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Climate records of the mid-to-late Holocene transition, between 3-4 thousand years before present (ka),
often exhibit a rapid change in response to the gradual change in orbital insolation. Here we investigate
North Atlantic Central Water circulation as a possible mechanism regulating the latitudinal temperature
gradient (LTG), which, in turn, amplifies climate sensitivity to small changes in solar irradiance. Through
this mechanism, sharp climate events and transitions are the result of a positive feedback process that
propagates and amplifies climate events in the North Atlantic region. We explore these linkages using an
intermediate water temperature record reconstructed from Mg/Ca measurements of benthic foraminifera
(Hyalinea balthica) from a sediment core off NW Africa (889 m depth) between 0 to 5.5 ka. Our results
show that Eastern North Atlantic Central Waters (ENACW) cooled by ~1° 0.7 °C and densities decreased
by 09 = 0.4 + 0.2 between 3.3 and 2.6 ka. This shift in ENACW hydrography illustrates a transition
towards enhanced mid-latitude atmospheric circulation after 2.7 ka in particular during cold events
of the late-Holocene. The presented records demonstrate the important role of ENACW circulation in
propagating the climate signatures of the LTG by reducing the meridional heat transfer from high to low
latitudes during the transition from the Holocene Thermal Maximum to the late-Holocene. In addition,
the dynamic response of ENACW circulation to the gradual climate forcing of LTGs provides a prime
example of an amplifying climate feedback mechanism.
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1. Introduction ity) (Johnson and Gruber, 2007). After formation SPMW comprises
a large fraction of Eastern North Atlantic Central Water (ENACW)
(Iselin, 1936; Poole and Tomczak, 1999).

ENACW integrates interannual NAO variability as smoother,
longer-term multidecadal (60-to-90-year) oscillations (Morley et
al.,, 2011). On these timescales the oceanic signature of positive
NAO phases is associated with a tripole pattern of cold SST anoma-

lies in the subpolar North Atlantic, warm anomalies in the West

Observations over the past century indicate that changes in the
North Atlantic Oscillation (NAO), exert the dominant control on the
path and strength of the mid-latitude Westerlies and climate in the
North Atlantic on interannual to decadal timescales (Hurrell, 1995;
Visbeck et al., 2003). The region with the strongest response to
NAO-modulated wind-stress is the northeastern subpolar basin of

the Atlantic Ocean, where the strength of the Icelandic Low en-
hances westerly air flow by up to 8 ms~!' (Hurrell, 1995) and
thereby lowers sea surface temperatures (SST) by several tenths
of degrees (~0.7°C) during extremely positive NAO (+) years
(Furevik and Nilsen, 2005; Johnson and Gruber, 2007). Subpolar
Mode Water (SPMW) which forms in this region during winter
convection (Tomczak and Godfrey, 1994) is thus highly suscepti-
ble to NAO phase shifts, and carries the signature of the atmo-
spheric NAO pattern in its properties (e.g. temperature and salin-
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Atlantic between 20 and 45° N, and cold anomalies between 0 and
30° N in the East Atlantic (Marshall et al., 2001). On multidecadal
timescales the oceanic signature of the NAO is captured by the At-
lantic Multidecadal Oscillation (AMO) (Grossmann and Klotzbach,
2009; Marshall et al., 2001). The AMO describes basin-wide SST
and sea level pressure anomalies, with warm anomalies during
positive and cold anomalies during negative phases (Knight et al.,
2005; Knudsen et al., 2011; Kushnir, 1994; Olsen et al., 2012). The
intensity of mid-latitude Westerlies, strongest during positive NAO
phases reinforce cold SST anomalies during AMO (—) (Hdkkinen,
2000). In this way long-term positive phases of the NAO are linked
to the negative phase of the AMO. However the precise forc-
ing mechanism behind multidecadal SST variability in the North
Atlantic including natural variability in the Atlantic Meridional
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Overturning Circulation, solar variability, and/or volcanism remains
uncertain (Booth et al, 2012; Grossmann and Klotzbach, 2009;
Ottera et al., 2010; Sicre et al., 2011). On centennial timescales,
there is evidence (Ammann et al, 2007; Knudsen et al., 2009;
Lockwood et al., 2010; Lohmann et al., 2004; Swingedouw et
al.,, 2010) for the existence of similar ocean-atmosphere linkages
that communicate and amplify relatively small changes in total
solar irradiance (ATSI) into a climate signal extending beyond
the northeastern Atlantic region (Lean, 2010; Morley et al., 2011;
Shindell et al., 2001). A common approach to identify and interpret
past climate records is to match proxy based climate reconstruc-
tions with modern ocean-atmosphere circulation modes such as
the oceanic expressions of the NAO-AMO (Luterbacher et al., 2004;
Mann et al, 2009; Trouet et al, 2009) or ATSI (Lean, 2010;
Shindell et al., 2001; Steinhilber et al., 2012, 2009), recognizing
that often these trends are far longer than the intrinsic interan-
nual or multidecadal NAO-AMO variability.

The presence of non-NAO-AMO-like atmospheric variability in
modern instrumental records provides a first indication that the
focus on the NAO-AMO for past climate reconstructions may be
too simplistic. Instrumental observations show for example that
the relationship between the NAO and the strength of the mid-
latitude Westerlies periodically breaks down, most prominently
during the 1930s (American Dust Bowl) and more recently over
the last decade (2000 to 2012) indicating the possibility of a differ-
ent atmospheric circulation pattern operating during these times
(Bengtsson et al., 2004; Drinkwater, 2006; Overland and Wang,
2005; Wood and Overland, 2010). During both periods, high lat-
itudes experienced peak warming and sea ice loss (Barents Sea)
in the absence of a positive NAO mode (Bengtsson et al., 2004;
Overland and Wang, 2005). Similarly, high latitude warming and
reduced Arctic sea ice extent prevailed during the Holocene Ther-
mal Maximum (HTM) between 11 and 4 ka (Andersen et al,
2004a; Kog et al,, 1993; Polyak and Mikhailov, 1996; Voronina et
al,, 2001), when high northern summer insolation was stronger
and the latitudinal temperature gradient (LTG) (e.g. the differ-
ence in temperature between the high Arctic and the Tropics) was
weaker than today (Davis and Brewer, 2009; Fischer and Jungclaus,
2011). The most recent analogue to a decrease in the LTG occurred
during the 1930s (Rind, 1998) and more prominently during the
past decade (Section 5.2).

Unlike the 1930s however several proxy and numerical based
climate reconstructions propose that strong mid-latitude Wester-
lies (NAO +) prevailed during the warm HTM. Likewise the cooler
late-Holocene is often associated with weaker westerly airflow
(NAO —) (Renssen et al., 2005b; Rimbu et al., 2003, 2004; Wanner
et al., 2008) whereas other records provide evidence for en-
hanced atmospheric circulation over North Atlantic mid- and high-
latitudes during the late-Holocene (Brayshaw et al., 2010; De An-
gelis et al., 1997; Jennings et al., 2011; Moros et al,, 2012; Renssen
et al.,, 2005a). These conflicting interpretations suggest that the fo-
cus on the NAO-AMO as a modern analogue for the Holocene may
oversimplify past climate dynamics (Pinto and Raible, 2012).

Morley et al. (2011) showed that past temperatures and the
oxygen isotopic composition (8180, ) of ENACW recorded off the
Northwest African continental margin are determined by SPMW
formation south and west of Iceland on both instrumental, multi-
decadal and multicentennial timescales over the past millennium.
Essentially, ENACW circulation provides an ‘oceanic tunnel’ (Liu
and Alexander, 2007) transmitting subpolar ocean-atmospheric cli-
mate anomalies to lower latitudes. Here we extend the inves-
tigation of ENACW variability over the past 5.5 ka to test the
hypothesis that ENACW cooling (warming) during the Holocene
enhances (reduces) the LTG and thereby amplifies climate sensi-
tivity to small changes in insolation, creating a positive feedback
loop that propagates and amplifies climate events in the North

Fig. 1. Map of core location and schematic representation of the shallow overturn-
ing circulation in the North East Atlantic. The Eastern North Atlantic Central Water
(ENACW) formation region is marked in light grey hatching and represents the area
where SPMW form and winter surface water densities range between og = 27.3
and 27.7 (adapted from McCartney and Talley, 1982). The influence and circulation
of ENACW (blue) represents potential density surfaces between g =27.3 and 27.7
at mid-depth (adapted from Keffer, 1985). The location and flow of the East Green-
land Current (EGC) and the Irminger Current (IC) are marked in blue and red arrows
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Atlantic region. To test this hypothesis we present a combination
of modern observations alongside a 5.5 ka long paleotemperature
and stable isotopic record based on benthic foraminifera collected
within ENACW (889 m water depth) from the northwest African
continental shelf in the eastern boundary of the subtropical gyre
(STG) (Fig. 1). By analyzing and comparing our data with a wide
range of proxy records in our discussion (both in terms of ge-
ographic locations and in proxy variety) we will investigate the
possible link between gradually changing LTGs during the winter
and the transmission of North Atlantic climate change at central
water depth. Specifically, we focus on the transition from the HTM
to the colder late-Holocene (or the mid-to-late Holocene transi-
tion) at subpolar latitudes between 3.5 and 4 ka (Came et al., 2007;
Giraudeau et al., 2010; Olafsdéttir et al., 2010; Pena et al., 2010).

2. Materials and methods
2.1. Oceanographic setting

Gravity core 0C437-7 24GGC was collected at 889 m water
depth [30.854° N, 10.272° W] in the eastern boundary of the
STG during the CHEETA (Changing Holocene Environments of the
Eastern Tropical Atlantic) coring cruise on the R/V Oceanus in
July 2007 (McGee et al.,, 2013). At 889 m water depth ENACW
is the dominant water mass at the core site, with average tem-
perature and salinity values near 7.8-7.9°C and 35.45 psu re-
spectively. Cross-gyre transfer of subsurface ENACW (Keffer, 1985;
McCartney and Talley, 1982; McDowell et al., 1982) occurs via
SPMW formation in the eastern SPG between density surfaces oy
27.3 and 27.6 kg/m> (Levitus, 1989; McCartney and Talley, 1982).
ENACW formation and circulation thus establishes a direct link be-
tween both gyres and allows us to investigate the influence of
subpolar ocean-atmosphere climate linkages on ENACW proper-
ties and cross gyre climate signal propagation. ENACW is under-
lain by a salinity minimum signaling the upper limit of Antarc-
tic Intermediate Water (AAIW) between 900 and 1300 m (Knoll
et al, 2002). Below this, the very high salinity Mediterranean
Outflow Water (MOW) occurs near 1300 m (Arhan et al., 1994,
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Table 1
AMS '%C radiocarbon dates for 0C437-7 24GGC.

Lab ID’ Core Depth Species Radiocarbon age +10 error Calibrated age WMA 20 range Adjusted age Reference for original
(cm) (planktic) (yr BP) (cal. kyr BP) (cal. kyr BP) model radiocarbon dates

158069  0C437-7 24GGC 32.5 G. bulloides 1005 + 35 586 524-647 586 This study

158070  0C437-7 24GGC  118.5 G. bulloides 2430 £ 45 2070 1930-2218 2218 This study

158071  0C437-7 24GGC  222.5 G. bulloides 4120 £ 40 4180 4054-4339 4339 This study

158072  0C437-7 24GGC  294.5 G. bulloides 4890 £ 110 5183 4875-5458 5420 This study

" Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory.

Knoll et al., 2002). Modern seasonal and inter-annual variability in
temperature and salinity are small at 900 m water depth (Knoll et
al., 2002) and there is no indication for changing water masses at
the core site over the past 6 ka. Please see Appendix A for a de-
tailed discussion on the possible influence of AAIW and MOW at
our core site during the past 6 ka.

2.2. Paired Mg/Ca 8180 measurements

We reconstructed ENACW temperature during the past 5.5 ka
by measuring Mg/Ca and oxygen isotopic values (8'80) on the
benthic foraminifera Hyalinea balthica, a shallow infaunal benthic
foraminifera living within the top 1.5 cm of oxygenated, nutri-
ent rich, fine grained sediments (Schmiedl et al., 2000; Villanueva
Guimerans and Cervera Currado, 1999). Rosenthal et al. (2011)
found no significant difference in Mg/Ca and §'80. between spe-
cific size fractions from the same sample. Accordingly we mea-
sured approximately 5 to 10 specimens of H. balthica (>150 pm)
from each sample for stable oxygen isotope analysis at the De-
partment of Earth and Planetary Sciences at Rutgers University.
All samples were reacted in phosphoric acid at 90 °C (for 15 min)
in an automated peripheral attached to a Micromass Optima mass
spectrometer and stable isotope values of calcite are reported ver-
sus V-PDB. The 1o precision of standards analyzed during auto-
mated runs is 0.08%c for §'80.. Comparing the §'80. record of
H. balthica from 0C437-7 24GGC to GeoB6007-2 (Morley et al.,
2011) we adjusted the former by adding 0.1% to all the data to
account for an inter-laboratory offset (Rosenthal et al., 2011).

For trace metal analysis, we analyzed up to 25 (mean: 20 in-
dividuals) H. balthica tests from the 250-350 pum size fraction,
using a modified reductive, oxidative cleaning protocol (Barker et
al.,, 2003) and a Sector Field Inductively Coupled Plasma Mass
Spectrometer (Thermo Element XR) at Rutgers Inorganic Analyti-
cal Laboratory, following the methods outlined in Rosenthal et al.
(1999). The long-term analytical precision of Mg/Ca ratios is based
on repeated analysis of three consistency standards of Mg/Ca con-
centrations of 1.10, 2.40 and 6.10 mmol mol~!. Over the course of
this study, the precision for the consistency standards was 0.29,
0.64 and 0.62% RSD (relative standard deviation) respectively. For
paleotemperature reconstructions the equation Mg/Ca = 049 T
(°C) was used (Rosenthal et al., 2011). For standard-error esti-
mates for paleotemperature, the oxygen isotopic composition of
seawater (8'80y), salinity and density values (+0.7°C, +0.3%,
40.7 psu and oy = £0.3), we followed standard error propagation
calculations for a quadratic paleotemperature equation (Shackleton,
1974). For salinity reconstructions of ENACW we use the relation-
ship of 81804y (%.SMOW) = 0.555-18.98, which we derived from
the LeGrande and Schmidt (2006) gridded 8180, dataset for the
Cape Ghir region. Using this relationship and paired Mg/Ca-8'80,
measurements on H. balthica from the core-top sample in 0C437-7
24GGC, we obtain a modern bottom water salinity of 35.69 psu.
Compared to modern salinity values at Cape Ghir (35.45 psu) our
reconstructed salinity is well within the calculated error estimate
of +0.7 psu. Following the study of Morley et al. (2011) we as-
sumed a constant 880y -salinity relationship to calculate down-
core salinity values.

3. Chronology

The age model for 0C437-7 24GGC is constrained by a com-
bination of four accelerator mass spectrometry (AMS) radiocarbon
measurements (14C) (Lawrence Livermore National Laboratory see
Table 1) and a cross correlation between magnetic susceptibil-
ity records from nearby core GeoB6007-2 (30.850° N, 10.268° W;
899 m water depth) (Bleil and Dillon, 2008) and 0C437-7 24GGC.
The four samples for radiocarbon measurements consist of the
planktonic foraminifera Globigerina bulloides picked at 32, 118,
222, and 294 cm depth (Table 1). All raw radiocarbon dates were
converted into calendar years with the CALIB 6.1.1 software and
the MARINE 09 calibration dataset (Stuiver and Reimer, 1993;
Stuiver et al., 1998). We applied the implicit reservoir age correc-
tion (AR = 0) for all dates because the precise reservoir correction
for Northwest Africa is uncertain (Kim et al., 2007). In Table 1 we
report the weighted mean averages (WMA) of the calibrated proba-
bility distribution for each age with their respective 2o confidence
range.

The availability of two overlapping magnetic susceptibility
records for 0C437-7 24GGC and GeoB6007-2 allows us to provide
additional chronological constrain for 0C437-7 24GGC by tying our
core to the well-dated record of GeoB6007-2 (Kuhlmann et al.,
2004; Morley et al., 2011) (Fig. 3). At the core breaks magnetic sus-
ceptibility readings for 0C437-7 24GGC are faulty due to the loss
in density where the gravity core was cut on the ship. Accordingly
we removed these values from Fig. 3. We proceeded to calculate
the most significant cross correlation at zero lag for each core sec-
tion of 0C437-7 24GGC in relation to the well dated GeoB6007-2
record. The resultant age model confirms the chronology obtained
by AMS !4C dating as it places the four calibrated dates within the
WMA and the +20 range (Fig. 3). Final ages used in our age model
as well as correlation coefficients between both magnetic suscep-
tibility records are reported in Table 1 and Fig. 3. Ages between
dates were obtained by linear interpolation. For the past 1.3 ka
we test this chronology by comparing Mg/Ca values measured in
H. balthica from 0C437-7 24GGC with GeoB6007-2 and multicore
GeoB6007-1 (Morley et al.,, 2011) (Fig. A1). The strong consistency
in timing between the independently measured Mg/Ca records in
addition to the apparent overlap of 0C437-7 24GGC with multicore
GeoB6007-1 validates the age control for 0C437-7 24GGC for the
past 1.3 ka and the use of a modern age for the core top. Overall,
sedimentation rates range from ~49 to 55 cm per ka, which cor-
responds to a temporal resolution of 18 + 3 yearspercm (Fig. 3).
By sampling one cm sample slices every two cm throughout the
core, we obtained an average temporal resolution of ~36 years per
sample.

4. Results
4.1. Geochemical analysis on 0C437-7 24GGC

Mg/Ca measurements based on H. balthica reveal multidecadal
to multicentennial intermediate water temperature oscillations of

roughly 41 °C which exceed the propagated Mg/Ca analytical un-
certainty of £0.7°C (Fig. 2c). Our record documents a major
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Fig. 2. ENACW properties compared to changes in LTG and ATSI: Here we show
(a) a 200-year low pass filter of reconstructed solar variability ATSI [Wm~2]
adapted from Steinhilber et al. (2009) and (b) reconstructed winter LTG (Dec-Jan-
Feb) adapted from Fischer and Jungclaus (2011). These records are compared to
ENACW properties from 0C437-7 24GGC including, (c) Mg/Ca based intermediate
water temperatures (IWT), (d) measured §'80. values, (e) calculated §'80g,, values
derived from paired Mg/Ca-8'80, measurements, and (f) calculated density recon-
structions using modern §'80s,, - salinity relationships and Mg/Ca derived IWT. All
graphs are plotted versus age and 200-year low-pass filters are shown in bold. Also
shown are the error envelopes for all 200-year low pass filtered time series. The
yellow bars indicate the timing of (i) Maunder and Spor Solar Minima (LIA), (ii)
Wolf Solar Minima, (iii) Dark Ages Cold Period (DACP), and (iv) the transition from
the HTM to the late-Holocene. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

ENACW cooling of 1.2°C from ~9.6°C to ~8.6°C between 3.3 and
2.6 ka (Fig. 2c) followed by distinct century scale cooling events
centered at, 1.3, 0.8 and 0.4 ka. These events correspond to the
commonly referenced Dark Ages Cold Period (DACP), Wolf solar
minima (end of Viking colonization in Greenland), and the Maun-
der and Sporer solar minima or the Little Ice Age (LIA) (Fig. 2,
Fig. A1). Warm intervals correspond to a plateau between 2.1 and
1.7 ka the so called Roman Warm Period (RWP), and centennial
warm peaks centered during solar maxima at 1.1 (Medieval Warm
Period), 0.6 and 0.2 ka. In addition, we note an increase in overall
variability of reconstructed temperatures, with amplitudes of just
under 2 °C during the late-Holocene and of ~1°C during the HTM.
The good agreement with late-Holocene ENACW temperature re-
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Fig. 3. Age model: In panel (a) we show the age-depth relationship between
calibrated AMS '#C radiocarbon dates (+2c¢) and sediment core depth for both
0C437-7 24GGC (black) and GeoB6007-2 (light blue). In panel (b) we compare two
magnetic susceptibility records from 0C437-7 24GGC in grey (5 point moving av-
erage in black) and GeoB6007-2 (light blue). The black dotted lines shows where
0C437-7 24GGC was cut on the ship and magnetic susceptibility readings are faulty
due to the loss in density at the core breaks (10 cm on either side). Also included
are calibrated AMS '4C radiocarbon dates (+20) for 0C437-7 24GGC (black trian-
gles) and GeoB6007-2 (light blue triangles) as well as final calibrated ages used for
the age model (open red triangles). Correlation coefficient and p values between
both magnetic susceptibility records are also included. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

constructions from GeoB6007-2 (Morley et al., 2011) in both values
and amplitude shows that Mg/Ca values measured on H. balthica
tests are reproducible and reliable at the core site (Fig. A1).

Stable oxygen isotope values (8'80.) measured on H. balthica
range between ~1.8 and 1.4%c (Fig. 2d). When combined with
paleotemperatures, reconstructed §'80s,, values indicate a 0.4%o
drop associated with the cooling between 3.3 and 2.6 ka (Fig. 2e).
Based on the modern §'80g,-salinity relationship this equates to
a salinity decrease of ~0.5 psu. The combination of, temperature
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and salinity results suggest a density decrease of ~0.40y after the
3.3-2.6 ka transition (Fig. 2f). During all cold events of the late-
Holocene ENACW tended to be fresher and lighter than during
warm intervals. Superimposed on this multicentennial variability,
ENACW became increasingly denser and saltier over the past 2 ka
to regain mid-Holocene values of ~27.8 in the early 20th century
(Fig. 2f).

5. Discussion

In the following section we use our proxy ENACW record to
assess the relationship between orbitally-derived changes in the
latitudinal temperature gradient (LTG), ocean-atmosphere climate
linkages and ENACW circulation. First, we will outline the climate
response to changing LTGs at high northern latitudes by reviewing
climate reconstructions of the HTM and the climate state during
the 1930s (most recent example of a reduced LTG). The described
climate background will then serve to test if our reconstructions
are consistent with the ocean-atmosphere climate response of a
changing LTG over the mid-to-late Holocene transition.

5.1. Climate impact of changing LTGs during the mid-to-late Holocene
transition

A meridional temperature gradient arises from differential ra-
diative heating between tropical and polar latitudes. The climate
system restores this imbalance through the meridional transport
of heat via atmospheric and ocean circulation systems (e.g. the
intensity and position of mid-latitude storms, the tropical Hadley
cell, subtropical and subpolar atmospheric pressure centers, and
surface ocean gyres) that control the poleward flux of latent and
sensible heat (Jain et al, 1999; Raymo and Nisancioglu, 2003;
Rind, 1998). Both model analysis and proxy data suggest that peak
high-latitude summer insolation and reduced low-latitude win-
ter insolation reduced LTGs by warming the Arctic (Andersen et
al., 2004a, 2004b; Calvo et al., 2002; Davis and Brewer, 2009;
Jansen et al., 2009; Kerwin et al, 1999; Masson et al., 1999;
Renssen et al., 2005a, 2005b; Rind, 1998; Vinther et al., 2009)
and cooling the Tropics during the HTM (Bonfils et al.,, 2004;
Davis and Brewer, 2009; Masson et al., 1999). Further, model anal-
ysis suggest that the relative decrease in winter insolation near
the tropics cooled continental land masses and thereby reduced
precipitation at the Intertropical Convergence Zone especially over
major continents of the Atlantic sector (Brayshaw et al., 2010). As a
result the Hadley Cell was narrower, shallower, and stronger during
HTM winters (Brayshaw et al., 2010). The key atmospheric change
caused by the modified ascent patterns of the winter Hadley Cell
was the southward displacement of the Subtropical Jet Stream re-
sulting in weaker mid-latitude storm intensities (Brayshaw et al.,
2010; Renssen et al., 2005a, 2005b) and a more southerly posi-
tion of winter storm tracks. In a positive feedback loop, weaker
storm intensities reduced wind-stress, sea surface heat loss (evap-
oration), and moisture content in the atmosphere, which fur-
ther weakened mid-latitude storm intensities (Bonfils et al., 2004;
Brayshaw et al, 2010; Jansen et al, 2009). In addition to these
model analysis, southern European pollen data sets, North African
lake level records and archaeological reconstructions support the
suggested southward displacement of winter storm tracks result-
ing in cooler and wetter Mediterranean and North African win-
ters during the HTM (Bonfils et al., 2004; Kropelin et al., 2008;
Kuper and Kropelin, 2006; Masson et al., 1999).

5.2. Modern analogue to a weak LTG

Computing LTGs over the past 130 years allows us to examine
associated historical changes in atmospheric circulation patterns

Change in Latitudinal Temperature Gradient
64-90°N minus 0-24°N

ATemperature [°C]
o
1
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-2 T T T T T T T T T T T T
1880 1900 1920 1940 1960 1980 2000
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Fig. 4. Changes in the observed latitudinal temperature gradient are calculated by
subtracting latitudinal temperature anomalies between 64°-90° N and 0°-24° N,
since 1880. The yellow bars indicate the weak LTG during the 1930s and more re-
cently from 2000-2012 (e.g. when the temperature difference between the high
Arctic and the tropics was smallest). These are also the periods when polar and
subpolar latitudes experience enhanced warming and the link between the NAO and
Westerlies breaks down. Data obtained from the Goddard Institute for Space Studies
(GISS) Surface Temperature Analysis (GISTEMP). The base period for anomaly calcu-
lations was set between 1951 and 1980. Positive (negative) values reflect weaker
(stronger) LTGs relative to this time interval. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

over the instrumental record. Fig. 4 illustrates two prominent de-
creases in LTGs over the past century centered during the 1930s
and more recently during the past decade. Both periods are charac-
terized by extensive high latitude warming (2.2 °C) with the largest
changes occurring north of 60° N (Polyakov et al., 2003) leading to
Arctic and subarctic sea-ice retreat and elevated SSTs during the
winter (Overland and Wang, 2005). Most of the observed warming
was linked to a westward extension of the Siberian High allowing
anomalous southeasterly winds into the Bering Sea warming SSTs
and delaying winter sea ice formation (Fig. 5) (Cassou et al., 2004;
Overland and Wang, 2005; Wood and Overland, 2010). Over sub-
polar latitudes, an eastward shift and heightening of the Icelandic
Low weakened pressure gradients between the Greenland High
and the Icelandic Low reducing northerly winds along the east
Greenland coastline and thereby the strength of the East Green-
land Current (EGC) (Blindheim and Malmberg, 2005). The weaker
EGC/Icelandic Low allowed the Irminger Current (IC) to penetrate
further north into the Denmark Strait (Fig. 6b) (Beverton and
Lee, 1965; Dickson and Brander, 1993; Kushnir, 1994) warming
surface waters off southeast Greenland and northern Iceland by
~2°C during the 1930s to late 1950s (NOAA_ERSST_V3; Smith
et al, 2008; Xue et al., 2003). The northward penetration of IC
waters into the Denmark Strait was favored by a weak SPG cir-
culation, a north-south gyre orientation and a northwestward re-
treat of the Subarctic front (SAF) (Fig. 6b). A Strong east-west
oriented SPG on the other hand favors the inflow of EGC wa-
ters into the Irminger and Iceland Seas and a southeastern ad-
vance of the SAF (Fig. 6a) (Bersch et al., 1999; Flatau et al., 2003;
Hatun et al., 2005).
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Fig. 5. Comparison of the NAO (top and middle) dipole with the atmospheric con-
figuration of the 1930s (bottom): The bottom panel illustrates the distribution of
atmospheric pressure centers and climate over Northern Latitudes during the 1930s
atmospheric regime shift as described by Overland and Wang (2005). In addition,
all panels show the ENACW formation region marked in grey hatching and core lo-
cation of 0C437-7 24GGC (adapted from McCartney and Talley, 1982).
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Fig. 6. Schematic representation subpolar gyre surface currents and the location of
the Subarctic Front (SAF). Pannel (a) shows the modern position of the SAF and a
strong east-west oriented SPG favoring the inflow of Atlantic waters into the Nordic
Seas in lieu of the IC. In panel (b) we show how a weaker north-south oriented
SPG during the 1930s favored the inflow of Atlantic water into the IC and Denmark
Strait. Similar to Fig. 1 both panels show the ENACW formation region (light blue)
(adapted from McCartney and Talley, 1982). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

5.3. Dynamical feedback mechanisms due to a change in LTG

Taking both model experiments and observational data into ac-
count, the climate responses of a weaker LTG in the North Atlantic
basin are: (1) Reduced high latitude sea ice extent, (2) a de-
cline and southward shift of mid-latitude storm tracks, and (3) a
weak (north-south oriented) SPG. Assuming that the 1930s ocean-
atmosphere configuration is a useful analog for the decrease in LTG
during the HTM, we would expect to see the following trends in
paleoceanographic records: (1) high latitude sea surface warming
and reduced winter sea ice extent in the Barents Sea, (2) reduced
sea surface heat loss, warming, and a northwestward retreat of the
SAF north of the Denmark Strait; and (3) as a result of (2) warmer
and saltier ENACW during the HTM.

In support of the proposed mechanism, paleoclimate recon-
structions from Scandinavian Europe and the Barents Sea provide
evidence for warmer (2-4°C) and dryer winters during the HTM
(Bakke et al., 2008; Kerwin et al., 1999; Seppd et al., 2005). The
delayed seasonal production of sea ice (Kerwin et al., 1999) and
overall reduced sea ice extent in the Barents Sea (Andersen et al.,
2004a; Kog et al., 1993; Polyak and Mikhailov, 1996; Voronina et
al,, 2001) indicates that the combined effect of warmer surface air
and SSTs permanently pushed the polar front north of its modern
position in the Barents Sea, further contributing to warmer winters
via the sea ice - albedo feedback during the HTM. The combination
of both warmer and dryer winters in Northern Europe is at odds
with the typical NAO-AMO type climate signature, which would
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bring either cold and dry (NAO —) or warm and wet (NAO +)
winters to this region (Fig. 5). Alternatively, an atmospheric cir-
culation regime similar to the 1930s with a westward extension
of the Siberian High and anomalous southeasterly winds (Fig. 5)
would be able to explain observations of warmer and dryer win-
ters over Northern Europe and the Bering Sea during the HTM.

Paleoreconstructions of surface water properties in the Den-
mark Strait region mark a distinct shift from warm and saline
surface waters of subtropical origins to cool and fresher polar wa-
ters after the mid-to-late Holocene transition (Giraudeau et al.,
2010; Olafsdottir et al., 2010). There is common consensus that
a stronger influence of the EGC in the Irminger and Iceland Seas
coupled with a southeastward advance of the SAF and a stronger
east-west oriented SPG were responsible for this shift (Fig. 6b)
(Giraudeau et al., 2000; Jennings et al., 2011; Olafsdéttir et al.,
2010; Solignac et al.,, 2004). Thornalley et al. (2009) discuss the
processes responsible for a shift from a weak north-south ori-
ented (e.g. HTM) to a strong east-west oriented SPG (e.g. late-
Holocene) and identify local wind stress as the controlling mecha-
nism for SPG strength and orientation (Hakkinen and Rhines, 2004;
Thornalley et al., 2009). If this hypothesis is correct westerly winds
were weaker over the Irminger and Iceland Seas during the HTM
and increased over the mid-to-late Holocene transition into the
late-Holocene. An intensification of mid-latitude storm intensities
agrees well with the predicted model response to a strength-
ening of LTG during the late-Holocene (Brayshaw et al., 2010;
Renssen et al., 2005a, 2005b).

The influence of stronger sea surface heat loss (mid-latitude
Westerlies) and the southeastern advance of the SAF is captured
by a 1.2°C and 0.4%o drop in ENACW temperature and §'80gy
values over the mid-to-late Holocene transition. Similarly, sev-
eral paleoceanographic datasets from subpolar latitudes record a
shift in EGC/IC strength after 4 ka (Farmer et al, 2011; Hall et
al., 2004; Moros et al., 2012; Thornalley et al., 2009) indicating
that the SAF reached its modern position across the Denmark
Strait after the mid-to-late Holocene transition (Berner et al., 2008;
Giraudeau et al., 2000; Hall et al, 2004; Moros et al., 2012;
Rasmussen et al., 2002). Additional evidence for fresher subpo-
lar surface waters also come from the Denmark Strait after 4 ka
(Olafsdottir et al., 2010) and the Reykjanes Ridge after 3.7 ka
(Came et al., 2007).

Morley et al. (2011) discussed the sensitivity of ENACW circu-
lation to solar variability on multidecadal to centennial timescales
over the past 1.3 ka. Fig. 2 suggests that the sensitivity of ENACW
circulation to solar variability increased during the late-Holocene
with temperature amplitudes of just under 2°C especially after
1.5 ka compared to 1°C changes during the HTM. Similarly, sev-
eral other paleoceanographic records (Andersen et al., 2004a; Calvo
et al.,, 2002; Jansen et al., 2009; Moros et al., 2012; Rasmussen et
al., 2002) also discuss an increase in climate sensitivity or variabil-
ity of subpolar and polar sea surface ocean properties during the
late-Holocene. In a coupled climate model Renssen et al. (2005b)
explain this increase in climate sensitivity by linking the expan-
sion of high latitude sea ice formation and enhanced sea ice export
along the East Greenland margin with stronger temperature and
salinity gradients north and south of the SAF after 4 ka. This grad-
ual increase in gradients potentially forced higher amplitude shifts
of the SAF (Renssen et al., 2005b) resulting in the increased sensi-
tivity observed in subpolar surface ocean properties to solar forcing
during the late-Holocene. The combined effect of (1) stronger mid-
latitude Westerlies, (2) a strong east-west oriented SPG with a SAF
located across the Denmark Strait and (3) high amplitude swings
of the SAF thus provide an explanation for the increased sensitivity
of ENACW circulation to solar variability during the late-Holocene.

In addition to the apparent amplification of climate variability
after the mid-to-late Holocene transition we also record a trend

towards denser EANCW that is linked to increasing 5180, values
over the past 3 ka and especially after 1.5 ka. There are two pos-
sible mechanisms that could have increased salinity values in sub-
polar surface waters during the late-Holocene. The inflow of fresh
EGC waters into the SPG may have progressively decreased, or
the influence of warm and saline subtropical waters progressively
increased over the past 3 ka. Our discussion highlights the un-
likely scenario of a weaker or saltier EGC during the late-Holocene.
On the other hand, several SPG thermocline records provide evi-
dence for a seasonal (summer) thermocline warming trend after
the HTM (Farmer et al., 2011; Hall et al., 2004; Moros et al., 2012;
Thornalley et al., 2009). It is therefore more likely that the ob-
served trend in §'80, values was linked to the overall increase
in northward transport of warm and saline Atlantic waters during
Holocene (Farmer et al., 2011; Hall et al., 2004; Moros et al., 2012;
Thornalley et al, 2009). Interestingly, the salinity trend in the
ENACW record is not paralleled by warmer temperatures over the
same interval. This decoupling between temperature and salinity
may also be linked to two processes. Either sea surface heat loss
associated with stronger mid-latitude Westerlies counteracted the
warming brought in by Atlantic waters or enhanced sea ice ex-
port along the East Greenland margin cooled but not significantly
freshened SPMW over the past 3 ka.

6. Conclusions

Observations at subpolar latitudes provide us with a detailed
account of ocean-atmospheric circulation changes over the mid-to-
late Holocene transition. Our analysis suggests that westerly winds
over subpolar latitudes were weaker during HTM winters, indicat-
ing that the Icelandic Low was weaker and/or shifted in location
relative to today. As a result, SPG circulation strength was weaker
allowing warm and salty Atlantic waters (IC) to influence north-
eastern SPG surface water properties during the HTM. Compared
to modern observations such a climate signature in ENACW prop-
erties is typically recorded during negative NAO years (Johnson and
Gruber, 2007; Morley et al., 2011). However, NAO (—) like atmo-
spheric circulation patterns are unlikely to have caused warm and
dry conditions in Northern Europe and the Barents Sea during the
HTM. Instead a 1930s-like atmospheric circulation regime might
best reconcile climate records from both Northern Europe and sub-
polar latitudes.

Finally, the presented data illustrates the dynamic response of
ENACW circulation to a gradual change in the LTG during the mid-
to-late Holocene transition. This ocean-atmosphere response is a
prime example of an amplifying feedback mechanism within the
climate system and its identification will help to advance our un-
derstanding of how regional climate change is transferred and am-
plified to affect hemispheric wide climate linkages.
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