
1. Introduction
As Earth warms, the amount and residence time of atmospheric moisture increase, enhancing long-distance 
moisture transport, and causing wetter Arctic summers (Arctic Report Card, 2022; Singh et al., 2017). A wetter 
Arctic impacts ocean circulation, permafrost, plant communities, and carbon storage (Bring et al., 2016; Serreze 
et al., 2006; Vihma et al., 2016). Today, high-elevation cold air causes high atmospheric pressure over the Green-
land Ice Sheet (GIS), promoting anticyclonic circulation around the GIS and poleward moisture transport via 
storm tracks over the Labrador Sea (Dufour et al., 2016). Yet, the importance of regional dynamics in the context 
of hemispheric changes in temperature gradients and moisture residence time is not well constrained. Although 
the GIS influence on atmospheric circulation is not likely to change on short (annual to decadal) time scales, 
ice-sheet-caused change may be important on longer (centennial to millennial) time scales.

Past continental ice sheets influenced atmospheric circulation. The size and position of the Laurentide Ice Sheet 
(LIS) influenced the configuration of the jet stream (Löfverström et  al.,  2014), bringing warmth to Beringia 
during the Last Glacial Maximum (LGM) (Tulenko et al., 2020), changing the location of moisture delivery to 
Eurasia (Kageyama & Valdes, 2000; Liakka et al., 2016) and increasing long-distance atmospheric transport to 
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and summer precipitation hydrogen isotope ratios (δ 2H) spanning 12–7 ka from a lake on Baffin Island. In a 
transient model simulation, winds in this region were controlled by the relative strength of the high-pressure 
systems and associated anticyclonic circulation over the retreating Greenland and Laurentide ice sheets. The 
correlation between summer temperature and precipitation δ 2H proxy records changed from negative to positive 
at 9.8 ka. This correlation structure indicates a shift from alternating local and remote moisture, governed by 
the two ice-sheet high-pressure systems, to only remote moisture after 9.8 ka, governed by the strong Greenland 
high-pressure system after the Laurentide Ice Sheet retreated. Such rapid atmospheric circulation changes may 
also occur in response to future, gradual ice-sheet retreat.

Plain Language Summary Continental ice sheets alter atmospheric circulation, influencing global 
heat and moisture distribution. Records of atmospheric circulation during previous periods of ice-sheet retreat 
can provide insights into the changes that are possible in the future. This study examines summer atmospheric 
circulation in Baffin Bay from 12,000 to 7,000 years ago, a period of dramatic ice-sheet retreat. Precipitation 
isotopes reflect moisture source, which responds to changes in air temperature and atmospheric circulation. 
This study uses records of temperature and precipitation isotopes from the same sediment archive to tease apart 
the influence of temperature from that of atmospheric circulation. The precipitation isotopes in this record 
distinct changes in moisture sources, which a climate model simulation suggests was caused by retreating ice 
sheets. Before about 10 ka, when the Laurentide Ice Sheet (LIS) covered eastern Canada, summer winds in 
Baffin Bay shifted regularly between south and north, carrying air with unique temperature and precipitation 
isotope signatures. As the LIS retreated, the Greenland Ice Sheet (GIS) remained relatively large and dominated 
atmospheric circulation, causing a rapid shift to southeasterly winds. As the GIS retreats in the future, 
atmospheric circulation may undergo similar rapid changes.
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the Canadian Arctic (McAndrews, 1984). A roughly 150-km-wide band of anticyclonic winds around the LIS 
shifted during deglaciation, causing changes in prevailing wind direction that impacted sand spit formation and 
lake effect snowfall in the Laurentian Great Lakes (Griggs et al., 2022; Schaetzl et al., 2016). During the Early 
Holocene, when the LIS was significantly reduced from its LGM size but still retreating, this anticyclonic circula-
tion continued to influence areas around its margins (Gregoire et al., 2018). More paleoclimate records in regions 
affected by ice-sheet change and spanning the Early Holocene may reveal the nature and rate of atmospheric 
response to ice-sheet change.

Precipitation stable isotopes (δ 18O, δ 2H) reflect changes in the water cycle. Three primary factors influence 
precipitation isotope values at low-elevation coastal Arctic sites: (a) The temperature at the site of precipita-
tion, (b) The temperature at the source location(s), and (c) The isotopic composition of the vapor at the source 
location(s) (I. D. Clark & Fritz, 1997; Gaglioti et al., 2017). Because an air parcel's moisture evaporates and 
condenses during transport, the isotope value of precipitation is a function of conditions throughout the transport 
history, and generally becomes more  2H- and  18O-depleted with longer transport times (Gimeno et al., 2021; 
Steen-Larsen et al., 2015).

When moisture sources are constant, local temperature is typically the dominant mechanism controlling precipi-
tation isotope values (Figure S1 in Supporting Information S1) (Berrisford et al., 2011; Cluett et al., 2021; Putman 
et al., 2017; Vinnikov et al., 2011). In contrast, varying moisture sources through time can cause large changes 
in precipitation isotope values that overprint the local temperature signal. This occurs both on intra-annual time 
scales (Cluett et al., 2021; Putman et al., 2017; Sodemann et al., 2008; Steen-Larsen et al., 2015) and on decadal 
to orbital time scales (He et  al.,  2021; LeGrande & Schmidt,  2009; Masson-Delmotte et  al.,  2005; Thomas 
et al., 2014; White et al., 1997). Paired but independent proxy records of temperature and precipitation isotopes 
can isolate the influence of local temperature, providing insight into changing moisture sources and atmospheric 
circulation (Thomas et al., 2014, 2018).

The Clyde Foreland, our study area, is a low-lying coastal area on northeastern Baffin Island, eastern Canadian 
Arctic. LIS retreat from this foreland around 14 ka (Briner et al., 2005; Young et al., 2012), revealed lakes that 
provide rare archives spanning the entire Holocene (Axford et  al.,  2009; Briner et  al.,  2007). Peak summer 
temperature up to 5°C warmer than the pre-Industrial occurred in the Early Holocene in the Baffin Bay region, 
nearly in phase with peak Northern Hemisphere summer insolation (Axford et al., 2009, 2021; Environment and 
Climate Change Canada, 2011; Kobashi et al., 2017; Lecavalier et al., 2017; Pendleton et al., 2019). This warmth 
occurred despite the much larger LIS, which lost 50% of its area (compared to its extent at 21 ka) between 13 
and 6 ka (Briner et al., 2009; Dalton et al., 2020). Today, a low-pressure system in the eastern Canadian Arctic 
causes cyclonic circulation in summer (Figure 1g) (Hersbach et al., 2020), carrying moisture from high-latitude 
continental North America to Baffin Island.

We generate sub-centennial-resolution late-glacial to Early Holocene records of summer temperature and summer 
precipitation δ 2H values on the Clyde Foreland using two separate classes of lipid biomarkers. For this study, 
“summer” means the lake-ice-free season when these lipid biomarkers are produced in the lake, which today is 
July, August, and September. We assess the stability of moisture sources through this period by examining the 
correlation structure between summer temperature and precipitation δ 2H. These results, in conjunction with a 
transient general circulation model simulation (Liu et al., 2009), allow us to test the hypothesis that Early Holo-
cene atmospheric circulation in the Baffin Bay region was influenced by LIS retreat.

2. Methods
We present organic geochemical records from a radiocarbon-dated sediment core from Lake CF8 on the Clyde 
Foreland (Figure 2; Figures S2 and S3, Table S1, and Text S1.2 in Supporting Information S1) (Axford et al., 2009; 
Blaauw & Christen, 2011; Crump et al., 2021; Reimer et al., 2020; Wilson et al., 2012). Ten aquatic moss macro-
fossils, which in this region are in equilibrium with the atmosphere (Snyder et al., 2013; Wolfe et al., 2004), and 
two stratigraphic constraints form the basis for the age-depth model (Text S1.2 in Supporting Information S1). 
We extracted, purified, and analyzed free lipids from freeze-dried sediments (Hopmans et al., 2016; Thomas 
et al., 2018, 2020) (Text S1.3 and Table S2 in Supporting Information S1). We used GeoChronR for statistical 
analyses (Text S1.4 in Supporting Information S1) (Kaiser, 1958; McKay et al., 2021; Richman, 1986).

We use branched glycerol dialkyl glycerol tetraethers (brGDGTs), which we interpret as lacustrine, to infer summer 
temperature, using a calibration to in situ lake water temperature on southern Greenland with a similar seasonal 
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Figure 1.
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climate as Lake CF8 (Zhao et al., 2021). We discuss brGDGT sources and the choice of temperature calibration 
in Texts S2.2 and S3.1 (Table S3 and Figures S4–S7) in Supporting Information S1 (Blaga et al., 2009; Cluett 
et al., 2023; Daniels et al., 2022; De Jonge, Hopmans, et al., 2014; De Jonge, Stadnitskaia, et al., 2014; Hopmans 
et al., 2004; Huguet et al., 2006; Martínez-Sosa & Tierney, 2019; Martínez-Sosa et al., 2021; Naafs et al., 2017; 
Raberg et al., 2021; Rohling & Pälike, 2005; Russell et al., 2018; Schouten et al., 2013; Yao et al., 2020).

We interpret the C28 n-alkanoic acid in Lake CF8 as predominantly aquatic and the C22 n-alkanoic acid as at 
least partially terrestrial, based on similar chain-length distributions with submerged aquatic mosses, the most 
abundant plant in the catchment, and different trends in δ 2H values for different chain lengths (Text S3.3 and 
Figure S8 in Supporting Information S1). Lake CF8 water δ 2H values match summer precipitation, with no evap-
orative enrichment (Text S3.2 and Figure S2 in Supporting Information S1) (Bowen, 2016; Bowen et al., 2005; 
Chiasson-Poirier et  al.,  2020; Gibson & Edwards,  2002; Gorbey et  al.,  2022; IAEA/WMO,  2011; Jonsson 
et al., 2009; Zhao et al., 2022). Hereafter, we primarily discuss δ 2HC28, which we convert to summer precipitation 
δ 2H using an apparent fractionation factor derived from aquatic plants in Qaupat Lake, southern Baffin Island 
(Text S1.6 in Supporting Information S1) (Gorbey et al., 2022; Guo et al., 2013; Hollister et al., 2022; McFarlin 
et al., 2019).

Figure 1. Early Holocene ice sheet configuration and winds. (a–c) TraCE-21k results (Liu et al., 2009). (a) Decadal-mean JJA sea-level-pressure index between 
Laurentide and Greenland ice sheets (Figure S9 in Supporting Information S1). (b) Wind strength and direction over the Clyde Foreland during 1-Kyr-intervals. (c) 
Sea level pressure (shading) and winds (arrows) during 12–11 and 8–7 ka. (d–f) North American Ice sheet position through the Early Holocene (Dalton et al., 2020) 
and schematic of high-pressure location, wind direction, and moisture source locations to northeastern Baffin Island. (g) ERA5 (1959–2022) JJA sea level pressure and 
winds, shading as in panel (c) (Hersbach et al., 2020). Stars: Lake CF8. H: High pressure.

Figure 2. Early Holocene records from lakes CF8, Baffin Island (blue/orange) and Sikuiui, western Greenland (black) 
(Thomas et al., 2018). (a) Leaf wax δ 2H values (Texts S3.3.1 and S3.3.2 in Supporting Information S1), dashed: terrestrial 
(CF8: C22 n-alkanoic acid, Sikuiui: C29 n-alkane), solid: aquatic (CF8: C28 n-alkanoic acid, Sikuiui: C23 n-alkane); Right axis: 
Leaf wax δ 2H values converted to precipitation δ 2H (Text S1.6 in Supporting Information S1); observed (GB, Goose Bay; 
PI, Pond Inlet) and modeled (CF, Clyde Foreland) summer precipitation δ 2H, mean δ 2H of Lake CF8 water. (b) Difference 
between terrestrial and aquatic leaf wax δ 2H (εterrestrial-aquatic); (c) Sikuiui Lake brGDGT-inferred summer temperature; (d) Lake 
CF8 brGDGT-inferred summer temperature; (e) Percent cold stenotherm chironomid midges at Lake CF8 (reversed y-axis), 
two samples with values >95% are shown with arrows. Triangles: age control points (Table S1 in Supporting Information S1). 
For all records, light and dark shading: 95th percentile and interquartile age uncertainty, respectively, fine line: median age 
uncertainty, bold line: record on median modeled age.

 19448007, 2023, 13, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
103428 by U

niversity A
t B

uffalo (Suny), W
iley O

nline L
ibrary on [06/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

THOMAS ET AL.

10.1029/2023GL103428

5 of 13

We used publicly available data from the 21,000-year-long transient simulation of the Community Earth System 
Model, TraCE-21k (Liu et al., 2009). We examined wind vectors and moisture flux at the four grid cells nearest 
Lake CF8. We quantified the difference in sea level pressure between the grid cells at the highest point on the 
GIS and LIS at 12 ka (Figure S9 in Supporting Information S1), to provide a metric for the pressure differential 
between the retreating LIS and the relatively stable GIS.

3. Results
Branched GDGTs and n-alkanoic acids C20 through C32 with high carbon preference index (4.3 ± 0.8) occurred 
in all samples that we analyzed (Figures S4 and S8 in Supporting Information S1) (Blaga et al., 2009; Cluett 
et al., 2023; Daniels et al., 2022; Marzi et al., 1993; Schouten et al., 2013). δ 2HC28-inferred summer precipitation 
δ 2H and brGDGT-inferred summer temperature exhibit centennial- and millennial-scale variability consistent 
with regional records (Figure 2; Texts S2 and S3 in Supporting Information S1).

To better understand the mechanisms influencing summer precipitation δ 2H, we compare Lake CF8 δ 2HC28 
values and brGDGT-inferred temperatures, which are measured in the same samples, therefore their relationship 
is independent of age model uncertainty. Both proxies are produced in the lake throughout the ice-free season, 
and therefore reflect the same seasonality, even if the ice-free season length changes (Text S3 in Supporting Infor-
mation S1). Summer precipitation δ 2H and temperature are negatively correlated on both millennial and centen-
nial time scales prior to 9.8 ka, and positively correlated only on millennial time scales after 9.8 ka (Figure 3; 
Figure S10 and Table S4 in Supporting Information S1).

To explore the role of changing summer moisture sources at Lake CF8, we examine simulated decadal-mean 
summer conditions in TraCE-21k. The difference in modeled sea level pressure between the GIS and LIS was low 
from 12 to 11 ka, but increased thereafter (Figure 1a). Simulated summer wind speed and direction on northeast-
ern Baffin Island changed at 11 ka (Figure 1b). Before 11 ka, surface winds were weak (<1 m/s), and were east-
erly or northeasterly. After 11 ka, surface winds gradually strengthened and became consistently southeast erly. 
Similarly, decadal-mean total-column summer moisture flux (which does not quantify sub-decadal eddies) 
strengthened and became more persistently southeasterly after 11 ka (Figure S11 in Supporting Information S1).

4. Discussion
4.1. Interpretive Framework

4.1.1. Biomarker Interpretations

We interpret Lake CF8 brGDGT-inferred temperature to reflect regional summer air temperature, as is common 
in Arctic lakes (Text S3.1 in Supporting Information S1) (Allegrucci et al., 2012; Buizert et  al., 2018; Chen 
et al., 2022; Delettre, 1988; Denton et al., 2005; de Wet et al., 2016; Francis et al., 2006; Green & Sánchez, 2006; 
Halamka et al., 2023; Keisling et al., 2017; Kusch et al., 2019; Lindberg et al., 2022; Livingstone & Lotter, 1998; 
MacIntyre et al., 2009; Raberg et al., 2021; Shanahan et al., 2013; Thomas et al., 2018; Wu et al., 2021; Zhang 
et al., 2016; Zhao et al., 2021). We interpret δ 2H of the C28 n-alkanoic acid from Lake CF8 to reflect summer lake 
water δ 2H values, which in turn reflect summer precipitation δ 2H values (Texts S3.2 and S3.3 in Supporting Infor-
mation S1) (Faber et al., 2017; Gao et al., 2011; Gorbey et al., 2022; Johnsen et al., 2001; Paterson et al., 1977; 
Rach et al., 2014; Sachse et al., 2012; Thomas et al., 2020; van Bree et al., 2018). The difference between δ 2H of 
terrestrial and aquatic waxes, ɛterrestrial-aquatic, reflects changes in the amount of snow melt contributing to soil water 
and/or changes in evaporation from soil or leaf water (Text S3.3.2 in Supporting Information S1).

4.1.2. Dynamical Controls and Isotope Characteristics of Moisture Sources to the Clyde Foreland

We interpret precipitation isotope values to reflect temperature and moisture transport history, and expect temper-
ature and precipitation isotope values to be positively correlated when moisture sources are constant. When mois-
ture sources vary, this relationship should weaken. Following this framework, the negative correlation between 
summer temperature and precipitation δ 2H at Lake CF8 before 9.8 ka suggests that summer moisture sources 
to the Clyde Foreland changed throughout this period. In contrast, the strong positive correlation between these 
same records after 9.8 ka suggests that local temperature is the dominant factor influencing summer precipitation 
δ 2H, and moisture sources were constant at this time. Next, we describe likely moisture sources to the Clyde 
Foreland and the mechanisms that could cause changes in moisture source contributions through time.
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During the late glacial and earliest Holocene, the LIS was retreating but still covered most of eastern Canada 
(Figures 1d and 3c). At this time, the high-pressure systems over both the LIS and GIS, and resulting anticyclonic 
circulation, were important for regional-scale circulation and moisture transport into Baffin Bay (Figures 1a–1c; 
Figure S11 in Supporting Information S1). Areas within 150 km of the LIS edge would have been impacted by the 
LIS anticyclonic circulation (Griggs et al., 2022; Kopec et al., 2014; Schaetzl et al., 2016), causing northwesterly 

Figure 3. Early Holocene atmospheric and oceanic conditions in Baffin Bay. (a) Lake CF8 δ 2HC28 (blue) and 
brGDGT-inferred temperature (brown) for the raw record (solid) and for millennial-scale smooth splines (dashed). (b) 
Filtered centennial-scale record, as in (a) Gray rectangle shows the break point, before which correlation is negative, after 
which correlation is positive or weak. (c) Agassiz Ice Cap percent melt (black), a proxy for peak summer warmth (Lecavalier 
et al., 2017) and Laurentide Ice Sheet size relative to its extent at 21 ka (orange) (Dalton et al., 2020). (d) Baffin Bay Summer 
sea surface salinity (Gibb et al., 2015). (e) Total carbonate deposited on Cartwright Saddle (Jennings et al., 2015) and 
age of moraine sets deposited by mountain glaciers and ice sheets in Baffin Bay (orange dots) (Young et al., 2020). Inset. 
Correlation statistics for Lake CF8 δ 2HC28 and brGDGT-inferred temperature, bold black text = p-value < 0.001. (c–e) Light 
and dark shading: 95th percentile and interquartile age uncertainty, respectively, fine line: median age uncertainty, bold line: 
record on median of age models.
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winds on the Clyde Foreland. The high-pressure system over the GIS was also strong during the Early Holocene, 
and would have caused southeasterly winds that carried remote moisture from North America to the Baffin Bay 
region (Cluett et al., 2021; Nusbaumer et al., 2020).

The relative strength of these two high-pressure systems through time controlled the position of the boundary 
between the northwesterly and southeasterly winds, which influenced the source of moisture to northeastern 
Baffin Island (Figures 1a–1c; Figure S11 in Supporting Information S1). A stronger high over the LIS caused 
northwesterly winds to carry Arctic air masses to Baffin Island. Cold and dry Arctic air masses would carry mini-
mal moisture to the Clyde Foreland. In contrast, a stronger high over the GIS caused southeasterly winds carrying 
warm, moist air masses from lower latitudes to this region. The long-distance moisture transport from low lati-
tudes would yield relatively  2H-depleted precipitation coincident with warm air masses. Due to the persistence 
of the GIS and the disappearance of the LIS during the Holocene, we expect a relative strengthening of the GIS 
high-pressure system, and a concomitant increase in southeasterly winds, throughout this time (Figures 1d–1f).

In addition to regional-scale circulation, sea breezes that occur on small spatial and temporal scales may have 
been an important source of moisture to Baffin Island during the Early Holocene, as they are to western Green-
land today (Kopec et al., 2014). When the LIS was large, the Clyde Foreland likely experienced strong daily 
transitions between katabatic winds coming off the LIS and sea breezes from Baffin Bay. Strong sea breezes 
occur when the land is warmer than the sea, causing a local low pressure over land. Modern on-shore breezes 
on Greenland are humid and  2H-enriched relative to katabatic winds (Kopec et al., 2014). Thus, when cold, dry 
Arctic air masses dominated the large-scale atmospheric circulation on eastern Baffin Island, sea breezes would 
have been the primary source of moisture to the Clyde Foreland. Because sea breezes carry moisture from local 
lake and land sources (Kopec et al., 2014), this moisture is minimally distilled, and therefore  2H-enriched, relative 
to moisture from remote sources. Mid- and high-latitude water bodies are not important sources of moisture to 
this region in summer (Cluett et al., 2021; Nusbaumer et al., 2020), so  2H-depletion of these water bodies caused 
by freshwater from melting ice sheets likely minimally impacted summer precipitation δ 2H values. Next, we use 
this mechanistic framework to interpret the Lake CF8 δ 2H record.

4.2. Mechanisms Controlling Early Holocene Summer Precipitation δ 2H on Northeastern Baffin Island

4.2.1. The Younger Dryas and Earliest Holocene

From 12.1 to 9.8 ka, the Lake CF8 record is characterized by anticorrelation between summer temperature and 
precipitation δ 2H: when temperature increases, precipitation becomes  2H-depleted (Figures  3a and  3b). We 
interpret this anticorrelation to indicate frequent shifts between the dominance of remote and local moisture 
(Figure 1d). When the GIS high-pressure system dominated, southeasterly winds carried warm, moist air masses, 
which contained strongly distilled,  2H-depleted vapor to Baffin Island. When the LIS high-pressure system domi-
nated, northwesterly winds carried cold, dry air masses to the region, increasing the relative importance of local 
moisture delivered by sea breezes and resulting in  2H-enriched precipitation. This interpretation is supported by 
the TraCE-21k simulation, which shows that the high pressure over the two ice sheets is roughly equal before 
11 ka, and the Clyde Foreland is close to the boundary between the winds circulating around the two high-pressure 
systems (Figures 1a and 1c). During this time, summer winds on the Clyde Foreland were weak and their direc-
tion varied dramatically from one decade to the next, reflecting the time-varying dominance of the two ice-sheet 
high-pressure systems. The position of the boundary between ice-sheet high-pressure systems and the dominance 
of a given ice sheet was probably governed by stochastic interdecadal variability. The ɛterrestrial-aquatic suggests 
either low, then increasing summer evaporation prior to 9.8 ka or decreasing influence of winter precipitation 
(Figure 2b).

Two of the intervals with relatively cool and  2H-enriched summer precipitation at Lake CF8 (11.7 and 10.5 ka) 
coincided with carbonate deposition events in the Labrador Sea (Figures 3a, 3b, and 3e) (Jennings et al., 2015). 
These freshwater events caused regional cold conditions (Young et al., 2020), which in turn may have caused 
enhanced northwesterly winds and local moisture dominance.

4.2.2. From 9.8 to 7.5 ka

The remainder of the Lake CF8 record is characterized by positive correlation between summer temperature 
and precipitation δ 2H on millennial time scales, but a lack of correlation on centennial time scales (Figures 3a 
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and 3b). The positive correlation at millennial timescales indicates the moisture sources to the Clyde Foreland 
were stable through this interval. Early Holocene air temperature was relatively stable in the moisture source 
regions (Figure 1e; Figure S12 in Supporting Information S1) (Kaufman et al., 2020), causing local temperature 
to dominate precipitation δ 2H variability. As the LIS margin retreated across Baffin Island throughout the Early 
Holocene, the anticyclonic circulation weakened and shifted inland of the mountain range that forms the spine 
of Baffin Island (Gregoire et al., 2018), allowing circulation around the GIS high-pressure system to dominate 
along the coast (Figures 1c and 1e). The TraCE-21k simulation supports this interpretation: even when the LIS 
was relatively large from 11 to 9 ka, the stronger high-pressure system over the GIS caused southeasterly winds 
to dominate in this region (Figures 1a–1c).

Glacier and paleoceanographic records from the Baffin Bay region indicate widespread climatic changes around 
9.8 ka. An increase in background ice-rafted-debris delivery to the Labrador Sea (Figure 3e) may indicate contin-
uous freshwater contributions from North American Ice Sheets, whereas previously, ice-rafted-debris occurred in 
distinct peaks (Jennings et al., 2015). Farther north, Baffin Bay shifted from permanent to seasonal sea-ice cover 
and to saltier surface water, suggesting less ice-sheet melt and more Atlantic-water influence (Figure 3d) (Gibb 
et al., 2015). Atlantic water reached the Canadian Arctic Archipelago by 10 ka (Pieńkowski et al., 2013, 2014). In 
contrast to the oceanic records, which were experiencing the beginning of peak Holocene warmth, summers on 
the Agassiz Ice Cap, Ellesmere Island, had already begun to cool (Figure 3c) (Lecavalier et al., 2017). Like the 
Clyde Foreland, stable water isotopes in ice cores at Summit, Greenland suggest a shift to warmer (more remote) 
moisture sources between 10 and 8 ka, which remained relatively constant for the remainder of the Holocene 
(Masson-Delmotte et al., 2005). It is possible that this region-wide shift to full interglacial conditions, and the 
atmospheric circulation change captured in Greenland ice and Lake CF8, are due to the diminished strength of 
the LIS high-pressure system.

On centennial time scales, Lake CF8 summer temperature and precipitation δ 2H were not correlated after 
9.8 ka. Southeasterly winds caused by the GIS high-pressure system were so dominant during this time that 
centennial-scale changes in their strength would not have influenced the direction of moisture delivery to Baffin 
Island (Figures 1b and 1c). These results suggest that the GIS high-pressure system dominated large-scale circu-
lation from 9.8 to 7.5 ka, delivering remote moisture to the Baffin Bay region.

4.2.3. After 8 ka

Around 8.0  ka, summer precipitation on western Greenland and eastern Baffin Island became  2H-enriched 
(Figure 2a) (Thomas et al., 2018). By about 8.5 ka, the LIS was small enough that its topography no longer 
impacted regional climate (Gregoire et al., 2018). Continued LIS retreat between 9 and 8 ka (Figure 3c) (Dalton 
et al., 2020) exposed ice-free land in the northeastern Canadian Arctic, meaning that summer circulation patterns 
similar to today began around this time (Figures 1f and 1g). The boreal forest migrated northward as the LIS 
retreated in central and eastern Canada (de Lafontaine & Payette, 2011; Strong & Hills, 2005). Thus, starting 
around 8.0 ka, evapotranspiration from abundant lakes and the boreal forest in central and eastern Canada may 
have caused a shift to local moisture sources and  2H-enriched precipitation around Baffin Bay. A trend toward 
lower ɛterrestrial-aquatic values in both the Clyde Foreland and western Greenland (Figure 2b) may indicate a shift 
toward wetter summers coincident with the increase in local moisture supply (Thomas et al., 2018).

5. Summary and Conclusions
During the Younger Dryas and Early Holocene, the front between the LIS and GIS high-pressure systems was 
positioned over northeastern Baffin Island (Liu et al., 2009), making this region sensitive to atmospheric circu-
lation changes associated with ice-sheet retreat (Figures 1a–1c, 3b and 3c). The relative strength and position of 
these high-pressure systems influenced the direction of summer atmospheric circulation on northeastern Baffin 
Island, which in turn impacted whether moisture sources were remote ( 2H-depleted) or local ( 2H-enriched). 
Because remote moisture to this region was derived from lower latitudes,  2H-depleted precipitation coincided 
with relatively high temperatures, whereas  2H-enriched local moisture was associated with lower temperatures. 
Thus, the anticorrelation between summer temperature and precipitation δ 2H for parts of the Early Holocene 
(Figures  3a and  3b) indicates rapid shifts between local and remote moisture sources. After 9.8  ka, summer 
temperature and precipitation δ 2H were strongly correlated, indicating a single dominant moisture source. We 
interpret this shift in moisture sources to be a threshold response by the atmosphere to the gradual retreat of 
the  LIS.
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Interpreting this summer precipitation δ 2H record in conjunction with an independent record of summer temper-
ature yields information about atmospheric circulation that would not be discernible from individual temperature 
or precipitation δ 2H proxy records. This multi-proxy approach is especially useful to identify changing moisture 
sources, which caused an unexpected relationship between summer temperature and precipitation δ 2H values.

This study suggests that changes in continental ice sheet size and configuration influence atmospheric circulation 
on centennial to millennial time scales. Moreover, we find that gradual LIS retreat during the Early Holocene 
caused a threshold atmospheric response in the Baffin Bay region around 9.8 ka. Today, anticyclonic circulation 
around the GIS causes consistent strong northward moisture flux over the Labrador Sea (Dufour et al., 2016). 
Just as LIS retreat during the last deglaciation caused weaker anticyclonic circulation over North America, a 
smaller GIS may be associated with a weaker high-pressure system and reduced anticyclonic circulation. As 
the GIS retreats in coming centuries (P. U. Clark et al., 2016), rapid changes in the amount or location of mois-
ture transport may occur. Additionally, ice sheet-atmosphere feedbacks may speed up GIS mass loss (Le clec’h 
et al., 2019).

In past interglacial periods, the GIS was likely smaller than present (de Vernal & Hillaire-Marcel, 2008; Schaefer 
et al., 2016), with potential impacts on moisture delivery to the Arctic. The handful of paleoclimate archives 
that span multiple interglacial periods in this region (Knutz et al., 2019; Miller et al., 2022; NEEM Community 
Members, 2013) offer an opportunity to use this multi-proxy approach to explore the nature and extent of these 
impacts.

Data Availability Statement
Samples archived at the University at Buffalo, new Lake CF8 data available at https://doi.org/10.25921/r1dc-
8930, code available at https://doi.org/10.5281/zenodo.7966589 and https://doi.org/10.5281/zenodo.7702542.
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