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Abstract Stable oxygen isotopes (5'®0) in the Bona-Churchill (B-C) ice core from southeast Alaska
provide a valuable, high-resolution history of climate variability and sea ice cover in the western Arctic
over the last 800 years. Multiple ice cores have been collected from the Wrangell-St. Elias Mountain Range;
however, their 8180 records exhibit little consistency as each core offers a unique view on local, regional,
and/or global climate variability. To explore the primary mechanisms influencing the isotopic signature at
the B-C site, we utilize isotope-enabled model data, reanalysis data, and observations, which all indicate a
strong connection between isotopes at the B-C site and western Arctic climate, likely established by the
location of the storm track in this region. Enriched B-C §'®0 reflects increased southerly flow and warmer
waters in the Bering Sea, which modulates the heat flux through the Bering Strait and into the Arctic, thereby
affecting sea ice cover in the western Arctic. The B-C 8'®0 paleorecord shares some remarkable similarities
(r = —0.80, p < .001) with the duration of western arctic sea ice cover reconstructed from a Chukchi Sea
sediment core. Interestingly, during the Little Ice Age, enriched 5'®0 and reduced western Arctic sea ice are
observed and may be indicative of prolonged periods of the warm Arctic/cold continents pattern and a
northwestward shift of the North Pacific storm track.

Plain Language Summary The Bona-Churchill (B-C) ice core from southeast Alaska provides a
valuable, high-resolution history of climate variability and sea ice cover in the western Arctic over the last
800 years. In the polar regions, ice core—derived stable oxygen isotopes typically serve as a temperature proxy.
However, isotopic records from ice cores collected from the mountainous regions of northwestern North
America exhibit little relation to local temperatures, and few similarities exist among the ice core records.
Modeled and observed data in this study suggest a link between isotopic variability in the Bona-Churchill (B-
C) ice core and climate variability in the Bering Sea, possibly through the position of the North Pacific storm
track. The high-resolution B-C isotope record provides a rare millennial history of climate variability and sea
ice cover in the western Arctic. A prominent feature in the B-C isotopic record includes enrichment during
the Little Ice Age, suggesting warmer conditions in the western Arctic, which likely resulted from a
prolonged presence of the warm Arctic/cold continents pattern and an accompanying shift in

storm trajectories.

1. Introduction

Climate variability in the Pacific Basin influences global temperatures (Kosaka & Xie, 2016; Meehl et al.,
2013) and has far-reaching impacts extending into the Arctic (Lee et al., 2017; Screen & Francis, 2016).
Atmospheric circulation can influence sea ice cover, and likewise, variability in sea ice cover can feedback
onto the atmospheric circulation through changes in the surface heat flux, which alter the meridional tem-
perature gradient (Liu et al., 2007). The influence of sea ice and snow cover on the overlying atmospheric
circulation is stronger in the Pacific sector than in the Atlantic (Dethloff et al., 2006). Yet, the multidecadal
nature of Pacific climate variability prohibits the relatively short instrumental records from capturing low-
frequency climate variations and their influence on Arctic sea ice. Numerous paleorecords from northwest
Canada and Alaska have been used to study climate variability of the Pacific and the Arctic on interannual
to interdecadal timescales, yet the complex terrain of this region can greatly complicate the interpretation of
these records (Figure 1). For example, the seasonality of precipitation, which is important for interpreting ice
core records, varies greatly across the climate divisions of Alaska. Coastal stations along the Gulf of Alaska
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Figure 1. Topographical map showing the locations of the B-C ice core drill site and three other ice cores (triangles) and
one marine sediment core. Bering Strait mooring observation sites (A2 and A3) and meteorological stations for the local
(filled black circles) and western (open black circles) temperature composites are also shown.

receive the bulk of their precipitation in autumn, while stations in the interior receive much less
precipitation overall due to the coastal topography and exhibit a precipitation maximum in summer
(Bieniek et al., 2012). Winter precipitation is dominated by the Aleutian Low, a semipermanent low
pressure system which reflects the intensity and location of the North Pacific storm track as well as the
stationary wave pattern (Overland et al., 1999; Rodionov et al., 2007). Storms entering the Gulf of Alaska
outnumber storms in the Bering Sea, which is considered a secondary storm track (Bieniek et al., 2011;
Whittaker & Horn, 1984). In spring and summer, the Aleutian Low weakens and the storm track shifts
northward (Fleming et al., 2000; Whittaker & Horn, 1984). Storm counts in the Gulf of Alaska and Bering
Sea are relatively equivalent, although lower in both regions than in winter (Bieniek et al., 2011). Wetter
summers in the interior occur when air is transported from the southwest rather than the south and
southeast where the coastal topography contributes to moisture depletion (Streten, 1974). Summertime
convection also contributes to precipitation in the interior (Fleming et al., 2000; Streten, 1974). This
spatial and seasonal heterogeneity in precipitation determines how paleo-proxies preserve various climate
phenomena.

Ice core-derived accumulation and sodium (Na™) records have been extensively investigated as indicators of
North and Tropical Pacific climate variability (Moore et al., 2001, Moore, Alverson, et al., 2002, Moore,
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Holdsworth, et al., 2002, 2003; Rupper et al., 2004), meridional flow over the Gulf of Alaska (Kelsey et al.,
2012), and strength of the Aleutian Low (Osterberg et al., 2014, 2017; Winski et al., 2017). Accumulation from
the Mt. Logan ice core has been tied to local large-scale climate oscillators like the Pacific Decadal Oscillation
(Moore, Alverson, et al., 2002, Moore, Holdsworth, et al., 2002) and tropical variability associated with the El
Nifio-Southern Oscillation (Moore et al., 2001, 2003). However, the connection between Mt. Logan accumu-
lation and atmospheric circulation is only discernible in winters with high accumulation (Rupper et al.,
2004). Accumulation on Eclipse Dome increases with strong southerly flow over the region (Kelsey et al.,
2012). In the central interior of Alaska, an ice core from Mt. Hunter has exhibited increased accumulation
since ~1840 CE, which has been attributed to a strengthening of the Aleutian Low (Winski et al., 2017).
Likewise, Na™ records from Mt. Hunter and Mt. Logan have been used to reconstruct Aleutian Low variabil-
ity (Osterberg et al., 2014, 2017) such that increased storminess from a stronger Aleutian Low transports
more sea salt to both ice core sites.

The stable isotopic composition (8'%0) of ice typically serves as a first-order proxy for temperature, particu-
larly in the polar regions (Dansgaard, 1954, 1964; Johnsen et al., 1972). However, the "0 records from the
aforementioned cores and other paleo-isotope records from this region exhibit little consistency (Kaufman
et al., 2016). Characteristics of §'%0 in this region vary greatly with elevation (Holdsworth et al., 1991),
and the complex mountainous topography has been shown to influence §'®0 in precipitation (Bailey
et al., 2019). Due to its high elevation (5,340 m above sea level, masl), 880 from the Mt. Logan core is more
closely associated with moisture source characteristics than local temperature (Fisher et al., 2004, 2008) simi-
lar to observations from Mt. Wrangell (Moore et al., 2016). Depleted 8'%0 on Mt. Logan indicates southerly
advection of moisture from more distant sources including the Tropics especially during an El Nifio event,
while enriched 8'%0 indicates more zonal flow and local moisture sources (Fisher et al., 2004, 2008). The
Eclipse (3,017 masl) 8180 record, however, provides a stronger indicator of local temperature than Mt.
Logan 8180 (Wake et al., 2002), such that extremely enriched (depleted) 5'%0 on Eclipse occurs when warm
southerly flow increases (decreases; Kelsey et al., 2012). Modeling and observational studies also suggest iso-
topic enrichment with enhanced southerly flow due to a strengthened Aleutian Low (Bailey et al., 2015; Field
et al., 2010).

The contradictory nature of these §'®0 interpretations suggests that although each paleorecord may offer a
unique view on local, regional, or global climate variability, caution should be employed in multiproxy com-
posite paleo-reconstructions of climate in this region until the individual records have been thoroughly
explored and better understood. In 2002, the Bona-Churchill (B-C) ice core was drilled to bedrock
(460.96 m) from the col between Mt. Bona and Mt. Churchill (61.4°N; 141.7°W; 4,420 masl) in the
Wrangell-St. Elias Mountain Range in southeastern Alaska (Figure 1). On the col, the 10-m borehole tem-
perature was —23 °C which approximates the average annual temperature (Cuffey & Paterson, 2010), and
only a few very thin (~1 mm) melt layers were observed throughout the core (Text S1). The average annual
layer thickness is 1.38 m water equivalent (w.e.) from 1971 to 2000 CE, the standard climatological mean per-
iod. The B-C site is ~150 km northwest of the Mt. Logan and Eclipse ice core drill sites; however, the elevation
of the B-C site (4,420 masl) is between those of Mt. Logan and Eclipse. Here we present the B-C §'®0 record
over the last 800 years and explore the primary mechanisms influencing 8'®0 on this intermediate
elevation icefield.

2. Data and Methods
2.1. Bona-Churchill Ice Core

The entire length of the B-C core was cut into three sets of 12,161 discrete, coregistered samples that were
analyzed for the concentration and size distribution of insoluble dust particles, the oxygen (8**0) and hydro-
gen (8D) isotopic composition, and the concentrations of major anions and cations preserved in the ice (see
Text S1 for analytical details). To facilitate identification of a seasonally varying constituent (e.g., dust con-
centration), 10 to 15 samples are typically cut from the average annual layer thickness. As the annual layers
thin with depth in the core, the sample lengths are reduced accordingly. For the upper 10 m of the B-C core
the average sample size was 0.115 m, which was slowly reduced to 0.016 m for the bottom 30 m of the core
(Text S1). Individual years were delineated by annual dust peaks which generally occur in spring, such that
the annual layer roughly approximates the thermal year (July-June). Above 100 m in the core, the annual
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Figure 2. Timescale development for B-C ice core. Individual sample values for insoluble dust concentration and 80 are
shown along with beta radioactivity, reflecting 137¢s and *°Sr concentrations, and the abundance of tritium (3H) in the ice
core section from 60 to 90 m depth that is dated from 1955 to 1974 CE (asterisks represent annual demarcations) using only
seasonal variations in dust content. Tritium measurements were made by Ulrich Schotterer at the University of Bern,
Switzerland. Annual average 8'80 for the upper 400 meters used in this study are shown in Figure S3.

average 880 values were determined using the annual layers delineated solely by the dust peaks as the 80
profile exhibits subannual variations that likely reflect preservation of individual precipitation events
(Figure 2). During the densification process, snow is metamorphosed into firn and eventually into ice, and
concomitantly diffusional smoothing reduces or removes high-frequency variations which often make the
annual §'®0 signal more discernible (Figure S1). However, diffusion can also introduce artifacts that may
be misinterpreted as annual signals and over time the true annual variations are typically diminished and
eventually may disappear at greater depths (Johnsen, 1977; Johnsen et al., 2000). The diffusion length for
a site is the maximum distance that a water molecule has moved from its original stratigraphic position
and depends primarily on the accumulation rate and the temperature and density profiles (Laepple et al.,
2018). For B-C the estimated diffusion length of 0.10 to 0.15 m w.e. is much smaller than the average
annual layer thickness (1.38 m w.e. or ~2.13 m of snow), which is comparable to ~13 cm determined for
the Renland ice cap in east Greenland (Holme et al., 2019). Thus, the effect of diffusional smoothing of
8'80 over much of the B-C ice core is primarily to reduce subannual variability so that using the annual
signal in 8'®0 for intermittent dating support only when the annual dust signal is questionable is
acceptable (Text S1). Fortunately the annual layer counting upon which most of the B-C core dating to
1200 CE relies is highly dependent on the insoluble dust, which is a non-diffused parameter.
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The most elevated concentrations of gross beta radioactivity, reflecting concentrations of 137cg and 9OSr, and
concentrations of tritium (°H) from atmospheric thermonuclear testing arrived in Greenland snowfall in
1963 (Koide et al., 1982; Mosley-Thompson et al., 2001) and are detected in the B-C core at ~78 m
(Figure 2), in agreement with annual layer counting which has been effectively used for high accumulation
(Goodwin et al., 2016) and low accumulation sites (Rasmussen et al., 2006). Six additional time-stratigraphic
volcanic markers extending back to 1170 CE (Figures S1 and S2) were identified including the Tambora (Dai
et al., 1991), Laki (Clausen et al., 1997), Huaynaputina (de Silva & Zielinski, 1998; Zielinski, 1995), Katla
(Mosley-Thompson et al., 2001; Sigl et al., 2015), and possible local, high-latitude eruptions (Clausen et al.,
1995; Fisher et al., 2004) which are discussed in more detail in the supporting information. The bottom ice
may exceed 1,500 years in age (Urmann, 2009), but this has yet to be confirmed by radiometric dating, geo-
chemical analyses, or the identification of other time-stratigraphic markers in the lowest 60 m of the core.
Thus, the isotopic data discussed in this paper are restricted to those post-dating 1200 CE for which the dat-
ing uncertainty ranges from a few to a maximum of 9 years (Text S1).

2.2. Observational Data

Monthly temperature data from meteorological stations around Alaska were obtained from the Global
Historical Climatology Network Version 3 (Menne et al., 2012). Eight stations around the Gulf of Alaska
were chosen based on their proximity to the B-C site, and three stations were chosen further to the west
(Figure 1 and Table S1). For station selection, the length and quality of their temperature records were con-
sidered. Annual average station temperatures were computed for thermal years (July-June) to coincide with
annual layer delineations based on the spring dust peaks in the B-C core. Correlation coefficients were com-
puted between annual B-C §'%0 and both annual and seasonal temperatures for each station. The individual
station data were then averaged to create local and western Alaska temperature composites.

In the Bering Strait (Figure 1), the monthly near-bottom water temperatures from the A3 mooring are avail-
able from late-1990 to mid-2016 (Woodgate, 2018); however, several years of data are missing prior to 1998.
To supplement some of these missing data, temperature measurements from the A2 mooring are used.
Monthly A2 data are available from late-1990 to late-2003 (Woodgate et al., 2005). The A2 data were standar-
dized and then recalibrated with the mean and standard deviation of the A3 data. For the 1990 to 2003 per-
iod, the A3 and recalibrated A2 data were averaged. After 2003, the mooring data are solely from A3.
Correlation coefficients in this study are calculated using the combined A2/A3 mooring data. Although
the magnitudes of the correlations are similar regardless of whether the A2 data are incorporated into the
analysis, the statistical results are more robust given the additional degrees of freedom. Western Arctic sea
ice area is determined from satellite passive-microwave data and defined as the total area across the East
Siberian, Chukchi, and Bering Seas as delineated by the Goddard Space Flight Center through the
National Snow and Ice Data Center (NSIDC; Fetterer et al., 2017).

2.3. Reanalysis and Modeled Data

Gridded datasets used in this study include the 20th Century Reanalysis (Compo et al., 2011) and NOAA's
extended reconstructed sea surface temperatures version 4 (ERSSTv4; Huang et al., 2015, 2016; Liu et al.,
2015). NOAA's Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Rolph et al.,
2017; Stein et al., 2015) is used to compute back trajectories from the B-C site. For the trajectory analysis,
the North American Regional Reanalysis (NARR; Mesinger et al., 2006) was used for its high resolution
(32 km) in this mountainous region. Two day (48 h) back trajectories were performed daily over the 1979-
2001 period and were initiated at 4,700 m above sea level. Frequencies were calculated by applying a
2° % 2° grid over the region and counting the number of trajectories that passed through each grid cell as
a percentage of the total number of trajectories.

Isotope-enabled models have been used to further interpret paleo-proxy records of 8'*0 from ice cores in the
Andes (Hurley et al., 2016) and Greenland (Masson-Delmotte et al., 2015; Sjolte et al., 2011; Steen-Larsen
et al., 2011, 2017) and proxies recovered from various locations such as the tropical Pacific (Conroy et al.,
2013) and the Indian monsoon region (Midhun & Ramesh, 2016). We utilize nine simulations from six gen-
eral circulation models provided by the Stable Water Isotope Intercomparison Group phase 2 project (Kurita
et al.,, 2011; Lee et al., 2007; Risi et al., 2010, 2012; Schmidt et al., 2007; Sime et al., 2008; Yoshimura et al.,
2008). Model metadata are included in Table S2. Three simulations have dynamical variables that were
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Figure 3. Time series of (a) 30-yr average Arctic-wide temperature anomalies (McKay & Kaufman, 2014), 41-yr running
means of 520 on (b) Mt. Logan (Osterberg et al., 2014) and (c) B-C, and (d) Chukchi Sea ice duration as reconstructed
from the 92-B5 sediment core (de Vernal et al., 2008). Note the sea ice cover axis is reversed.

adjusted or “nudged” toward reanalyses, but each model also has a free-running component. Total column
180 rather than 8"®0 of precipitation is used here for comparison with B-C §'%0 due to the spatial heteroge-
neity of precipitation in this mountainous region and the relatively low resolution of the isotope-enabled
general circulation models.

3. Results

The 800-year B-C 8'®0 record is presented here and is compared with other Arctic and North American
paleoclimate proxies (Figure 3) including an Arctic-wide temperature reconstruction, the Mt. Logan ice core
for which 880 data are available over the last millennium, and a high-resolution sediment core from the
Chukchi Sea. Arctic-wide temperature anomalies are dominated by a gradual cooling trend from 1200 to
1800 CE, then a sharp increasing trend after 1800 CE (McKay & Kaufman, 2014; PAGES 2 k Consortium,
2013). The 8'®0 records from Mt. Logan and B-C share almost no similarities with this Arctic-wide pattern.
These differences could arise from regional variability, as many of the proxies used in the Arctic temperature
reconstruction are from northeast Canada and Greenland (McKay & Kaufman, 2014). Most notably, how-
ever, neither ice core record exhibits substantial 20th century warming, which is prevalent in the Arctic-wide
temperature series and is also a common trait among several tree ring-derived temperature reconstructions
(Anchukaitis et al., 2013; Porter et al., 2013; Szeicz & MacDonald, 1995; Wilson et al., 2007) from northwes-
tern North America (Figure S4), which suggests that 8'®0 in the Mt. Logan and B-C cores is not strongly
related to local temperature.

The low frequency 8'0 records from Mt. Logan and B-C show some interesting patterns (Figures 3b and 3c).
Ostensibly, the two records appear to be very different. The most prominent feature in the Mt. Logan §'*0
record is the ~5%o shift toward depleted values between 1800 and 1860 CE attributed to a switch from
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local to further afield moisture sources (Fisher et al., 2004, 2008). No comparable, abrupt shift is discernible
in the B-C 8"0 record, although both §'®0 records show reduced variability in the past ~150 years. Prior to
1800 CE, both ice core records show prolonged 5'®0 enrichment during the Little Ice Age (LIA; ~1400~
1850 CE), although their multidecadal scale variability is quite different. Fisher et al. (2004, 2008) concluded
that Mt. Logan 880 is more enriched during the LIA because precipitation at that time originated from a
local source and thus experienced less fractionation.

Although B-C §'®0 shows little resemblance to Arctic-wide temperatures or the neighboring Mt. Logan 8**0
record, the B-C data are supported by a high-resolution record of sea ice duration (de Vernal et al., 2008) from
a sediment core in the Chukchi Sea (Figure 3d). The ~50-cm long marine sediment core 92-B5 was retrieved
from the western Arctic in the Chukchi Sea (Figure 1) where high sedimentation rates are determined from
219pp measurements (de Vernal et al., 2008). Sea ice cover determines the amount of light penetration, and
hence photosynthesis, in the upper ocean. Thus, biogenic markers, such as dinoflagellate cysts, are useful for
sea ice reconstruction as their lifecycle depends on the duration of ice-free conditions. Transfer functions
were used to reconstruct a ~670-year record of past sea ice duration in months per year for which sea ice con-
centration exceeds 50% (de Vernal et al., 2008).

The relationship between this sediment proxy record and B-C §'®0 over the last 670 years is remarkable
(r = —0.80, p < .001), as determined by correlating the 42 discrete sediment core measurements, indicated
by markers in Figure 3d, and the corresponding years in the smoothed B-C 8'®0 record (Figure 3c). Prior
to ~1500 CE, the Chukchi Sea sediment core appears to lag behind the B-C §*®0 record by <50 years, which
likely reflects radiometric dating errors for the sediment core versus the smaller dating uncertainty for the B-
C ice core dated by annual layer counting with an estimated uncertainty of 9 years or less at 1170 CE (Text
S1). The sediment record and the B-C and Mt. Logan 80 records suggest that sea ice duration in the western
Arctic has been relatively stable over the last 200 years.

The similarities and differences among these paleorecords raise several questions which will be explored
in the following sections. First, are there physical mechanisms that can explain the close connection
between B-C 8'%0 and climate and sea ice variability in the western Arctic? Second, how might these
mechanisms explain the 8180 enrichment and sea ice reduction during the LIA? Third, what are some
possible reasons why the 80 records from the neighboring B-C and Mt. Logan drill sites are
so different?

3.1. Physical Mechanisms Linking the B-C Site to the Western Arctic

The dissimilarities between B-C 8*%0 and temperature reconstructions from tree rings around northwestern
North America (Figure S4) suggest that B-C 5'0 does not reflect local temperature. To further investigate
the relationship between §'%0 and temperature, meteorological station data (Figure 1 and Table S1) have
been composited into local and western Alaska temperature series and correlated with B-C 8'®0 (correla-
tions with individual station temperatures are given in Table S3). B-C 8'*0 shows little coherence with the
local meteorological station annual temperature composite (Figure 4a). Correlations between annual B-C
880 and local seasonal temperature composites are given in Table S4, and the coefficients are generally
weak and/or negative. These stations are relatively low elevation (Table S1) compared to the B-C site, which
may explain some of the disparity. However, B-C 8'®0 is more similar to station temperatures composited
across western Alaska during the spring season (Figure 4b and Table S5). For the western station composite,
seasonal correlations with B-C §'%0 were strongest in the spring (AMJ) and summer (JAS; Table S5). The cor-
relation between the AMJ western temperature composite and B-C §'0 is somewhat low (r = 0.27, p = .01),
however, this coefficient increases considerably after 1950 (r = 0.45; Table S5). This is explained by the diver-
gence at ~1940 CE when temperatures were well above average due to a strong, prolonged El Nifio event
(Brénniman et al., 2004) and B-C §'®0 was substantially depleted (Figure 4b). When the few years around
this event (1935-1945) are removed from the analysis, the correlation coefficient increases to 0.50. Thus,
the relationships among the B-C "0 record and meteorological station temperatures reveal a climatic con-
nection between the B-C site and western Alaska. This connection appears strongest in spring when the pri-
mary storm track is shifting northward toward the Bering Sea, which may serve as an additional moisture
source region.
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Figure 4. 3-yr running means of annual average B-C 520 (gray) and the (a) local and (b) western station temperature
composites (black). Note the western station temperature composite is for spring (AMJ). Correlation coefficients for
individual stations and the remaining seasons are included in Tables S3-S5.

Back trajectories with NOAA's HYSPLIT model were determined for the B-C site to further explore possible
moisture source regions. Without automatic weather station data at the B-C site, it is difficult to ascertain the
precise timing of precipitation events. Thus, trajectories are constrained to both precipitating and nonpreci-
pitating air masses. Trajectory frequencies tend to show air masses approaching the B-C site from the Gulf of
Alaska (not shown). To determine how different trajectories influence the isotopic record, we delineate tra-
jectories based on years of high and low B-C 8'®0. Figure 5 shows the difference in the spring trajectory fre-
quencies between the five most isotopically enriched and five most isotopically depleted years in the B-C
core. Air masses approaching from the west and southwest are enriched in §'%0 while air masses from the
south and southeast are depleted. The other seasons exhibit a similar pattern of enriched §'®0 air masses
from the west and/or southwest with the exception of autumn (OND) where this pattern is reversed
(Figure S5). Fisher et al. (2004) argue that enriched 5'®0 on Mt. Logan occurs when moisture originates from
more local, rather than distant, sources and is associated with zonal flow. Observations discussed by Bailey
et al. (2019) indicate that 5'%0 in precipitation over Anchorage is enriched when storms approach from the
west and southwest due to fewer topographical barriers and associated rainout. Storms more commonly
approach from the west during the spring season (Bailey et al., 2019), which partially explains why western
station temperatures were most strongly correlated to B-C §'%0 during spring (Figure 4b and Table S5).
Isotopes at B-C are similarly enriched when storms approach from the west or southwest, but whether this
is explained by the original moisture source characteristics, topography, or a combination of these factors has
yet to be determined.

The location and intensity of the North Pacific storm track is characterized by the Aleutian Low. A stronger
Aleutian Low shifts slightly eastward and is accompanied by strong southerly flow of warm, moist air into
the Gulf of Alaska and northerly flow over the Bering Sea on the backside of the Low (Rodionov et al.,
2007). The warm, moist air flowing into the Gulf of Alaska transports enriched isotopes into the region
according to 8'®0 precipitation observations (Bailey et al., 2015) and model results (Field et al., 2010). A
weaker Aleutian Low often shifts westward directing storms into the Bering Sea, but may also split into
two low pressure centers, one near Kamchatka and the other in the Gulf of Alaska (Rodionov et al., 2007).
The strength and position of the Aleutian Low have been shown to influence temperature and precipitation
in Alaska (Mock et al., 1998). Several large-scale climate oscillations that influence or describe the strength of
the Aleutian Low include the Pacific Decadal Oscillation, North Pacific Index, Pacific-North American
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Figure 5. The difference in spring (AMJ) back trajectory frequencies between the five most enriched (highest) and five
most depleted (lowest) years of B-C 8'80 for the 1979-2001 CE period. Results for each season are provided in the sup-
porting information (Figure S5).

pattern, and Arctic Oscillation. B-C 80 is not significantly correlated to any of these indices; thus its direct
connection with the Aleutian Low strength is difficult to ascertain, especially as paleo-indicators of Aleutian
Low strength are contradictory (Bailey et al., 2015; Kaufman et al., 2016).

During spring, B-C 8'%0 is related to meridional flow over the Bering Sea and the Gulf of Alaska (Figure 6a),
although the relationships are reversed. Southerly flow over the Bering Sea (Gulf of Alaska) coincides with
enriched (depleted) 8'®0 at the B-C site. This pattern is apparent in the annual signal but is strongest in win-
ter and spring (Figure S6). Enriched B-C 80 also coincides with higher springtime sea surface temperatures
(SSTs) through the Bering Strait (Figure 6b) and lower SSTs in the Gulf of Alaska. These two features,
although correlatively weak, are discernible among the seasons (Figure S7). The inflow of warm air and
water to the Bering Sea in spring strongly influences the onset of seasonal sea ice retreat (Serreze et al.,
2016; Woodgate et al., 2010). This is demonstrated by near-bottom water temperatures in the Bering Strait,
as measured by the A2 and A3 moorings (Woodgate, 2018), which are most strongly related to western
Arctic sea ice area in spring (AMJ; r = —0.725, p < .001; Figure 6c and Table S6) when sea ice decays.

Enriched B-C §'®0 coincides with reduced sea ice area in the western Arctic (Figure 6d; r = —0.458, p = .028)
that accompanies enhanced springtime meridional flow in the Bering Sea. This relationship is only signifi-
cant in spring (Table S6). Thus, enriched B-C §'®0 reflects warmer waters in the Bering Strait and reduced
sea ice area throughout the western Arctic. Woodgate (2018) reports that annual mooring temperatures shar-
ply increase after 2001, which coincides with an accelerating decline in late summer/early autumn sea ice
area in the western Arctic due to warming waters in the western and central North Pacific, enhanced pole-
ward moisture transport, and resulting feedback mechanisms (Lee et al., 2017). Springtime sea ice extent
may also be declining more quickly as evidenced by the notably low extent in the Bering Sea during the
2018 and 2019 seasons (NSIDC, 2019).

Observational evidence from meteorological stations, Bering Strait moorings, and satellites suggests that the
connection between B-C 8'®0 and the western Arctic climate is strongest in spring. This is a surprising find-
ing as storm tracks tend to be strongest in winter and stations in the Alaska interior near the B-C site receive
the bulk of their precipitation in summer (Bieniek et al., 2012). Recent studies have focused on the
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Figure 6. Spatial correlations between B-C 580 and (a) 1000 hPa meridional wind (V) from 20th Century Reanalysis
(Compo et al., 2011) and (b) SSTs from NOAA's extended reconstructed sea surface temperatures (Huang et al., 2015,
2016; Liu et al., 2015) for spring (AMJ) 1979-2001 CE. Stippling indicates 95% significance. Stars indicate the B-C site, A2/
A3 moorings, and sediment core (92-B5) location. Correlations for the other seasons are provided in the supporting
information (Figures S6 and S7). (c,d) Time series of AMJ western Arctic sea ice area (blue), AMJ A2 and A3 mooring
temperatures (red; Woodgate, 2018), and annual B-C 580 (green). Note that the sea ice area axis is inverted. Asterisks
denote the warm (1996) and cold (1999) scenarios discussed in the text.

springtime dynamics in the western Arctic, including the influence of the Aleutian Low on Bering Strait
inflow and Alaska snowmelt (Cox et al., 2019) and the influence of clouds on sea ice extent (Huang et al.,
2019). Focusing on two of the extremes, the spring of 1996 demonstrates a warm scenario wherein B-C
8180 is enriched, sea ice area is reduced, and Bering Strait waters are warmer; while the spring of 1999
represents the colder counterpart (asterisks in Figures 6¢ and 6d). The 1996 temperature anomalies from
the preceding winter (Figure S8a) indicate a scenario reminiscent of the warm Arctic/cold continents
pattern which typically accompanies reduced sea ice in the Arctic (Cohen et al., 2013; Overland et al.,
2011). Cohen et al. (2012) determined that warmer Arctic summers and reduced Arctic sea ice increase
moisture availability and hence snow cover over Eurasia. This increase in snow cover can weaken the
polar vortex thereby initiating cold air outbreaks over the mid-latitudes. A northwesterly displaced storm
track would likely accompany this pattern, suggesting that more storms from the west would influence
the B-C site, thereby enriching 5'®0. The temperature anomalies for the winter of 1999 (Figure S8b)
indicate warmer continents, especially North America and Europe, while the western Arctic is colder than
average. Thus, climate signals recorded in the B-C ice core may not be consistent with other Northern
Hemisphere continental records as these signals would vary depending on the trough-ridge structure of
atmospheric waves.

3.2. Reduction of Sea Ice Duration and §'®0 Enrichment During much of the LIA

According to 20th century observations, B-C 8'%0 is linked to western Arctic sea ice through changes in the
storm track and resulting inflow through the Bering Strait. Enriched 8'%0 at B-C and Mt. Logan and reduced
sea ice duration are evident from 1400 to 1850 CE (i.e., the LIA; Figure 3). Assuming these relationships are
stationary over the paleorecord, then, the enriched 8180 and reduced sea ice cover during much of the LIA
suggest a northward shifted storm track and increased southerly flow in the Bering Sea. With reduced sea ice
in the Bering Sea, the storm track likely shifted northwestward to follow the margin of baroclinicity as
reduced arctic sea ice is associated with weaker westerlies and less intense storms north of 45°N
(Budikova, 2009). Likewise, Arctic amplification has been speculatively linked to reduced westerly winds
as the temperature gradient between the Arctic and mid-latitudes weakens (Francis & Vavrus, 2012). This
would likely result in a weaker storm track, possibly shifting northward as is typical during the winter to
spring transition.
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Figure 7. Twentieth century ice core 880 records from northwestern North America. Average 830 from (a) B-C, (b) Mt.
Logan (Holdsworth et al., 1992; Moore, Holdsworth, et al., 2002), and (c) Eclipse ice core (Wake et al., 2002), and N a’ from
(d) Mt. Hunter ice core (Osterberg et al., 2017). No isotope data are available from the Mt. Hunter core as of the date of
submission. Annual averages (gray) and 3-yr running means (black) are shown.

On larger spatial scales, LIA climate signatures are not particularly synchronous or uniform (Jones & Mann,
2004). Yet, reduced sea ice cover and warmer conditions during the LIA have been observed Arctic-wide
(Kinnard et al., 2011), in the Fram Strait (Bonnet et al., 2010), in Baffin Bay (Hughen et al., 2000), and over
the Beaufort Sea (Richerol et al., 2008), although the timing varies slightly among these proxies. Modeling
studies also indicate warmer conditions in the North Pacific (Shindell et al., 2001). This Arctic warmth dur-
ing the LIA could indicate a prolonged period of the warm Arctic/cold continents pattern (Cohen et al., 2013;
Overland et al., 2011) as was observed in the winter of 1996 CE (Figure S8a), which preceded warmer spring
conditions in the western Arctic. A prolonged warm Arctic/cold continents pattern would create colder con-
ditions over much of North America and Europe where paleorecords exhibit a more well-defined LIA cold
period (Jones & Mann, 2004; Shindell et al., 2001). Thus, the dissimilarity between the warmer LIA in the
western Arctic records and colder LIA evident in northern mid-latitude records likely depends on the pre-
vailing trough-ridge structure of atmospheric waves.

Temperature reconstructions from tree ring records in this region generally indicate cooler LIA conditions
with only brief warm excursions during the 16th and late 18th centuries (Figure S4). Glacier advances also
occurred in southern Alaska due to lower summer temperatures during the LIA (Barclay et al., 1999; Davi
et al., 2003; Wiles et al., 2004). A northwardly displaced storm track would increase storms through the
Bering Sea and decrease storm frequency in the Gulf of Alaska. Storms entering the Gulf of Alaska and
southern Alaska bring warm, maritime air to the region, thus if these storms were less frequent, colder
and drier conditions would be expected in southern Alaska. A northward shift in the storm track is supported
by lake records in the Alaskan interior which show increased moisture availability for Farewell Lake (Hu
et al., 2001) in the western interior and lower lake levels at Grizzly Lake (Tinner et al., 2008) in the southeast-
ern interior. Colder and wetter conditions in the Alaskan interior are also linked to westerly flow across the
Bering Sea (Mock et al., 1998), which would be expected with a weaker Aleutian Low. This resulting zonal
flow would enrich §'%0 in the snow on B-C and Mt. Logan.
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Figure 8. Spring (AMJ) total column 180 from the nudged isotope-enabled General Spectral Model (IsoGSM; Yoshimura
et al., 2008) is correlated with annual (a) B-C 8180 for the 1979-2001 period and (b) Eclipse (ECL) 8180 for the 1979-1994
period. Stippling indicates 95% significance. Results for each season and for each model are provided in the supporting
information (Figures S9-S11).

The LIA enrichment of 8'%0 in both the B-C and Mt. Logan cores may also reflect changes in the season-
ality of precipitation. Over the latter half of the 20th century, both southeastern and western Alaska have
experienced increasing temperatures and increasing (decreasing) winter (summer) precipitation (Bieniek
et al., 2014; Stafford et al., 2000). Thus, assuming that this relationship is linear and persistent, decreasing
continental temperatures, such as those during the LIA, would be associated with enhanced summer and
reduced winter precipitation, thereby biasing the annual average ice core-derived 5'®0 record toward the
summer season (enriched 8'%0). LIA characteristics of the B-C accumulation record will be explored in
future work.

PORTER ET AL.

12



'AND SPACESCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2019JD031023

3.3. Dissimilarity Among Ice Core-Derived Climate Histories in This Region

Although 880 records from the B-C and Mt. Logan ice cores show some similarities such as LIA enrichment
and reduced variability in the recent ~150 years, the records are otherwise quite different (Figure 3). The
complex topography of this region creates a large degree of spatial heterogeneity among local climate para-
meters. Here 8'®0 strongly depends on elevation which determines local versus regional moisture sources
and the degree of isotopic fractionation (Fisher et al., 2004; Holdsworth et al., 1991). Several ice cores have
been retrieved from varying elevations in the Wrangell-St. Elias mountain range, and the B-C site is situated
at an intermediate elevation between the Mt. Logan and Eclipse ice core sites. The B-C §'®0 record is com-
pared with their 8'®0 records to determine the degree of spatial heterogeneity among these records. (Figure 7
and Table S7). The interannual 880 variability increases with altitude such that Mt. Logan, B-C, and Eclipse
exhibit standard deviations of 2.3%o, 1.2%0, and 0.66%o, respectively. Only Mt. Logan shows a significant
increasing trend (0.27%o per decade; p = .005) over the 20th century. B-C §*%0 is weakly correlated with both
Eclipse 8'%0 (r = 0.21, p = .04) and Mt. Logan §'®0 (r = 0.20, p = .07). Likewise, given that §'0 indicates
different climate parameters for Mt. Logan (i.e., moisture source) and Eclipse (i.e., local temperature), these
cores are also very weakly correlated (r = 0.09, p = 0.39) over the 20th century. Thus, despite their regional
proximity, these three ice core 8'®0 records exhibit noticeable dissimilarities over the 20th century likely due
to differences in their specific location, elevation, and orientation in the complex mountainous terrain.

For the 20th century, a weak negative correlation exists between B-C §'®0 and Na* from the Mt. Hunter ice
core from the interior Alaska Range (r = —0.21, p = .04; Table S7) such that isotopically depleted periods on
B-C generally correspond to periods of higher sodium (Na*) concentrations in the Mt. Hunter core (for
which 8'®0 data are not yet available). Higher Na* concentrations on Mt. Hunter are associated with a stron-
ger Aleutian Low (Osterberg et al., 2017), which suggests that B-C 8'%0 depletion is also associated with a
stronger Aleutian Low. This is similar to the Mt. Logan core which exhibits depleted isotopes when the
Aleutian Low is strong, thereby increasing southerly advection and tapping moisture sources that are further
afield (Fisher et al., 2004, 2008). If this were also the case for the B-C core, one would expect the §*%0 records
from B-C and Mt. Logan to exhibit more coherence, yet they are quite different (Figure 7). Furthermore, Mt.
Logan 580 has experienced an increasing trend over the latter part of the 20th century (0.35%0 per decade
since 1950; Figure 7) over the same period when the Aleutian Low has been deepening (Gan et al., 2017).

The B-C site is situated further inland than Mt. Logan and just north of the split between the Wrangell-Saint
Elias and Chugach mountain ranges (Figure 1). Thus, the orographic effect likely has a stronger influence on
the B-C site than on Mt. Logan. Storms from the west and southwest may be less subject to the coastal oro-
graphy thereby enriching B-C 5'80, and storms may preferentially traverse topographic lows such as the
Cook Inlet and other prominent river valleys (Bailey et al., 2019; Lachniet et al., 2016). Without automatic
weather station data or high-resolution models capable of accurately capturing the complex terrain, it is
uncertain how an individual storm system would uniquely affect each site in this region.

Simulations from isotope-enabled general circulation models (Table S2) were used to elucidate some of the
differences between the B-C ice core and the neighboring Eclipse ice core. The Mt. Logan §'®0 data end in
1987 which provides less than 10 years of overlap with the isotope-enabled models, many of which only date
back to 1979; thus, Mt. Logan was excluded from this analysis. Although we use the total column **0 rather
than precipitated *®0 as discussed in section 2.3, the models simulate **0 at the B-C site modestly well and
even significantly so when using a subset ensemble (r = 0.46, p = .03; Table S8). Results from the nudged
models show that the connection between B-C 8'®0 and the Bering Sea is strongest in spring (Figure S9),
similar to the relationships observed with station temperatures in western Alaska (Figure 4b and Table
S5) and western Arctic sea ice (Figure 6 and Table S6). In summer (JAS) when atmospheric circulation is gen-
erally weaker, correlations are strongly positive over the Gulf of Alaska, suggesting a more local influence
(Figure S9). Focusing on spring, the nudged isotope-enabled General Spectral Model (IsoGSM; Yoshimura
et al., 2008) indicates that B-C 8'%0 shows a more isolated signal over the Bering Sea while Eclipse 5'%0
shows connections with both the Bering Sea and the Gulf of Alaska (Figure 8). Thus, it is possible that the
receipt of moisture from both source regions partially masks the signal of Bering Sea climate variability in
the Eclipse 5'®0 record. For the B-C site, most of the isotope-enabled models show very little influence from
the Gulf of Alaska (Figure S10) which may partially explain why the B-C §'%0 record exhibits little common-
ality with the 80 records from the other two ice cores. Despite a large spread, the suite of models generally
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suggests that the Bering Sea may serve as a moisture source for both the B-C and Eclipse sites (Figures S10
and S11) during spring; however, the input signal from the Bering Sea should be much clearer on B-C than
on Eclipse which is additionally influenced by the Gulf of Alaska, in agreement with previous results (Fisher
et al., 2004; Kelsey et al., 2012), and possibly other further afield sources.

Isotope-enabled models, reanalysis data, and observations all demonstrate the connection between the
Bering Sea climate and B-C §'®0. Furthermore, while some isotope-enabled model simulations are nudged
to reanalysis data, the dynamics in a free-running (i.e., unnudged) model (Yoshimura et al., 2008) provide
additional support for this relationship such that modeled total column *®0 over the B-C drill site is influ-
enced by meridional winds over the Bering Sea during the spring season (Figure S12). These modeled corre-
lations indicate that the transport mechanisms in the model linking the Bering Sea **0 to the B-C site are
similar to those observed. Thus, based on post-1979 observations, the B-C §'®0 record demonstrates strong
potential to provide additional insight to western Arctic climate and sea ice variability prior to the advent
of satellite records.

4. Conclusions

The Arctic is experiencing rapid climatic and environmental changes with the potential to influence mid-
latitude weather, and hence the climate. Several high-resolution paleorecords (e.g., tree rings and ice cores)
are available from northwestern North America to better define the regional climate history and contextua-
lize the 20th century changes. Stable oxygen isotopes, usually a temperature proxy, from the B-C ice core are
only weakly related to local temperature, but show a stronger connection to station temperatures across wes-
tern Alaska. Isotope-enabled models also demonstrate that B-C §'%0 is correlated with the atmospheric **0
over the Bering Sea, primarily in the spring season. Reanalysis data and various observations including sea
ice cover, meteorological station temperatures, and Bering Strait mooring data indicate that B-C §'%0 is
related to the meridional air flow and ocean temperatures primarily over the Bering Sea, and also confirm
that this connection is stronger in the spring. Furthermore, back trajectory analysis indicates that air masses
with enriched 8'®0 typically approach B-C from the west and southwest, while air masses depleted in 8'*0
approach from the south and southeast. Whether these depleted air masses originate from further afield
sources or result from a stronger orographic effect remains uncertain. We posit that the microclimate
induced by location, elevation, and orientation in this complex mountainous terrain plays a larger role given
the noticeable dissimilarities among ice core 8'®0 records from this region over the 20th century.
Nevertheless, multiple lines of evidence suggest that B-C 8'%0 is linked with the western Arctic climate,
and that variability in the meridional flow and water temperature in the Bering Sea influences the heat flux
into the Arctic, which in turn affects sea ice cover in the western Arctic.

The high resolution B-C 8'®0 record provides a rare and valuable history of climate variability in the western
Arctic and especially of sea ice cover over the last millennium. Its veracity is supported by a 670-year record
of sea ice cover extracted from a marine sediment core in the Chukchi Sea. A prominent feature of the B-C
880 record is the enriched 80 from ~1400 to 1850 CE, contemporaneous with much of the LIA, which sug-
gests warmer conditions and reduced sea ice cover in the western Arctic. This may be related to the warm
Arctic/cold continents pattern which initiates cold air outbreaks over the mid-latitudes when the polar vor-
tex weakens under warmer Arctic conditions. A northwesterly displaced storm track would likely accom-
pany this pattern suggesting that more storms from the west would influence the B-C site, thereby
enriching 8'®0. Seasonality of precipitation may also play a role in this LIA enrichment of B-C §'%0.
Overall, the 800-year B-C 8'0 record provides a high-resolution history of climate variability and sea ice
cover in the western Arctic region. The remaining ~60 m of the B-C core have been analyzed for §'%0, and
when a robust time scale is established, these data should offer the potential for an even longer record of
regional sea ice cover.
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