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Abstract The last deglaciation in northern Europe provides an opportunity to study the hydrologic
component of abrupt climate shifts in a region with complex interactions between ice sheets and oceanic
and atmospheric circulation. We use leaf wax hydrogen isotopes (57H) to reconstruct summer precipitation
8H and aridity in southwestern Norway from 15.8 to 11.5 ka. We identify transitions to a more proximal
moisture source before the ends of Heinrich Stadial 1 and the Younger Dryas, prior to local warming and
increased primary productivity in both instances. We infer these changes in moisture delivery to
southwestern Norway to be a response to northward shifts in the polar front caused by warm water intrusion
into the North Atlantic, which preceded abrupt warming in the circum-North Atlantic. These results
suggest that moisture transport pathways shift northward as warm surface ocean water reaches higher
latitudes in the North Atlantic.

Plain Language Summary The end of the last glacial maximum (~22,000 to 11,600 years ago) in
northern Europe contains two particularly abrupt warming events that occurred around 14,600 and
11,600 years ago. These past warming events provide an opportunity to study changes in precipitation and
other aspects of hydrology during abrupt temperature increases. We use the ratio of stable isotopes of
hydrogen in leaf waxes preserved in lake sediments to reconstruct changes in the transport path length of
summer precipitation in southwestern Norway during the Lateglacial 15,800 to 11,600 years ago. We identify
changes in precipitation hydrogen isotopes that indicate moisture started coming from sources closer to
Norway before this region warmed at the entrance to the Bolling interstadial approximately 14,600 as well as
the start of the Holocene 11,600 years ago. We infer these changes in moisture delivery to southwestern
Norway to be a response to northward shifts in the polar front caused by sea ice retreat and warm water
moving into the North Atlantic, which preceded abrupt terrestrial warming in the circum-North Atlantic.
These results suggest that moisture transport pathways shift northward as warmer surface water reaches
higher latitudes in the North Atlantic.

1. Introduction

The response of hydrologic conditions (i.e., precipitation moisture source and seasonality and humidity) to
abrupt warming is an important component to understanding past climatic changes and for predicting
future changes. Northern Europe during the last deglaciation is ideal for studying the hydrological response
to complex climate system interactions during abrupt events, as multiple warming and cooling events
between the Last Glacial Maximum and the Holocene directly impacted this region (Eldevik et al., 2014).
These events involved complex interactions between sea and land ice, ocean circulation, and the positioning
of atmospheric fronts (Brauer et al., 2008; Buizert et al., 2014; Eldevik et al., 2014; Hughes et al., 2016;
McManus et al., 2004). Two episodes of abrupt warming occurred during the last deglaciation: the
Heinrich Stadial 1 (HS-1) to Belling transition (14.6 ka) and the YD to Holocene transition (11.6 ka).
These two abrupt warming events took place against different background climate states, with higher
atmospheric CO,, higher Northern Hemisphere (NH) summer insolation, and smaller continental ice sheets
during the YD compared to HS-1 (Hughes et al., 2016; Jouzel et al., 2007; Laskar et al., 2004; Svendsen
et al., 2004), which may have altered the timing and nature of hydrologic response to these two abrupt
warming events.
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Figure 1. (a) Map of northern Europe showing sites cited in text. The extent of the Scandinavian and British-Irish Ice
Sheets at the Last Glacial Maximum (LGM) is indicated by the thick black line (Svendsen et al., 2004). The extent of
the Scandinavian Ice Sheet during the Younger Dryas is indicated by the smaller black line (Hughes et al., 2016).

(b) Modern seasonality in southwestern Norway as monthly averages. Temperatures and precipitation amount

(1943 to 2017, intermittent) are from Utsira (Lawrimore et al., 2011), 25 km northwest of Kringlemyr. Monthly 8°H data
(1961 to 1980) are from Lista IAEA/WMO, 2018), shown in (a).

Reconstructions of hydrologic changes during the HS-1-Bolling and YD-Holocene transitions could provide
insights into the mechanisms controlling hydrological change during abrupt warming and whether bound-
ary conditions influence the hydrological response to warming. Terrestrial records from Scandinavia that
span both transitions are rare (Wohlfarth et al., 2018) due to the presence of continental ice sheets over
the region prior to the Bolling (Hughes et al., 2016), although there are terrestrial temperature and hydrolo-
gic records from south of the ice sheet (Brauer et al., 1999; Heiri et al., 2007). A record in northern Europe
suggests that drying lagged cooling into the Younger Dryas, as the westerly wind system migrated southward
in response to an expanding sea ice front (Rach et al., 2014), and we might expect the same lag to occur in
response to these processes during abrupt warming. We test this hypothesis with a leaf wax hydrogen isotope
(8*Hyay) record from Kringlemyr, an infilled paleolake on Karmey, southwestern Norway (Figure 1a). The
lacustrine record of this isolation basin begins at 15.8 ka (Vasskog et al., 2019) and spans the transitions at
the end of HS-1 and the YD, presenting an opportunity to assess the temporal relationship between abrupt
warming and hydrology during the last deglaciation.

2. Methods and Approach

2.1. Site Description and Core Details

Karmoy is adjacent to the Norwegian Channel, which became ice free after 18.5 ka, indicated by '*C ages on
marine foraminifera (Brendryen et al., 2020; Sejrup et al., 2016). Basal radiocarbon ages from Kringlemyr
suggest that the site became ice free shortly before 18 ka (Vasskog et al., 2019), providing a uniquely
long-duration sediment record for Scandinavia. Kringlemyr is well positioned to record changes in precipi-
tation sources as a result of repositioning of the polar front and variable Atlantic Meridional Overturning
Circulation intensity, as it lies near sea level in the path of prevailing westerly winds on the Norwegian
Sea coast.
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Core KGM 507-02 was collected from Kringlemyr in November 2014, using an 11.5 cm diameter piston corer.
Three overlapping core sections provide undisturbed sediments spanning 455 to 887 cm depth below the sur-
face of the modern peat bog. The lowest part of the core consists of marine sediments that transitioned to
lacustrine sediments (646 cm) after the outlet sill of the basin was raised above sea level around 16 ka, indi-
cated by a shift from marine to freshwater phytoplankton at that depth (Vasskog et al., 2019).
Lithostratigraphic transitions in the lacustrine portion of Core KGM 507-02, discussed more fully in
Vasskog et al. (2019), show a similar pattern to other late-glacial lake sediments in the region (Kriiger
et al., 2011; Lohne et al., 2004, 2007). Our age-depth model (supporting information Figures S1 and S2
and Text S1) is based on the age-depth model presented by Vasskog et al. (2019), restricted to the lacustrine
portion of the record (646-480 cm) and incorporates two additional radiocarbon ages at 622.3 and 581.3 cm
(Table S1). Median 20 age uncertainty for the data presented here is +147 years, with a maximum of
+256 years and a minimum of +109 years (Blaauw, 2010; Reimer et al., 2013).

We collected 0.5 cm thick subsamples within the lacustrine sediments for compound-specific stable isotope
(8*Hyay) analysis. Our 8*Hy,y record spans 15.8 to 11.5 ka at approximately 100 year resolution, and each
sample integrates between 5 and 30 years of sedimentation, with a median of 15 years. Detailed methods
are available in Text S2.

2.2. Leaf Wax 8°H Seasonality

Terrestrial (C,g) and aquatic (C,,) n-alkanoic acid 5°H reflect the 8*H value of source water (Thomas
et al., 2020), with a biosynthetic offset that is generally constant for a given plant community (Daniels
et al., 2017; Sachse et al., 2012). Changes in the relative abundance of plant growth forms (i.e., grasses
vs. shrubs) within a catchment can cause changes to 8*Hyay due to differences in biosynthetic fractionation;
however, the timing of §*Hy,y changes at Kringlemyr is asynchronous with plant community changes as
recorded by pollen in nearby Liastemmen (Paus, 1989), and we do not attempt a pollen-based correction
of our 52Hwax data (Text S3) (Feakins, 2013; Inglis et al., 2020; McFarlin et al., 2019). The 8°H of water
in lakes with residence times less than 6 months is similar to the 8°H of precipitation during any given sea-
son (Cluett & Thomas, 2020; Thomas et al., 2020). Furthermore, the low amplitude of modern seasonal
82Hprecip in southwestern Norway (Figure 1b) TAEA/WMO, 2018) suggests that plant source water 5*H
would not be strongly impacted if winter precipitation persisted in lake or soil water into the growing sea-
son. However, the amplitude of seasonal variation in 52Hpredp may have increased during HS-1 and the YD
due to colder winter conditions. We estimate that the residence time of Kringlemyr is less than 6 months
(Text S4), meaning that Kringlemyr lake water 8°H primarily reflects summer precipitation 8°H during
the growing season. Thus, 8*Hc,, at Kringlemyr primarily reflects growing season (summer) precipitation
8%H, which reflects local condensation temperature and the transport history of atmospheric water vapor
(Dansgaard, 1964), with some contribution from winter precipitation during HS-1 and the YD. 8°Hcog also
reflects summer precipitation §?H, plus evaporative enrichment (Kahmen et al., 2013; Sachse et al., 2012).
Since both terrestrial and aquatic waxes likely reflect the same source water (e.g., summer precipitation),
the calculated offset between 85*Hcog and 8Hco, (gr.) primarily indicates the magnitude of evaporative
enrichment in terrestrial plants, which is inversely related to local relative humidity (Rach et al., 2017;
Thomas et al., 2020).

3. Results and Interpretation
3.1. Aquatic Leaf Wax 5°H at Kringlemyr Reflects Moisture Transport History

Prior to 14.8 ka, primary productivity was low, as indicated by low loss on ignition (LOI) (Vasskog et al., 2019)
and low C,g n-alkanoic acid concentrations in Kringlemyr (Figure 2e) and predominantly reworked and
long-distance-transported pollen found at nearby Liastemmen (Paus, 1989). However, freshwater green
algae were abundant in Kringelmyr sediments prior to 14.8 ka (Vasskog et al., 2019). We therefore infer that
C,g n-alkanoic acids were partially sourced from aquatic organisms, with relatively limited contributions
from terrestrial vegetation (Figure S3) during this interval (van Bree et al., 2018). Prior to 14.8 ka, 8*Hcas
does not reliably represent the isotopic composition of terrestrial plant source water, and we therefore
restrict our interpretations of 8°Heog and ., after 14.8 ka (Text S5). Aquatic mosses, which are present as
macrofossils in this portion of the core (Vasskog et al., 2019), are the most likely source of C,, n-alkanoic
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Figure 2. (a) 52HWax of Cy; (blue) and Cyg (green) fatty acids (%0, VSMOW) from Kringlemyr. (red symbols) Calibrated
C ages with 20 uncertainty. (b) 8%H of C,3 n-alkanes (blue) and C,g n-alkanes (green) from Meerfelder Maar (Rach
etal., 2014). (c) <32HWaX of C,1 n-alkanes (blue) and amount-weighted 8%H of C,7.29-31 n-alkanes (green) from Hasseldala

(Muschitiello et al., 2015). (d) Offset of 52HC28 relative to 52HC22 fatty acids from Kringlemyr (red) and equivalent
comparisons from Meerfelder Maar (black) and Hiésseldala (gray). (e) Sedimentary concentration of C,, (blue) and Cpg
(green) fatty acids. C,; concentration is magnified 10X. Horizontal error bars in (a) and (e) show 2o age uncertainty for
each sample. (f) Loss on ignition as % of dry sediment mass (Vasskog et al., 2019). (g) July temperature reconstructed
from pollen assemblages at Vassnestjern (Karlsen, 2009). (h) Relative position of the Scandinavian Ice Sheet margin in
southwestern Norway (Mangerud et al., 2017). Vertical dashed lines show boundaries between Heinrich Stadial-1, the
Bolling-Allered, the Younger Dryas, and the Holocene (Lohne et al., 2013, 2014).

acids throughout the record (Thomas et al., 2020) and may be an important source of C,g n-alkanoic acids
prior to 14.8 ka. Thus, we interpret 8*Hc,, to reflect lake water 8*H composition during the entire record
presented here.
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We interpret 8°Hco, at Kringlemyr as primarily reflecting changes in summer moisture transport history
and g, as evaporative enrichment of terrestrial plant leaf water during the growing season, which is primar-
ily controlled by summer relative humidity (Rach et al., 2017; Thomas et al., 2020). Some temperature recon-
structions (Figure 2g) and modeling results indicate that summer cooling during the YD was minor (~2°C) in
southwestern Norway (Denton et al., 2005; Karlsen, 2009; Schenk et al., 2018), with recent work providing
evidence for warm summers and enhanced seasonality during the YD (Schenk et al., 2020). Yet the growth of
cirque glaciers, complete deforestation, and the readvancement of the Scandinavian Ice Sheet point to a lar-
ger summer temperature depression (Birks et al., 2000; Larsen & Stalsberg, 2004; Lohne et al., 2012;
Mangerud et al., 2017; Paus, 1989). In either case, the decrease of 50%. in 8°Hean early in the YD
(Figure 2a) would require an implausible decrease in summer temperatures of nearly 10°C, based on the glo-
bal condensation temperature-5°H relationship of 5.6% °C™" (Dansgaard, 1964).

Changes in temperature at the moisture source location are also insufficient to explain the *H depletion in
8*Hca, as the 82H of water vapor evaporated from the ocean at constant relative humidity only decreases by
~1%o °C™* (Majoube, 1971). A decrease in North Atlantic SST of approximately 5°C during the YD (Kroon
et al., 1997) therefore would only result in approximately 5% “H depletion. The majority of the 50%o
decrease in 8*Hc, from the Allered to the YD thus primarily reflects a change in the transport path of moist-
ure reaching southwestern Norway. Specifically, we interpret this 50%. change to indicate a greater propor-
tion of moisture from distal, low latitude sources, which would have experienced 2H distillation during
transport and have “H-depleted values prior to reaching southwestern Norway. This is consistent with inter-
pretations of precipitation isotopes and moisture source regions in high latitude environments such as
Greenland and Alaska (Klein et al., 2015; Nusbaumer et al., 2019; Putman et al., 2017; Sime et al., 2013;
Thomas et al., 2018). The Kringlemyr ¢, record, which we interpret to primarily represent summer relative
humidity (Rach et al., 2017), suggests that driest conditions prevailed in southwestern Norway early in the
YD between 12.7 and 12.3 ka when 8*Hc, is most 2H depleted (Figure 2d). Enhanced seasonality during sta-
dials (Schenk et al., 2020) would result in more depleted winter precipitation relative to modern and reduced
summer precipitation. This could explain some of the observed depletion in §?Hc,, during the YD and HS-1,
as well as the increased ¢, during the YD. While seasonality likely influences our record, it would not pro-
duce the observed trends in 8?°Hc,g, Which reflect summer precipitation isotopes yet have a muted trend
similar to 8*Hcs,. This suggests that both 8°Hcoy and 8*Heog primarily reflect summer precipitation iso-
topes, which we mainly interpret as changes in moisture transport distance, particularly outside of stadials
when seasonality was less pronounced.

4. Discussion

4.1. Comparison to Regional 8°H,ax Records

The transition at Kringlemyr toward higher §°Hc, and §*He,s values between 12.3 and 11.8 ka primarily
reflects a northward shift of the polar front and the reduction of summer pressure anomalies over northwes-
tern Europe (Schenk et al., 2018), resulting in more humid, enriched vapor masses reaching southwestern
Scandinavia. This gradual shift in moisture transport to Kringlemyr matches reasonably well to the wax
82H record from Meerfelder Maar in Germany (Figures 1 and 2b) (Rach et al., 2014). The Meerfelder
Maar record is interpreted to reflect generally colder and snowier conditions early in the YD in northern
Europe followed by warmer and wetter periods due to oscillations in the zonal position of the westerlies from
12.26 to 11.67 ka.

Leaf-wax isotope reconstructions from southern Sweden at Hésseldala (Figures 1 and 2c) show patterns of
change during the YD that largely reflect the influence of meltwater from the Scandinavian Ice Sheet on
the isotopic composition of North Sea surface water (Muschitiello et al., 2015; Wohlfarth et al., 2018). The
minimum 8”Hy,y values at Hisseldala occur several hundred years later than at Kringlemyr. While glacial
meltwater also likely had some influence on cSZHpreCip at Kringlemyr, the mismatch in timing suggests that it
was not the primary factor. Kringlemyr may have been more strongly influenced by changes in the position
of the polar front than Hisseldala due to its coastal location on the windward side of the Scandinavian Ice
Sheet. Differences in the timing of hydrologic changes between southwestern Norway and southern
Sweden show the potential for precipitation isotope variability even within a relatively small geographic
region. These regional differences in timing also highlight the influence of the Scandinavian Ice sheet on
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climate in Northern Europe during the deglaciation via its impact on atmospheric circulation and surface
water conditions in the North Sea (Muschitiello et al., 2015; Schenk et al., 2018; Wohlfarth et al., 2018).

In both Germany and southern Sweden, terrestrial wax records show muted changes during the YD relative
to aquatic waxes, similar to the pattern seen at Kringlemyr, and trends in terrestrial §*H,,, generally agree
between sites (Figure 2). However, the magnitude of changes in terrestrial and aquatic 8*H,,y at Kringlemyr
is larger than at Meerfelder Maar and Hisseldala. Those sites were not adjacent to the coast (as Kringlemyr
is) during the late glacial, so the changes may appear amplified at Kringlemyr due to the large contrast
between a strong seasonal cycle during stadials and an almost absent seasonal cycle in 52Hprecip during inter-
stadials. Trends in ¢, broadly agree between the three sites, with higher values during the YD indicating
drier conditions at all three sites. This suggests that increased aridity during the YD was a regional signal
common to this part of northern Europe.

4.2. Atmospheric Circulation in Southwestern Scandinavia Changed Prior to Abrupt
Temperature Changes Between 16 and 11 ka

The shift to higher 8°Hc,, values during the second half of the YD at Kringlemyr occurred before substantial
temperature increases in southwestern Norway (Figure 3a). Productivity, a qualitative proxy for temperature
(Kaplan et al., 2002; Willemse & Tornqvist, 1999) in Kringlemyr's catchment inferred from C,g n-alkanoic acid
concentration, does not increase until 11.7 ka, 400 to 500 years after the increase in 8*Hyyax (Figures 3a and 3b).
Wax concentrations increase synchronously with and are correlated with LOI (Figure S4) and are measured in
the same sediment samples as 8*Hyay, SO the lag of productivity behind 8%H shifts is real and independent of
age model uncertainty. While LOI and C,g n-alkanoic acid concentrations may be altered by variable preser-
vation, the major features in those records are not controlled by preservation (Figure S3). Most temperature
reconstructions spanning the YD to Holocene transition in northern Europe and Greenland also show warm-
ing around 11.6 ka (Buizert et al., 2014; Eldevik et al., 2014; Lohne et al., 2012, 2014). Thus, our record indicates
that moisture source shifts and changes to local aridity during the YD preceded local and regional temperature
increases by several hundred years, outside the uncertainty of our age model.

We also infer a summer precipitation source shift from an increase in 8*Hc,, beginning around 15.2 ka,
which preceded abrupt warming at 14.7 ka on Greenland (Figure 3c) (Buizert et al., 2014). The few available
terrestrial temperature reconstructions from northern Europe that span the HS-1 to Belling transition show
increasing summer temperatures around 14.6 ka (Heiri et al., 2007; Wohlfarth et al., 2018). Similar to the YD,
the enrichment in 8°Hy,, that started at 15.2 ka preceded an increase in terrestrial productivity within
Kringlemyr's catchment around 14.8 ka (Figure 3b). We interpret the shift to higher values at 15.2 ka to
reflect a northward shift in the westerlies and an attendant decrease in air mass transport path length.
The lack of reliable §*°Hc,g in Kringlemyr prior to 14.8 ka precludes calculating ¢, during the HS-1 to
Belling transition, and so we cannot directly compare changes in local summer relative humidity at the
end of HS-1 to those during the latter half of the YD. Nonetheless, our record suggests that during the degla-
cial period in southwestern Norway, substantial changes in moisture transport distance consistently pre-
ceded abrupt temperature increases by several hundred years.

The inferred depletion in precipitation early in the YD and HS-1 at Kringlemyr was most plausibly caused by
an increase in Rayleigh distillation during moisture transport, which indicates an increase in the moisture
transport path length to southwestern Norway but may also reflect enhanced seasonality. Depleted precipita-
tion occurred in sync with higher ¢, , during the YD, which we interpret as drier summer conditions (Rach
etal.,2017) and which is also consistent with a more distal moisture source or reduced poleward moisture from
the same source region. The southward extension of perennial sea ice in the North Atlantic during the early
YD and HS-1 can explain the apparent greater proportion of distal moisture and dry summers in southwestern
Norway (Isarin et al., 1998). Several records in northern Europe suggest that southerly sea ice extent caused a
southward shift in the polar front early in the YD (Bakke et al., 2009; Brauer et al., 2008; Eldevik et al., 2014).
This shift in the polar front would have reduced westerly moisture transport and increased moisture transport
path length to southwestern Norway, in turn causing relatively depleted summer precipitation.

During the YD, after ~12.3 ka, periodic warm water intrusion into the North Atlantic reconstructed by for-
aminifera and biomarker assemblages in the Labrador Sea (Pearce et al., 2013) and reduced sea ice cover
along the eastern margin of the North Atlantic (Miiller & Stein, 2014) caused the polar front to shift
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Figure 3. (a) cSzHWaX of C,, fatty acids from Kringlemyr. (b) Sedimentary concentration of C,; (blue) and C,g (green)
fatty acids. (c) Composite Greenland temperature reconstruction, layer counted ages before 1950 (Buizert et al., 2014).
(d) Pa/Th, a proxy for AMOC intensity (McManus et al., 2004). (e) Mean atmospheric CO, concentration from the
Epica Dome C ice core record (Jouzel et al., 2007). (f) June 21st insolation at 59°N (Laskar et al., 2004).

northward (Bakke et al., 2009; Baldini et al., 2015; Brauer et al., 2008). This northward shift was intermittent,
with the latitudinal position of the polar front oscillating on decadal to centennial time scales, resulting in
warming in northern Iberia (Baldini et al., 2015) and latitudinal wind shifts across northern Europe
(Bakke et al., 2009; Brauer et al., 2008). During this interval, Kringlemyr 52Hwax values became more
enriched, indicating a decrease in moisture transport distance starting around 12.3 ka, synchronous with
the aforementioned sites that record migration of the polar front. The oscillations found later in the YD at
Krakenes and Meerfelder Maar to the north and south, respectively, are not present in our record.
However, our sampling frequency is lower during the YD than both Krakenes and Meerfelder Maar, and
our samples integrate longer time intervals than the §?H,.y record at Meerfelder Maar, so this does not
necessarily indicate that those oscillations did not occur in southwestern Norway.

A similar *H enrichment in 8°H,,y occurred at Kringlemyr during the end of HS-1 before the start of the
Belling interstadial, which could also be explained by changes in the position of the polar front. Paired for-
aminifera and pollen from the Iberian margin record complex changes within Heinrich Stadials, showing
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wet conditions early in HS-1 followed by drier and slightly warmer conditions later in HS-1, which the
authors interpret as a northward shift of the polar front during HS-1 and as early as 17 ka (Naughton
et al., 2009, 2016). The northward shift of the polar front may have been caused by northward intrusion of
warm surface water from the subtropical North Atlantic, as indicated by lower abundance of
Neogloboquadrina pachyderma off the Iberian margin (Eynaud et al., 2009). The large delay between the
hydrological changes at the Iberian margin (17 ka) and at Kringlemyr (15.2 ka) suggests that additional fac-
tors were at work during the end of HS-1.

The similar timing of sea ice retreat and the onset of hydrological change at Kringlemyr point to this latitu-
dinal difference in timing being affected by sea ice extent. There is evidence for warm surface water entering
the Norwegian sea by at least 14.8 ka (Mangerud, 1977; Mangerud et al., 2017; Mangerud & Svendsen, 2018)
and retreat of the seasonal sea ice front northward along the Norwegian coast around 15 ka (Rochon
et al., 1998; Wiig, 2019), at the same time or slightly after the inferred moisture transport changes at
Kringlemyr. In this part of western Norway, a significant deglaciation of the Boknafjord region occurred
at least 1,000 years before the onset of the Bolling (Vasskog et al., 2019). Additional marine evidence from
near Svalbard confirms a reduction in sea ice extent after 16.3 ka and shows progressively increasing primary
productivity from 16.3 ka to the onset of the Belling (Koseoglu et al., 2019). There is substantial evidence for
multiple meltwater pulses during HS-1 and enhanced sea ice export from the Arctic until the onset of the
Bolling (Hodell et al., 2017; Thornalley et al., 2011), which may have delayed the northward migration of
the polar front. We infer that the lag between the polar front leaving its southernmost position around
Iberia and reaching southwestern Scandinavia before the end of HS-1 is caused by the interplay between gra-
dual migration of warm water northward and the prolonged influence of meltwater in the subpolar North
Atlantic during the end of HS-1. Based on the strong similarities of both the HS-1 and YD transitions in
our 8*H,.y record and the corroborating evidence of other paleoclimate records, we suggest that
Kringlemyr records northward shifts of the polar front and possibly less extreme seasonality before the
warming that marks the start of the Belling.

The shift in moisture transport prior to local temperature increases inferred during the transitions into the
Bolling-Allerod and Holocene suggests a common mechanism. There is evidence that despite cold winter
conditions in the North Atlantic, HS-1 and the YD experienced consistent increases in global temperature,
particularly in the Southern Hemisphere (Bereiter et al., 2018; Shakun et al., 2012) as a result of rising NH
summer insolation and atmospheric CO, through the deglacial interval (Jouzel et al., 2007; Laskar
et al., 2004) (Figures 3e and 3f). At the onset of HS-1 and the YD, input of freshwater from melting ice sheets
may have contributed to a reduced Atlantic Meridional Overturning Circulation and colder NH, along with
a southward displacement of sea ice and the polar front (Hodell et al., 2017; Thornalley et al., 2010). This
resulted in a heat imbalance between the NH and Southern Hemisphere, resulting in increased atmospheric
heat transport from the subtropics to the NH (McGee et al., 2014). During both HS-1 and the YD, warm
water intrusion into the North Atlantic and Norwegian Seas (Miiller & Stein, 2014; Pearce et al., 2013;
Thornalley et al., 2011) resulted in reductions to sea ice cover (Koseoglu et al., 2019; Wiig, 2019) and north-
ward repositioning of the polar front prior to terrestrial NH warming (Bakke et al., 2009; Baldini et al., 2015;
Brauer et al., 2008; Eynaud et al., 2009; Naughton et al., 2009). The inferred changes at Kringlemyr are con-
sistent with existing understanding of polar front migration through the deglacial period and provide terres-
trial evidence confirming the consistency of this mechanism in southwestern Scandinavia. At the end of the
YD and HS-1, the position of the sea ice front and interhemispheric temperature gradients controlled ocea-
nic heat distribution, which in turn controlled the position of the polar front, driving the inferred changes in
southwestern Scandinavia. Given current trends of sea ice retreat, there may be corresponding future
changes in moisture transport to regions of the Arctic that are currently north of the polar front.
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