Pacific North American (PNA)-like pattern as an alternative
explanation. Transient simulations obtained from the Com-
munity Climate System Model (CCSM) of NCAR showed
that while the modeled large-scale spatial pattern of the 4.2
and 8.2 ka events reproduce a pronounced cooling and pre-
cipitation reduction over the Northern Hemisphere, operat-
ing mechanisms are different (Ning et al., 2019, this issue).
According to this study, in the North Atlantic domain, or-
bital forcing would have caused a weakening of the Atlantic
meridional overturning circulation (AMOC) and subsequent
cold and dry conditions of the 4.2 ka BP event, while fresh-
water release in the Labrador Sea and subsequent AMOC
collapse triggered the 8.2 ka event. Apart from taking place
under different insolation conditions, these two RCCs expe-
rienced notably different solar and volcanic forcing. Indeed,
the absence of large volcanic eruptions (under strong solar
activity) during the 4.2 ka BP event contrasts with the intense
volcanism of the 8.2 ka event (Kobashi et al., 2017).

In this paper, we present two unprecedented high-
resolution (5–20 years) sea surface temperature (SST)
records obtained from alkenone analyses in two sediment
cores recovered off north Iceland in the western Nordic
Seas (MD99-2275) and in the subpolar gyre (SPG), south
of Iceland (MD95-2015). This study extends the SSTs of the
MD99-2275 in part published by Sicre et al. (2008). New
pollen data and already published alkenone SSTs (Jalali et
al., 2016) from the KSGC-31 core located in the Gulf of Lion
(NW Mediterranean) are also used in the discussion. These
records are compared with other regional proxy data from
the Euro-Mediterranean region to explore the link between
the North Atlantic Ocean circulation and the western Euro-
pean climate during this time span where a disruption of early
Mediterranean civilizations was observed.

2 Material and methods

The MD99-2275 core was retrieved off north Iceland in the
western Nordic Seas (66.55◦ N; 17.7◦W; 470 m water depth)
in the vicinity of the present-day polar front (Fig. 1, site 2)
where the warm and salty North Icelandic Irminger Current
(NIIC) meets with the cold and fresher waters of the East Ice-
landic Current (EIC) (Fig. 1). The age model of the MD99-
2275 core is based on 15 tephra layers and calculated using
the Bayesian approach of the OxCal4.2 software (for details,
see Fig. 2 and Table DR4 in Jiang et al., 2015). The sec-
ond core site MD95-2015 (58.76◦ N; 25.95◦W; 2630 m wa-
ter depth) is located south of Iceland on the eastern flank of
the Reykjanes Ridge (Fig. 1, site 1). The age model is based
on 21 14C dates measured in the planktonic foraminifera
Globigerina bulloides (Table S1, Fig. S1 in the Supplement;
Kissel et al., 2013). Both cores were collected as part of the
international IMAGES program (International Marine Past
Global Change Study). The third core KSGC-31 (43◦ N,
3.29◦ E; 60 m water depth) was recovered from the Gulf of
Lion inner-shelf mud belt during the GM02 Carnac cruise in
2002 (Bassetti et al., 2016). The age model of this core is
based on 17 14C dates measured on bivalve shells (Table S1,
Fig. S2). For MD95-2015 and KSGC-31 cores, the age model
was calculated using the Bayesian Oxcal4.3 software (Ram-
sey, 2017) and the MARINE13 calibration data set (Reimer
et al., 2013). Reservoir ages were obtained from the Global
Marine Reservoir Database by averaging the eight nearest
site reservoir ages of each core (http://calib.org/marine/, last
access: 1 April 2019), leading to a 1R = 73± 69 years for
MD95-2015 and 23± 71 years for KSGC-31.

Both MD95-2015 and MD99-2275 sediment cores (Fig. 1,
sites 1 and 2 respectively) were continuously sampled at
a sampling step of 1 cm for alkenone biomarker analysis.
Lipids were extracted from a few grams of freeze-dried sed-
iments following the experimental procedure adapted from
Ternois et al. (1997). Alkenones were isolated from the total
lipid extract by silica gel chromatography and quantified us-
ing a Varian CX 3400 gas chromatograph after the addition
of a known amount of 5α-cholestane used as an external stan-
dard. SSTs were derived from the unsaturation index of C37
alkenones U k

′

37 = (C37:2)/(C37:2+C37:3) and the calibration
of Prahl et al. (1988), T = ((U k

′

37− 0.039)/0.034). C37:4 was
absent in core MD95-2015 and present in minor amounts in
some horizons in the MD99-2275. Based on the age models
of the two cores, the mean temporal resolution is estimated
to 5 years for MD99-2275 and 20 years for MD95-2015. In-
ternal precision for SST estimates is on the order of 0.5 ◦C.

Pollen for the KSGC-31 core (Fig. 1, site 10) were gen-
erated from 25 samples taken in the 4.2 ka BP time to ob-
tain complementary information on vegetation changes in
relation to precipitation that took place in the catchment
area of the Gulf of Lion. The pollen extraction proce-
dure follows the standard method modified from Faegri and
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Figure 1. Map of the annual mean SSTs (1955–2012) from the
World Ocean Atlas database (https://data.nodc.noaa.gov/las/getUI.
do, last access: 1 April 2019; Locarnini et al., 2013) showing the
location of the investigated cores and sites used for comparison.
(1) Marine core MD95-2015 (this study); (2) marine core MD99-
2275 (this study); (3) marine core GS06-144 08GC (Mjell et al.,
2015); (4) marine core RAPiD-12-1K (Thornalley et al., 2009);
(5) marine core P-013 (Solignac et al., 2004); (6) marine core
JM96 1207 (Solignac et al., 2006); (7) ice core GISP2 (O’Brien
et al., 1995); (8) marine core Fox05R/04G (Andresen et al., 2012);
(9) marine core MD95-2011 (Berner et al., 2011); (10) marine core
KSGC-31 (Jalali et al., 2016); (11) core PB06 from the Palavasian
Lagoon (Azuara et al., 2015); (12) speleothem from Renella Cave
(Zanchetta et al., 2016); (13) speleothem from Gueldaman Cave
(Ruan et al., 2016). Subpolar and subtropical gyres as well as main
surface currents in the North Atlantic are also shown. IC: Irminger
Current; NIIC: North Icelandic Irminger Current; EIC: East Ice-
landic Current; EGC: East Greenland Current.

Iversen (1989) (for details see Combourieu-Nebout et al.,
1999). Pollen counting was performed on around 300 grains
(more than 100 if we except Pinus grains) at ×500 magnifi-
cation while pollen grains were identified at ×1000 magnifi-
cation and compared to pollen atlases (Beug, 2004; Reille,
1992). Pollen percentages were calculated after ruling out
Pinus pollen because of their overrepresentation in marine
sediments (Combourieu-Nebout et al., 1999, 2013 and refer-
ence therein). Pollen at this core site originates from a large
catchment area, thus providing an integrated picture of the
vegetation from the coastline to the top of the nearby moun-
tains. In this study, we use the log of the Fagus / deciduous
Quercus ratio to assess precipitation changes. Indeed, it has
been shown by Quezel (1979) that Fagus develops mainly in
the French Mediterranean mountains, thought at the limit of
its geographical range in terms of precipitation requirements
(> 750 mm). Because deciduous Quercus is more tolerant to
dryness than Fagus, decreasing Fagus / deciduous Quercus
ratio values presumably reflect increasing aridity (Azuara et
al., 2015). The Holocene SST record of the core has been
published by Jalali et al. (2016). Based on the age model of

the KSGC-31 core, the mean temporal resolution is 15 years
for the SST record and 44 years for pollen data.

3 Results and discussion

As shown in Fig. 2, the SST signal of the MD99-2275 core
contains strong decadal-scale variability with values ranging
between 7 and 10 ◦C around a mean value of 9 ◦C. Within
the 4.2 ka BP event interval, shaded in grey, SSTs show an
overall cooling of ∼ 2 ◦C and a small amplitude tempera-
ture reversal around 4200 cal BP followed by an abrupt de-
cline to coldest values (6.7 ◦C) at ∼ 4100 cal BP. South of
Iceland, SSTs fluctuate between 9 and 12 ◦C and are thus
in a warmer range than off north Iceland as expected from
the core locations. They also show marked multi-centennial
oscillations of 1 to 2 ◦C amplitude but of broadly opposite
sign than off north Iceland, with a maximum value of 12◦

C reached around 4100 cal BP. The C37 alkenone concen-
trations used to derive SSTs in MD95-2015 are on average
334 ng g−1 (range 36 to 700 ng g−1) (Fig. 2c). Those found
in MD99-2275 range from 20 to 1000 ng g−1, with a mean
value of 362 ng g−1 (Fig. 2d). In both cases alkenone abun-
dances were high enough to calculate reliable SSTs.

3.1 Evidence of weak North Atlantic SPG circulation
during the 4.2 ka BP event

Figure 3 compares our SST data (Fig. 3a, b) and other records
from North Atlantic sediments (Fig. 1), which include the
proxy reconstruction of the SPG intensity of Thornalley et
al. (2009) (Fig. 3c) and the mean grain size of sortable
silt (SS; 10–63 µm) from Gardar drift sediments of Mjell et
al. (2015) used as a proxy of the strength of the Iceland–
Scotland Overflow Water (ISOW) (Fig. 3d). Also shown are
the Na fluxes from the GISP2 ice core (Fig. 3e) (O’Brien
et al., 1995) reflecting changes in atmospheric circulation.
Additional information on surface ocean circulation changes
is provided by the reconstructions of sea ice concentration
over the East Greenland shelf (Fig. 3f) and of the surface
salinity in the Labrador Sea (Fig. 3g) (Solignac et al., 2004,
2006). Finally, summer SSTs derived from diatom assem-
blages (Fig. 3h) were used to assess variations in the warm
Atlantic inflow into the Nordic Seas (Berner et al., 2011).
These surface water property and proxy reconstructions of
dynamical parameters were combined to investigate North
Atlantic circulation changes during the 4.2 ka BP event.

As emphasized in the previous section, warm SSTs in the
subpolar gyre region contrast with the cold surface waters
in the Nordic Seas during the 4.2 ka BP event (Fig. 3a and
b). The same temperature pattern was also evidenced during
the Little Ice Age (LIA), the most recent of the Holocene
RCCs. Based on model simulations and proxy data, Moreno-
Chamarro et al. (2017) demonstrated that this temperature
dipole fingerprints a weakening of the SPG, which in turn
created the conditions for atmospheric blocking over the
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Figure 2. Alkenone-derived sea surface temperatures (SSTs) in the North Atlantic cores between 5500 and 2500 cal BP. (a) At the MD95-
2015 core (site 1 in Fig. 1) and (b) at the MD99-2275 core (site 2 in Fig. 1). (c) C37 alkenone concentrations (in ng g−1 dry sediment) at the
MD95-2015 core and (d) MD99-2275 core. Fifty-year binning is applied to reduce the effect of proxy reconstruction error (thick lines). The
grey vertical band represents the 4.2 ka BP event time interval (4400–3800 cal BP).

northeastern Atlantic (Häkkinen et al., 2011) responsible for
severe winters in Europe during the LIA (Luterbacher et
al., 2004). Persistent blocking activity has been shown to
also trigger rapid ocean changes such as the Great Salinity
Anomaly (GSA) in the 1970s. Indeed, blocking over Green-
land by enhancing sea ice export from the Arctic Ocean
through Fram Strait produces a freshening of the Labrador
Sea several years later, the decline in convection and slow-
down of the SPG (Ionita et al., 2016). However, the role of
external forcing (solar and volcanic) during the LIA remains
an open question (Moffa-Sanchez et al., 2014; Moreno-
Chamarro et al., 2016, 2017). Available transient simulations
of the 4.2 ka BP event performed with the Community Cli-
mate System model version 3 (CCSM3) suggest that inter-
nal variability (North Atlantic Oscillation; NAO) could have
played an essential role in the SPG circulation change, with
possible modulation by external forcings (Yan and Liu, 2019,
this issue; Ning et al., 2019, this issue), but none of these
simulations have used solar and volcanic forcings. In the fol-

lowing, we explore the hypothesis of a reduction in the SPG
and causal links between sea ice, wind intensity and AMOC
to explain our results.

Figure 3c shows the reconstruction of the SPG strength
based on the water density difference between surface
and subsurface waters obtained from paired Mg/Ca and
δ18O measurements performed on Globigerina bulloides and
Globorotalia inflata, respectively (Thornalley et al., 2009).
This density difference reflects the degree of stratification
of the upper ocean due to the respective contribution of the
North Atlantic Inflow and polar waters. Lower (higher) and
decreasing (increasing) values of the water density differ-
ence between surface and subsurface layers are indicative
of a slowdown (strengthening) of the SPG. This index in-
dicates a gradual decrease in the SPG from 5400 to 4200–
4100 cal BP. The parallel decline in the ISOW intensity in-
ferred from the mean SS (sortable silt) suggests a slowdown
of AMOC (Fig. 3d) (Mjell et al., 2015) that is supported by
cooling of summer SSTs off Norway (Fig. 1, site 9 and 3h;
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Figure 3. Paleoclimatic and paleo-oceanographic data from the North Atlantic during the 4.2 ka BP event. (a) Alkenone-derived SSTs at
the MD95-2015 core. (b) Alkenone-derived SSTs at the MD99-2275 core. (c) Density difference between surface and subsurface waters
obtained from paired Mg/Ca and δ18O in Globigerina bulloides and Globorotalia inflata in core RAPiD-12-1K (site 4 in Fig. 1) (Thornalley
et al., 2009). (d) Mean sortable silt (SS, 10–63 µm) in core GS06-144 08GC in the Iceland Basin (site 3, Fig. 1) (Mjell et al., 2015). (e) Sea
salt Na flux from the GISP2 ice core (site 7, Fig. 1) (O’Brien et al., 1995). (f) Sea ice concentration from the East Greenland shelf based
on dinoflagellate cyst assemblages in core JM96 1207 (site 6, Fig. 1) (Solignac et al., 2006). (g) Dinoflagellate cyst-assemblage-inferred
sea surface salinity from the Labrador Sea core P-013 (site 5, Fig. 1) (Solignac et al., 2004). (h) Summer SSTs derived from diatom-based
weighted averaging partial least squares transfer function from core MD95-2011 (site 9, Fig. 1) (Berner et al., 2011). For panels (a), (b)
and (d) 50-year binning is applied to reduce the effect of proxy reconstruction error (thick lines). This binning has not been applied to the
low temporal-resolution records. The grey vertical band represents the 4.2 ka BP event time interval (4400–3800 cal BP). The dashed line
highlights the 4100 cal BP where extrema are seen in most records.
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Berner et al., 2011). All together, these reconstructions in-
dicate a progressive slowdown of the SPG and AMOC be-
tween 5400 and 4200–4100 cal BP and consecutive north-
ward ocean heat transport reduction leading to cold condi-
tions in the Nordic Seas.

Freshwater export from the Arctic Ocean and wind stress
are important controlling factors of the SPG circulation
through deep convection in the Labrador Sea (Langehaug
et al., 2012; Born and Stocker, 2014). Increased sea salt Na
flux in Greenland ice cores has been related to the expansion
of the polar vortex and/or enhanced meridional wind flow.
The coeval weakening of the SPG and negative trend of the
Na fluxes until approximately 4200–4300 cal BP can be ex-
plained either by a decrease in wind intensity or more sea
ice both acting to reduce the production of sea salt aerosols
(Fig. 3e). Available proxy records of sea ice out of the Arctic
Ocean through Fram Strait for this period are scarce. How-
ever, the low-resolution time series from south of the Den-
mark Strait based on dinoflagellate cyst assemblages suggest
that the 4500–3900 cal BP interval would have been a long-
standing period with almost no sea ice (Fig. 3f; Site 6 in
Fig. 1; Solignac et al., 2006). The diminished influence of po-
lar waters is also supported by increasing sea surface salinity
in the Labrador Sea between 4800 and 4000 cal BP (Fig. 3g;
site 5 in Fig. 1; Solignac et al., 2004). Both proxy recon-
structions therefore point to a weak East Greenland Current
(EGC) along the East Greenland coast during this time pe-
riod (Solignac et al., 2006; De Vernal et al., 2013).

Paleo-data as well as modern observations have also
shown that in a weak state, the SPG is confined to the west-
ern part of the basin and has a north–south orientation favor-
ing the Irminger Current (IC) inflow to the SE Greenland–
NW Iceland shelf (Hátún et al., 2005; Andresen et al., 2012).
Such incursions of warm IC water have notably been evi-
denced by high occurrences of the benthic foraminifera Cas-
sidulina neoteretis between 5200 and 4200 cal BP at the core
Fox05R/04G site by Andresen et al. (2012) (site 8 in Fig. 1).
A weak SPG induces a surface cooling in the Nordic Seas
due to decreased heat transport, thereby promoting the ex-
pansion of sea ice cover especially in the Nordic and Barents
seas (Moreno-Chamarro et al., 2017). This is in agreement
with the long-term cooling of the Nordic Seas reported by
Berner et al. (2011) along the Norwegian coast (Fig. 3h) and
the increased abundance of sea ice diatoms between 4300 and
4100 cal BP in MD99-2275 that parallels the alkenone SSTs
decrease (Ran et al., 2008). Note that Ran et al. (2008) fur-
ther specified that this increase was marginally due to Arctic
sea ice diatoms, which further supports the assumption of a
low Arctic water influence. Instead, local sea ice formation
would have been favored by colder conditions. Sea ice con-
centration in the Barents Sea shows consistently increasing
values since 4600 cal BP (De Vernal et al., 2013) as opposed
to SE Greenland and the Labrador Sea, in agreement with
the SST dipole featuring a weak SPG. The 4.2 ka BP event
would thus differ from the LIA marked by the return of sea

ice and the southeastern expansion of the polar front (Massé
et al., 2008; Sha et al., 2016). Although proxy records of the
4.2 ka BP event suggest a reduction in the SPG, ISOW and
possibly of the AMOC, the mechanisms involved are likely
to be different because of less severe sea ice conditions and
feedbacks as well as external forcing. In the next section we
discuss the climatic expression of the 4.2 ka BP event in the
Euro-Mediterranean region based on the continental record
of concomitant hydroclimate changes.

3.2 Climatic expression in the Euro-Mediterranean
region

Figure 4 shows high-resolution SST and pollen records from
the Gulf of Lion together with the oxygen isotope signals of
two stalagmites from the western Mediterranean sensitive to
continental precipitation (Zanchetta et al., 2016; Ruan et al.,
2016). SSTs in the Gulf of Lion (site 10 in Fig. 1) reveal a
∼ 2 ◦C cooling between 4400 and 3800 cal BP, with two brief
colder intervals around 4300 and 4100 cal BP that seem to co-
incide with the colder SSTs seen off north Iceland. Yet cool-
ing at 4100 cal BP is sharp and more prominent in the western
Nordic Seas, possibly due to the presence of sea ice (Fig. 4a,
d). Coldest SST values in the Gulf of Lion during the LIA
have been related to persistent wintertime atmospheric block-
ing over the NE Atlantic resulting in more intense and colder
mistral winds, blowing all year round but more strongly dur-
ing the winter season (Sicre et al., 2016), that are consis-
tent with the previously discussed North Atlantic paleo-data
and model simulation results (Moffa-Sanchez et al., 2014;
Moreno-Chamarro et al., 2016, 2017). Pollen data were in-
vestigated to assess environmental conditions over adjacent
continental regions to complement the information provided
by SSTs. The Fagus /Quercus ratio values between 4400
and 3800 cal BP indicate vegetation changes that broadly re-
flect wetter conditions with a higher representation of Fagus
(associated with Abies) in the forest. This is in agreement
with the same ratio record from the nearby Holocene Palavas
Lagoon sediments (site 11 in Fig. 1; Azuara et al., 2015)
(Fig. 4b, c). A short event centered at 4200 cal BP (and pos-
sibly around 3900 cal BP) showing a decrease of Fagus in fa-
vor of Quercus may be indicative of a brief spell of moderate
dryness. This change can be related to a lower temperate for-
est development seen in the central Italy records of Lago di
Vico and Lagaccione (Magri and Sadori, 1999; Magri, 1999)
and in the Gulf of Gaeta (Di Rita et al., 2018). In central Italy
and in the Gulf of Lion, pollen data do not show a significant
change in vegetation but only a modification of the forest
composition that corresponds to a slight decrease in precipi-
tation (Di Rita and Magri, 2019; this issue). The speleothem
data from Italy and Algeria give a more detailed and com-
plex picture of precipitation during the 4.2 ka BP event. The
oxygen isotope records from the Renella Cave stalagmite
in Italy (Fig. 4e; Zanchetta et al., 2016; site 12 in Fig. 1)
and Gueldaman Cave in northern Algeria (Fig. 4f; Ruan et
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Figure 4. Expression of the 4.2 ka BP event in the W Mediterranean region as recorded by marine and continental archives. (a) Alkenone
SSTs at the KSGC-31 core in the Gulf of Lion (site 10, Fig. 1; Jalali et al., 2016). (b) Log Fagus / deciduous Quercus in the KSGC-31 core
(this study). (c) Log Fagus / deciduous Quercus in core PB06 from the Palavasian Lagoon (site 11, Fig. 1; Azuara et al., 2015). (d) Alkenone
SSTs at the MD99-2275 core (site 2, Fig. 1) (north Iceland; this study). (e) δ18O record obtained from Renella Cave stalagmite (site 12,
Fig. 1) (north Italy; Zanchetta et al., 2016). (f) δ18O record obtained from Gueldaman Cave stalagmite (site 13, Fig. 1) (Algeria; Ruan et
al., 2016). A 50-year binning is applied to reduce the effect of proxy reconstruction error (thick lines). The grey vertical band represents the
4.2 ka BP event time interval (4400–3800 cal BP).

al., 2016; site 13 in Fig. 1) both indicate increasingly drier
conditions starting around 4800 cal BP. At Gueldaman Cave,
archaeological data indicate the settlement abandonment of
the cave by human groups around 4400 cal BP (Ruan et al.,
2016). Both sites witness marked aridity conditions between
4400 and 3800 cal BP but a distinct, slightly wetter period
between 4200 and 4100 cal BP. The pollen data in the Gulf
of Lion seem to depict a similar complex structure of this in-
terval that, however, appears to reflect generally more humid
conditions of the catchment basin of the KSGC-31 site. Inter-

estingly, the same double-peak centennial-scale cooling and
drought have been detected in transient simulations over the
past 21 000 years, and the dry phases have been attributed to
the presence of anticyclones over western Europe (Yan and
Liu, 2019; this issue). These model results also indicate a
southern shift of the ITCZ that is consistent with a weaken-
ing of the AMOC.
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4 Conclusions

Unprecedented high-resolution alkenone-derived SST
records of the 4.2 ka BP event have been generated from
the western Nordic Seas and North Atlantic sediments in
order to explore causes for this cold or dry event of the
mid-Holocene and the role of the ocean in the observed
changes. The spatial distribution of the SST indicates a
cold or warm dipole between 4400 and 3800 cal BP that
characterizes a weak SPG, which is supported by other
marine proxy records across the North Atlantic. Enhanced
wintertime North Atlantic anticyclone blocking induced by
a weak subpolar gyre circulation would account for cold and
drought conditions. Continental proxy records in Italy and
Algeria indicate a double-peak centennial-scale structure
of the 4.2 ka BP event with prevailing dry conditions inter-
rupted by a slightly wetter period that is also seen in transient
model simulations. These numerical experiments suggest
a more important role of internal variability and insolation
than during the LIA. More investigations are needed to
confirm our findings to get a mechanistic understanding of
climate during this period.
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