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Lake sediment oxygen isotope records (calcium carbonate-δ18O) in thewesternNorthAmerican Cordillera devel-
oped during the past decade provide substantial evidence of Pacific ocean–atmosphere forcing of hydroclimatic
variability during the Holocene. Herewe present an overview of 18 lake sediment δ18O records alongwith a new
compilation of lake water δ18O and δ2H that are used to characterize lake sediment sensitivity to precipitation-
δ18O in contrast to fractionation by evaporation. Of the 18 records, 14 have substantial sensitivity to evaporation.
Two records reflect precipitation-δ18O since the middle Holocene, Jellybean and Bison Lakes, and are geograph-
ically positioned in the northern and southern regions of the study area. Their comparative analysis indicates a
sequence of time-varying north–south precipitation-δ18O patterns that is evidence for a highly non-stationary in-
fluence by Pacific ocean–atmosphere processes on the hydroclimate of western North America. These observa-
tions are discussed within the context of previous research on North Pacific precipitation-δ18O based on
empirical and modeling methods. The Jellybean and Bison Lake records indicate that a prominent
precipitation-δ18O dipole (enriched-north and depleted-south) was sustained between ~3.5 and 1.5 ka, which
contrasts with earlier Holocene patterns, and appears to indicate the onset of a dominant tropical control on
North Pacific ocean–atmosphere dynamics. This remains the state of the system today. Higher frequency rever-
sals of the north–south precipitation-δ18O dipole between ~2.5 and 1.5 ka, and during the Medieval Climate
Anomaly and the Little Ice Age, also suggest more varieties of Pacific ocean–atmosphere modes than a single Pa-
cific Decadal Oscillation (PDO) type analogue. Results indicate that further investigation of precipitation-δ18O
patterns on short (observational) and long (Holocene) time scales is needed to improve our understanding of
the processes that drive regional precipitation-δ18O responses to Pacific ocean–atmosphere variability, which
in turn, will lead to a better understanding of internal Pacific ocean–atmosphere variability and its response to
external climate forcing mechanisms.
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1. Introduction

North American Rocky Mountain winter precipitation, principally
stored as snowpack, is the primary water resource for the surrounding
semiarid regions (Wise, 2012). North American precipitation patterns
and corresponding snowpack distributions reflect synoptic scale winter
storm tracks and the upper level atmospheric flow (Changnon et al.,
1993; L'Heureux et al., 2004; Shinker and Bartlein, 2009; Miyasaka
et al., 2014). Significant snowpack variance is explained by ocean–
atmosphere climate modes, which are internal to the climate system
and operate on interannual to multi-decadal times-scales, such as the
El Niño Southern Oscillation (ENSO) and the Pacific Decadal Oscillation
(PDO) (Dettinger et al., 1998; Cayan et al., 1998; Brown and Comrie,
2004;Mote, 2006; Brown, 2011; Pederson et al., 2011). Changing atmo-
spheric flow provides a potential mechanistic explanation for correla-
tions between precipitation distributions (both spatial and temporal)
and internal climate modes such as ENSO and PDO.

The role and significance of internal ocean–atmosphere climate var-
iability, and its responses to external forcing mechanisms, such as
changes in Earth's orbital configuration, volcanism, and anthropogenic
activity, are prominently featured in questions about the future of
water resources in western North America (Pederson et al., 2013;
McCabe and Wolock, 2009; Wise, 2010; Byrne et al., 1999; Clark et al.,
2001; Salathé, 2006; Hoerling et al., 2010; Abatzoglou, 2011). However,
application ofmulti-decadal climate mode concepts is complex because
such atmospheric behavior emerges in the climate system even in the
absence of external forcing and thereby comprises background climate
variability, or noise, which is inherently stochastic (Alexander, 2010;
Schneider and Cornuelle, 2005; Overland et al., 2008).

Estimates of future responses of western North American water re-
sources to anthropogenic warming are provided by General Circulation
Models (GCMs) (Barnett andPierce, 2009; Seager et al., 2007). GCMs ac-
curately capturemany aspects of the climate system, including the glob-
al response to external forcing, whichprovide important insight into the
dynamics associated with past and future climate change. However,
many GCMs consistently appear to either suppress or inaccurately rep-
resent internal ocean–atmosphere variability and should not be exclu-
sively relied upon to investigate future climate change scenarios for
regions that are strongly influenced by internal climate modes such as
western North America (Alder and Hostetler, 2014; Bartlein et al.,
2014; Collins, 2005; Deser et al., 2012; Harrison et al., 2014, 2015;
Schmidt et al., 2005; Sun, 2010).

Holocene climate proxy records provide abundant evidence for
changes in internal ocean–atmosphere climate variability related to ex-
ternal forcing (e.g., Cobb et al., 2013; Koutavas and Joanides, 2012; Li
et al., 2011; Moy et al., 2002). Here we review evidence that internal
ocean–atmosphere climate variability affects hydroclimate in western
North America in response to external forcing from spatially distributed
lake isotope records (carbonate-δ18O) with an emphasis on the records
that reflect the oxygen isotope composition of precipitation (precipita-
tion-δ18O). Such records provide insight on past changes in atmospheric
flow, moisture source areas, rainout efficiency, and the temperature of
condensation (Ingraham, 1998; Darling et al., 2006). We propose that
with a process-based understanding of regional climate controls on
precipitation-δ18O, inferred precipitation patterns and corresponding
atmospheric flow from spatially distributed precipitation-δ18O
paleorecords will elucidate the changing influence of North Pacific
ocean–atmosphere variability on Rocky Mountain snowpack on multi-
decadal to millennial time scales.

To achieve our objectives, we evaluate 18 lake carbonate-δ18O re-
cordswithin the greaterwesternNorthAmerican Cordillera fromAlaska
to Colorado (Fig. 1). Our evaluation is based on a compilation of lake
water isotope values (δ18O and δ2H) that provide a framework for
understanding the δ18O relationships between lake-sediment carbonate
(endogenic calcite and aragonite), lake water, and precipitation. This
allows us to characterize each of the lake carbonate-δ18O records as
an “isometer” of the climate processes that control precipitation,
precipitation minus evaporation (P − E), or a mixture of both. We
then use the Holocene precipitation-δ18O records to examine north–
south precipitation-δ18O patterns on multi-decadal to millennial time-
scales. From this comparative analysis we consider how internal Pacific
ocean–atmosphere modes varied throughout the Holocene and influ-
enced hydroclimate in the western North American Cordillera in
relation to external forcing by solar insolation. This comparison necessi-
tates a review of previous research on precipitation-δ18O in the North
Pacific and Gulf of Alaska region.

2. Lake water-δ18O and carbonate-δ18O
We focus this analysis on the interior Rocky Mountain region

where there are strong continental rainout fractionation effects on
precipitation-δ18O (Winnick et al., 2014). The lake carbonate-δ18O
records are distributed from northern Alaska (~68°N) to southern
Colorado (~37°N), and we also include a discussion of the Mount
Logan ice-δ18O record in the Yukon Territory (Fisher et al., 2004,
2008), the Oregon Caves National Monument (NM) speleothem-δ18O
record (Ersek et al., 2012), and the Gulf of Alaska (GoA) foraminiferal-
δ18O record EW0408-85JC (Praetorius and Mix, 2014) (Fig. 1a, Table 1).
Additional lake and speleothem carbonate-δ18O records from the de-
sert environments of the Great Basin (Benson et al., 2002, 2003;
Lachniet et al., 2014; Yuan et al., 2004, 2013), and the Sierra Nevada
in California (McCabe-Glyn et al., 2013) are not included in the
present analysis, which we have limited to intermountain regions
with higher precipitation amounts.

The intermountain lake records span a range of climates indicated by
the ratio of precipitation (P) to potential evaporation (PE) derived from
the National Centers for Environmental Prediction North American
Regional Reanalysis (NCEP-NARR). The NARR is a three-dimensional at-
mospheric model forced with observed climate from surface measure-
ments and atmospheric soundings (Mesinger et al., 2006). The model
is fundamentally similar to global reanalysis products but is projected
onto a 0.3° × 0.3° horizontal grid that makes it particularly useful for
studies of topographically complex environments. The large-scale P/PE
patterns (Fig. 1a) reflect topographic effects on the amount of precipita-
tion where regions with the highest ratios, indicative of a wetter cli-
mate, occur in low elevation coastal areas and particularly along the
coastal mountain ranges, largely due to higher P. Lower P/PE ratios,
which indicate a drier climate, occur in leeward rain shadows of moun-
tain ranges: these are found in eastern Washington, the southwest
Yukon Territory, and low elevation regions of Colorado and Utah, due
to low P and high PE. Intermediate ratios typically reflect areas with
highly uneven seasonal precipitation distributions where the amount



Fig. 1.Western North American (A) gridded NCEP-NARR precipitation/potential evaporation ratios (P/PE, scaled values for visualization) and locations of lake sediment-δ18O records (yel-
low; Table 1), and δ18O records from Gulf of Alaska (GoA) planktonic foraminifera EW0408-85JC (purple), Mount Logan ice core (green), and Oregon Cave NM speleothem (green).
(B) Locations of compiled lake water δ18O and δ2H compositions (Table 2, Supplementary files).

Table 1
Lake carbonate-δ18O records.

Name Lat (°N) Long (°W) Elev (m) kaa P/PEb P (kg/m2) PE (kg/m2) dxs Isometer Reference

Takahula 67.35 153.66 257 11 8.03 1.17 0.15 −4.7 Mixed Clegg and Hu (2010)
Tangled Up 67.67 149.715 416 7 7.14 1.20 0.17 −1.6 Precipitation Anderson et al. (2001)
Track 66.85 145.169 145 5 1.69 0.50 0.29 −41.4 Mixed Anderson, this study
Seven Mile 62.18 136.38 503 1 2.67 0.71 0.27 −37.3 Mixed Anderson et al. (2011)
Jellybean 60.35 134.80 727 8 4.82 1.13 0.24 7.0 Precipitation Anderson et al. (2005)
Marcella 60.073 133.806 454 5 4.79 1.16 0.24 −42.0 P/E Anderson et al. (2007)
Paradise 54.684 122.616 733 10 10.04 2.76 0.28 −5.7 Mixed Steinman et al. (2014)
Cleland 50.832 116.39 1158 10 6.07 1.66 0.28 −42 P/E Steinman, this study
Castor 48.541 119.581 604 6 1.99 0.91 0.46 −45.5 P/E Nelson et al. (2011)
Scanlon 48.54 119.56 702 0.1 1.99 0.91 0.46 −43.8 P/E Steinman et al. (2013)
Lime 48.873 117.338 781 10 5.29 2.35 0.45 7.6 Precipitation Steinman et al. (2012)
Renner 48.78 118.189 757 1.5 2.99 1.48 0.50 −1.2 Mixed Steinman, this study
Foy 48.163 114.353 1010 2.2 3.81 1.64 0.43 −32.7 P/E Stevens et al. (2006)
Jones 47.04 113.142 1250 12.5 3.28 1.48 0.45 −20 Mixed Shapley et al. (2009)
Crevice 45.00 110.578 1709 10 5.14 2.38 0.46 ⁎ Mixed Whitlock et al. (2013)
Bison 39.765 107.345 3290 10 3.47 1.67 0.48 10.5 Precipitation Anderson (2011)
Yellow 39.651 107.345 3160 7 3.47 1.67 0.48 −2.7 Mixed Anderson (2012)
San Luis 37.67 105.72 2290 11 1.91 1.07 0.56 ⁎ Mixed Yuan et al. (2013)

a Time length of record, thousands of years.
b North American Regional Reanalysis (NARR), precipitation = P and potential evaporation = PE.
⁎ Modern water data not available.
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of P is high but dominated bywinter snowfall and PE is also high during
relatively long dry summers, such as in the northern and central Rocky
Mountains in Montana and Colorado.

Based on the compilation of ~600 lake water δ18O and δ2Hmeasure-
ments (Fig. 1b), similar climate controls are also evident from regional
Fig. 2. (A) Regional Evaporation Lines for eight western North American regions (REL; colored v
mentary files) and the Global Meteoric Water Line (GMWL; black vector). Solid circles indicat
records (solid) on their respective REL (dashed) and generalized δ18O scale (same color and or
evaporation lines (REL) derived from lake water isotope compositions
and their intercept with the Global Meteoric Water Line (GMWL)
(Fig. 2a). The compilation includes previously published data as well
as newly presented results (Supplemental files).We identified eight re-
gional groups from the water isotope data and determined the linear
ectors) derived from lake water δ18O and δ2H compositions (n ~ 600; Table 2 and supple-
e the maximum isotopic compositions observed for each region. (B) Lake carbonate-δ18O
der as in A).



Table 2
Western North America Regional Evaporation Line (REL) statistics.

Region n R2 REL-GMWL Intercept δ18O Slope Referencea

Brooks Range Alaska 68 0.8959 −23.27 5.595 Clegg and Hu (2010), Finney (this study)
Northeast Interior Alaska 99 0.9513 −25.61 5.077 Anderson et al. (2013)
Central Interior Alaska 33 0.9475 −21.19 4.438 Finney and Anderson (this study)
Yukon Territory 69 0.9659 −21.55 3.976 Anderson et al. (2005, 2007)
British Columbia & Alberta 114 0.9758 −19.52 4.384 Steinman and Abbott (this study)
Eastern Washington 115b 0.9846 −16.62 4.328 Steinman et al. (2012, this study)
Montana, Idaho, & Wyoming 82 0.9844 −17.33 4.397 Henderson and Shuman (2009), Steinman and Abbott (this study)
Colorado & Utah 100 0.9804 −16.43 5.014 Anderson (2011, 2012, this study)

a Regional plots and all data are available in Supplemental files.
b Includes 75 measurements of Castor and Scanlon Lakes.
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δ18O and δ2H correlations, REL, for each (Table 2): Colorado and Utah,
Montana, Wyoming and Idaho, eastern Washington, British Columbia
and Alberta, Yukon Territory, and within Alaska, the central interior,
southern Brooks Range, and northeast interior. The intercept of each
REL with the GMWL indicates the starting isotopic composition of the
regional source waters on an evaporation-driven vector, and therefore,
closely approximates the annual weighted δ18O value of precipitation
(Darling et al., 2006).

The decline in δ18O value for the REL-GMWL intercept for higher lat-
itudes reflects large-scale climatic controls on regional precipitation-
δ18O, including latitude and continental effects (Bowen and Wilkinson,
2002; Kendall and Coplen, 2001; Rozanski et al., 1993). The δ18O inter-
cept values of −25.5‰ in northeast interior Alaska at ~65°N represent
a −9.5‰ difference in δ18O value for the REL-GMWL intercept in
Colorado and Utah at ~40°N. The more positively enriched intercept
values in Colorado and Utah (−16‰ and−118‰ for δ18O and δ2H, re-
spectively) are due to the region's low latitude, warmer temperatures,
and frequent incursions of subtropical Pacific and Gulf of Mexico air
masses, which bring relatively enriched δ18O and δ2H vapor to the re-
gion. At higher latitudes, more negatively depleted intercepts are due
to colder temperatures and the dominance of North Pacific and Arctic
vapor relatively depleted in δ18O and δ2H. The seasonal balance of
precipitation is also influential such that snow-dominated climates are
characterized by depleted intercepts.

A broadly similar spatial precipitation-δ18O pattern for this region is
also evident from theGlobal Network of Isotopes in Precipitation (GNIP;
Bowen and Wilkinson, 2002; Rozanski et al., 1993). However, it is
crucial to recognize the isotopic differences between lake water and
precipitation estimates because it is the isotope ratio of lake water,
rather than precipitation, that is incorporated by the lake sediment
carbonate-δ18O proxy, which is our focus here. The substantial differ-
ences amongst the RELs also make it evident that assessments of
individual lake water isotope data should be based on each lake's
comparison with its respective regional evaporation trends.

The REL slopes range from ~4.0 (Yukon Territory) to 5.6 (southern
Brooks Range in Alaska), and reflect the influence of relative humidity
on kinetic fractionation (Gibson et al., 2016; Henderson and Shuman,
2009). Lower slopes indicate relatively high evaporation and low rela-
tive humidity (low P/PE) and they are observed for all the sampled re-
gions from Colorado to the Yukon Territory and central Alaska (slopes
of 3.9 to 4.4). Higher slopes in northern Alaska (5.0 and 5.5) reflect a
combination of higher precipitation and humidity and a limitation on
total evaporation imposed by the short ice-free warm season.

REL length, represented here as the range of lake isotope values ob-
served in each region, is strongly associated with the distribution of the
sampling and individual basin hydrology (Steinman and Abbott, 2013;
Supplemental files) but is also likely influenced by P/PE. For instance,
higher maximum isotope compositions and longer REL length are ob-
served for regions with lower relative humidity and longer warm sea-
sons during which evaporation strongly influences lake water isotopic
composition. Thus, isotope values from Colorado and Utah have the
longest REL and the shortest REL in the southern Brooks Range in Alaska
reflects that region's high P/PE and the combined effects of higher rela-
tive humidity and short ice-free warm season.

The position of an individual lake's isotopic composition relative to
its REL indicates the extent to which fractionation resulting from evap-
oration enriches the remaining water in heavy isotopes relative to the
original isotopic composition of meteoric source water, which is the in-
flow and direct precipitation on the lake's surface. Thus, the distance be-
tween an individual lake's isotopic composition and the value of the
REL-GMWL intercept is a function of the extent to which evaporation
has influenced a lake's water-δ18O. From this observation of modern
lake water-δ18Owe take the approach that past lake sensitivity to evap-
oration can also be generally evaluated by the position of sediment
carbonate-δ18O values on their respective modern REL (Fig. 2b). The
greater the distance between the range of carbonate-δ18O values and
REL-GMWL intercept likely indicates an increasing control by evapora-
tion on lake water-δ18O throughout a lake's history.

For a visual comparison of the 18 carbonate-δ18O records along each
REL we use a generalized horizontal δ18O scale (Fig. 2b). This represen-
tation again highlights the decline in REL-GMWL intercepts from δ18O
values of −17 to −18‰ in southern latitudes (upper) to −20 to
−25.5‰ in higher latitudes (lower). Several carbonate-δ18O records,
such as Scanlon, Castor, Foy, Cleland and Marcella Lakes, are nearer
the maximum lake water-δ18O value within a region. Others span the
middle of their RELs, such as San Luis, Jones, Crevice, 7-Mile and Track
Lakes. Several carbonate-δ18O records are nearer to their REL-GMWL in-
tercept value, such as Yellow, Renner, Paradise, and Takahula Lakes,
whereas Bison, Lime, Jellybean, and Tangled Up Lakes overlap their
REL-GMWL intercept.

Since δ18O measurements are reported as per mil deviations (‰) in
relation to two different standards, the international Vienna-Pee-Dee
Belemnite standard (VPDB) for carbonate and Standard Mean Ocean
Water (VSMOW) for water, and there is a lake water-temperature frac-
tionation effect between carbonate minerals and water (~ 0.25‰/°C;
Friedman and O'Neil, 1977), adjustments are needed in order to com-
pare water and carbonate δ18O. However, these differences are relative-
ly small in comparison to the range of the carbonate-δ18O values for
each record and do not significantly alter these general comparisons.

As previous reviews of oxygen isotopes from lake sediments have
summarized (Ito, 2001; Leng et al., 2006; Leng and Marshall, 2004),
understanding the sensitivity of lake water to evaporation-driven frac-
tionation effects is critical for correctly assessing the paleoclimate infor-
mation provided by lake carbonate-δ18O variations. Along these lines,
our evaluation further elucidates the reasons why comparison of lake
carbonate-δ18O variations must account for differences in the climate
sensitivity of each lake system resulting from regional climate and
extent of hydrological closure. If these considerations are ignored, the
resulting interpretations can be misleading and lead to spurious
reconstructions of past climate conditions. Our evaluation here is
based on identifying the relationship of a particular lake's water isotope
values to the appropriate REL-GMWL intercept, thus providing a frame-
work for carbonate-δ18O paleoclimate studies in northwestern North
America.
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2.1. Lakes as “isometers”

As a reservoir of meteoric water, a lake's isotopic composition is a
metric of the controlling climate and hydrologic processes and can be
considered an “isometer.” The hydrologic fluxes of water into and out
of a lake control the degree to which lake water-δ18O reflects changes
in precipitation-δ18O, P − E, or both (Fig. 3). On one end of the hydro-
logic spectrum are hydrologically open lakes with water residence
times that are too short for evaporation to significantly influence the
water body. In this case, high rates of surface and subsurface inflow
and outflow lead to water residence times of days to weeks for small
lake systems. Although evaporation does influence the lake, its effects
on the isotope mass balance of the overall water body are minimal
due to continual replacement by runoff and groundwater inflow. This
hydrologic configuration often leads to lake water-δ18O values that re-
flect precipitation-δ18O, and we term these systems “precipitation
isometers.” They are identified by water isotope values that plot on
Fig. 3. Schematic of lake hydrology showing the influence on lake-δ18O by the relative strength
fractionated by evaporation and reflects precipitation-δ18O, (B) in P − E systems lake-δ18O refl
systems, all water loss is by evaporation and lake δ18O is strongly enriched. Schematic plots of
(black circles) on three hypothetical regional evaporation lines (REL1, REL2, REL3) extending f
evaporated lake water-δ18O, gw= groundwater, evap = evaporation flux).
the intersection of the REL and the GMWL, orwith the regionalmeteoric
water line if it has been established. As discussed above, there are four
lakes in western North America that appear to fit this criteria; Bison
Lake in Colorado, Lime Lake in eastern Washington, Jellybean Lake in
the southwest Yukon Territory, and Tangled Up Lake in the Brooks
Range of northern Alaska (Fig. 2b).

On the other end of the hydrologic spectrum are lakes in which out-
flow is restricted and significant water loss occurs through evaporation
from the lake surface. In such terminal lake systems, climate changes
may drive both lake level and lake water-δ18O variations; if inflow ex-
ceeds evaporation for a long period of time, then lake levels rise and
lake water-δ18O decreases, and vice-versa, leading to transient isotopic
shifts to hydrologic forcing rather than long-term isotope equilibrium
responses to hydroclimate (Gat, 1995; Ricketts and Anderson, 1998;
Steinman and Abbott, 2013; Shapley et al., 2008). A large number of
lakes fall between the fully open and fully closed end members and
have some surface and subsurface outflow, typically as subsurface
of evaporative loss to input; (A) in open, through-flowing systems, lake-δ18O is minimally
ects precipitation-δ18O and fractionation by evaporation, and (C) in fully closed, terminal
δ18O and δ2H (as in Fig. 2a) for each example indicates the relative positions of lake-δ18O
rom the Global Meteoric Water Line (GMWL). (δ18OP = precipitation-δ18O, δ18OP − E =
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seepage through the littoral zones, but restriction may also occur if sur-
face outflow is regulated by a fixed outflow elevation and is therefore
intermittent. These systems, that we term here as “P − E isometers,”
also lose substantial amounts of water through evaporation from the
lake surface.

For P − E isometer hydrologic configurations, which characterize
the majority of the 18 lake systems discussed here, site-specific hydro-
logic controls on lake water residence time and evaporation are best
evaluated on a case-by-case basis with isotope mass balance modeling
tools (Gibson et al., 2016; Shapley et al., 2008, Anderson et al. 2011). Be-
cause these systems indicate transient and equilibrium lake water-δ18O
responses to hydroclimate change, the carbonate-δ18O records reflect
both short-term (sub-decadal to decadal) and long-term (centennial
to millennial) forcing (Steinman and Abbott, 2013; Steinman et al.,
2010, 2012). Five P − E lake records approach the maximum lake
water-δ18O on their RELs, which indicates significant fractionation by
evaporation: Castor and Scanlon Lakes in eastern Washington, Foy
Lake in Montana, Cleland Lake in British Columbia, and Marcella Lake
in Yukon Territory. The remaining nine lake records, at intermediate po-
sitions between GMWL intercepts and water-δ18O maxima, indicate
more balanced controls by both precipitation-δ18O and evaporation
(Fig. 2b, identified as "mixed" in Table 2).

Many of these recordswere evaluated as part of a prior study that fo-
cused on western North American lake carbonate P− E isometers with
an emphasis on identifying climate shifts during the past 2000 years
(Steinman et al., 2014). Most of these records (Marcella, Paradise,
Cleland, Renner, Castor, Foy, Jones, and Crevice) have sufficient tempo-
ral resolution to identify recent multi-decadal to century scale variabil-
ity and their geographic distribution is sufficient to characterize regional
patterns.

The general relationships between lake water-δ18O, hydrology, and
climate are also indicated by the ~600 lake water deuterium excess
values (dxs) shown with the NARR P/PE ratios (Fig. 4). The dxs is calcu-
lated from δ18O and δ2H (dxs = δ2H− 8 ∗ δ18O) and becomes lower in
evaporating water (Dansgaard, 1964). Thus, P − E isometers (low dxs,
high δ18O) are located on the lower left corner of the distribution that
corresponds with dry climates (low P/PE) and strong evaporation ef-
fects. The triangular shape of the distribution illustrates that precipita-
tion isometers such as Bison and Jellybean Lakes (high dxs, low δ18O),
located on the upper area of the distribution, occur in both wet and
dry climates (high and low P/PE). In wetter climates, both surface and
subsurface through-flow are likely to occur, whereas in drier climates
subsurface through-flow may be more common. Between these end-
Fig. 4. Lake water deuterium excess (dxs) versus NCEP-NARR P/PE color-coded by δ18O
value (Table 1, Supplemental files). Note the trend for lakes to have lower dxs in regions
of lower P/PE.
members, represented by the corners of the triangular distribution,
are mixed hydrology lakes (intermediate dxs and δ18O) for which lake
water isotopic composition reflects the combined effects of changes in
precipitation-δ18O and evaporation.

3. North Pacific climate controls on precipitation-δ18O through the
Holocene

This review focuses on the two currently available northern and
southern precipitation isometers with multi-decadal to century scale
resolution that continuously extend from the middle Holocene to the
present: Jellybean Lake (hereafter ‘JB’) located on the east, or leeward,
side of the St. Elias Mountains in the southwest Yukon Territory
(Anderson et al., 2005, 2007); and Bison Lake, located on a high plateau
(~3255 m) in northwest Colorado (Anderson, 2011, 2012; Anderson
et al., 2015, 2016). However, first we reassess evidence from proxy
and modeling studies regarding climate controls on North Pacific
precipitation-δ18O and the implications for the JB δ18O interpretation.
We then compare the JB and Bison precipitation-δ18O patterns to
drawnewconclusions about the role of internal climatemodes onwest-
ern North American hydroclimate.

3.1. Gulf of Alaska atmospheric circulation and precipitation-δ18O

Prior analysis of the JB and theMount Logan (hereafter ‘ML’) δ18O re-
cords led to the hypothesis that regional precipitation-δ18O in theNorth
Pacific Gulf of Alaska region is primarily controlled by atmospheric cir-
culation processes rather than temperature (Anderson et al., 2005;
Fisher et al., 2004). The following review will show that subsequent
data and modeling studies support this hypothesis, while underscoring
considerable uncertainty about specific circulation mechanisms that
cause different precipitation-δ18O shifts and trends through time.

A significant challenge for testing δ18O-climate hypotheses in the
North Pacific region is the dearth of historical observational climate
and isotopic data. This issue is compounded by the topographic com-
plexity of the area, which leads to significant climatic heterogeneity
within small geographic domains. For instance, the extreme topography
(e.g., ~3000 to 5000 m a.s.l.) within a few kilometers of the coastline
generates substantial climate gradients 50 km farther inland. This phys-
iography also contributes to the shape of the large-scale geostrophic
flow across northwestern North America and the existence of the
semi-permanent Aleutian Low (AL) pressure center located over the
eastern North Pacific (Fig. 5). Due to its mid-latitude position, the AL is
influenced by Arctic and subtropical ocean–atmosphere processes,
which contribute significant complexity to its temporal and spatial
variance. This convergence of diverse and geographically distant
controlling factors also highlights why a clearer understanding of the
historical and paleoclimate changes of the North Pacific region has
broader implications, for bothNorth America andNorthern Hemisphere
climates.

3.1.1. Empirical evidence
Three central characteristics of the JB and ML records support the

original circulation hypothesis, as presented in Fisher et al. (2004),
wherein stronger AL and meridional flow results in more depleted
precipitation-δ18O in the southwest Yukon Territory. We term this as
the “strong-depleted” hypothesis. These characteristics are: (1) the in-
dependently dated lake and ice records exhibit similar multi-decadal
trends and shifts over the past 2000 years, with relatively high δ18O
values during most of the Little Ice Age (LIA; Fig. 6), (2) the large nega-
tive δ18O shifts at ~1850 AD at both the ice core elevation (~5000 m)
and JB headwater elevation (~1300 m) are consistent with a modeled
shift in the vertical δ18O profile on ML (Holdsworth and Fogarsi,
1991), and (3) themagnitude of JB andML δ18O variability and relative-
ly enriched δ18O values during the LIA are not explained by existing
temperature-δ18O relations, which imply higher temperatures that are



Fig. 5. Schematic of generalizedAleutian Low (the bold L) and jet stream circulation patterns in thenortheast Pacific associatedwith PDO andNPI phases; (A) strong+PDO/−NPI patterns
correspond with deep AL centers and cyclonic flow drawing subtropical vapor northward along the west coast of North America and cold Arctic vapor southward. Although strong AL
centers are often positioned over the eastern sector of the Gulf of Alaska as shown here, its position varies. Note the strong S-N meridional character of flow; and (B) neutral-to-strong
−PDO/+NPI pattern that corresponds with a weak AL center that less vigorously entrains North Pacific vapor eastward within zonal jet stream flow. Historically, the mean east or
west position of the AL during such states is highly variable (Rodionov et al., 2007).

Fig. 6. Jellybean (JB) δ18O and 3-yr running average ofMount Logan (ML) sodium and δ18O on an AD scale for the past 1500 years. Gray shaded areas identify prominent negative shifts in
δ18O that correspond to higher sodium concentrations.
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inconsistent with colder temperatures inferred from LIA glacier ad-
vances. Collectively, these observations indicate that in addition to tem-
perature, North Pacific precipitation-δ18O is also controlled by the
location of thewater vapor source, vapor transport distance and rainout
effects, and vertical orographicmixing (e.g., Berkelhammer et al., 2011).

Anderson et al. (2005) also proposed that different storm track
orientations relative to the coastal mountain barrier would lead to
unique changes in precipitation fractionation. Based on modern rain
shadow precipitation processes, they asserted that AL intensification
and more southerly storm tracks, which produce higher precipitation
along the coasts, and higher snow accumulation at higher elevations,
subsequently results in greater fractionation and more depleted δ18O
at ML and JB. Anderson et al. (2007) further proposed that the varying
storm tracks would affect aridity in the leeward rain-shadow regions
and tested this hypothesis with nearbyMarcella Lake, a P− E isometer.
Rapid Marcella δ18O increases at ~1850 AD and ~800 BP (1200 AD)
indicated shifts to more arid conditions that were coincident with the
Fig. 7. Time-series: annual (blue) and 5-yr running average (red) of the PDO, NPI (note the reve
The JB δ18O data are shown with a shaded area to outline the ±2 to 5-yr age error estimates. Th
prior to 1928. Gray shaded areas identify prominent +PDO/−NPI phases between 1920 to 19
prominent negative shift to depleted δ18O values at JB and ML, hypoth-
esized to reflect a stronger AL. Additional support for this hypothesis is
provided by two-phase LIA glacier growth (Barclay et al., 2009), pollen
assemblages that indicate greater coastal precipitation (Heusser et al.,
1985), and similar δ18O variations at Seven Mile Lake, another P − E
isometer, in the central Yukon (Anderson et al., 2011).

Anderson et al. (2005) compared JB-δ18O and the 100-yr North
Pacific Index (NPI) (Trenberth andHurrell, 1994), ametric of northeast-
ern Pacific sea level pressure (SLP) anomalies that is closely associated
with AL strength, and incorrectly reported a positive correlation be-
tween depleted JB-δ18O and negative NPI (strong AL) that was, in fact,
an inverse correlation (Fig. 7). Though the inverse correlation was sig-
nificant (r2 = 0.23, p b 0.95), the 210Pb-determined ages have substan-
tial uncertainty (±5 to 20 years) and there are minimal degrees of
freedom in the correlation statistic. It is possible to obtain significant
positive or negative correlations by tuning the JB δ18O anomalies within
conservative age error estimates and using various NPI smoothing
rsed scale), ML sodium and δ18O (Osterberg et al., 2014; Fisher et al., 2004) since 1900 A.D.
e NPI index is also shown for the NCEP/NCAR re-analyses (green) to illustrate differences
42 and 1976 to 1990.
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intervals. We now conclude that comparisons between JB δ18O anoma-
lies and theNPI are ambiguous. In the annually datedML record, there is
a suggestion of a negative correlation between δ18O and NPI (Fig. 7).
However, high noise levels for both of the annualML ice core δ18O series
(PRC and NWC) limit the correlation between them (0.37), and conse-
quently limits the significance of other correlations with them for this
period (David Fisher, written communication). The JB and ML δ18O re-
cords are not well correlated since 1900 AD, though again the JB dating
uncertainty further complicates the comparison.

Osterberg et al. (2014) have since provided an independent proxy
correlation with the NPI from annual measurements of ML sodium
(Na+) concentrations for thepast 1500 years, and their results lend sup-
port to the original “strong-depleted” precipitation-δ18O hypothesis
(Figs. 6 and 7). Relying on physical arguments that higher sea salt con-
centrations are associated with higher near-surface central Pacific wind
speeds during strong AL circulation (negative NPI), they find an inverse
correlation between higher sodium amounts and negative NPI (strong
AL) anomalies (r = −0.45, p b 0.001). The inverse correlation has the
strongest significance with no lead or lag, is relatively insensitive to dif-
ferent winter month NPI sampling, and both variables have similar
power spectra. Importantly, rapid increases in both sodium concentra-
tions and variance between ~1820 and 1850AD coincidewith the larger
negative shifts to depleted JB and ML δ18O (Fig. 6). Similarly, the large
negative shift to depleted JB and ML δ18O between ~700 and 800 BP
(1200 to 1100 AD) coincides with greater ML sodium variance.

The comparison between ML δ18O and sodium during the instru-
mental period further illustrates the aforementioned uncertainty for
the ice δ18O interpretations during the most recent 100-yr time period
(Fig. 7). Although higher sodium and depleted δ18O values during the
1980s positive PDO are consistent with the “strong-depleted” hypothe-
sis, the overall correlation between 3-yr averages of ML sodium and
δ18O since 1900 AD is only weakly negative and not significant (r2 =
0.02). For instance, during the two decades prior to the late 1970s
shift from a negative to a positive PDO (positive to negative NPI)
phase, lower ML sodium concentrations occurred with depleted δ18O,
which contrasts with the aforementioned “strong-depleted” associa-
tion. The previous positive PDO (negative NPI) phase during the 1920s
and 1930s is also not registered strongly by either proxy.

This comparisonmay also be an illustration of the difficulty in corre-
lating annual ice-δ18O variations, which exhibit strong seasonal sensi-
tivity to climate metrics. Rupper et al. (2004) show that only in years
of high snow accumulation does ML have a robust connection with at-
mospheric circulation (Moore et al., 2002). Thus, seasonal biases and
the low signal-to-noise ratio over the historical period, which are also
similar features of JB δ18O, provide likely explanations forweak relation-
ships since 1900 AD between the NPI, and the PDO, and JB and ML δ18O
records. It is important to recognize that pre-20th century ML and JB
δ18O shifts are much larger (~2 to 6‰; Fig. 6), and this highlights that
20th century comparisons and modern analogues are probably insuffi-
cient to characterize the full range of Holocene variability.
3.1.2. Model simulations
The first principles of atmospheric circulation dynamics suggest that

the “strong-depleted” hypothesis is counterintuitive. This conundrum
arises because strong AL circulation is typically observed to entrain
greater amounts of sub-tropical moisture composed of vapor derived
from relatively warm ocean water (Fig. 5; Papineau, 2001). This is be-
cause if all other factors are assumed to be equal, then warmer ocean
waters would be expected to produce vapor more enriched in 18O
than colder ocean water. Therefore, southerly sourced vapor would be
expected to generate more enriched precipitation-δ18O than that de-
rived from cold, northerly sourced vapor. This effect is robustly
reproduced by numerous isotope enabled General Circulation Models
(Berkelhammer et al., 2011; Field et al., 2010; Liu et al., 2014; Porter
et al., 2013).
Field et al. (2010) and Porter et al. (2013) use the NASA-GISS Model
E (Schmidt et al., 2005) configuredwith a 4° × 5° and 2° × 2.5° horizon-
tal grid resolution,with 45 and 40 vertical levels, respectively. Field et al.
(2010) simulated the 45 years since 1954 as an analogue studywhereas
Porter et al. (2013) simulated the 1970–2009 period nudged by NCEP/
NCAR reanalysis data. Both models were forced with interannually
varying sea surface temperatures (SSTs) and sea ice fields from the
HADISST 1.1 dataset (Rayner et al., 2003). Both GCM simulations pro-
vide evidence for strong circulation controls on precipitation-δ18O,
with a clear “strong-enriched” AL to precipitation-δ18O association as
well as strong AL circulation controls on precipitation amount and
temperature.

Indicating further GCM uniformity, Liu et al. (2014) evaluated
precipitation-δ18O controls by the Pacific North America (PNA) pattern
with the Isotopes-incorporated Global Spectral Model (IsoGSM) for
1950–2005 and obtained a similar result. Characterized by a ridge-
trough pressure gradient over western North America, a positive PNA
is associated with a strong AL, and positive PDO and negative NPI
phases. Further insight into the IsoGSM model is provided by
Berkelhammer et al. (2011) who examined isotopic anomalies in pre-
cipitation for individual years (1989, 1998, and 2003) with contrasting
annual circulation and precipitation-δ18O patterns (Fig. 8). Consistent
with Liu et al. (2014), the IsoGSM simulations indicate that strong AL
circulation in 1998 and 2003 enhanced southwesterly wind anomalies
producing regions of enriched precipitation-δ18O extending from the
subtropics to Alaska that contrast with depleted precipitation-δ18O
throughout western North America during weak AL circulation in 1989.

Fisher et al. (2004) took a different approach, using a numerical re-
gional stable isotope model coupled to a zonally averaged global
model to compare a simulated and observed vertical δ18O profile on
ML for vapor sourced from different regions (Fig. 9). Their reasoning
was guided by the previously documented vertical δ18O and dxs discon-
tinuity on ML (Holdsworth and Fogarsi, 1991; Holdsworth and Krouse,
2002). The vertical δ18O discontinuity suggested three atmospheric
layers during precipitation on the St. Elias Mountain barrier: (1) a
lower monotonic fractionation sequence below ~3 km, (2) a middle
mixed layer, typically 1–2 km thick in which δ18O is nearly constant re-
gardless of altitude, and (3) an upper “quasi geostrophic flow” layer
above ~5.3 km with a fractionation sequence isolated from the lower-
most layer below 3 km. The implications of this vertical stratification
are that upper and lower vapor sources may differ and that changes in
the height of the boundary layer could give rise to complex signals of
precipitation-δ18O at different elevations.

The same numerical model had successfully simulated the vertical
δ18O profiles of the Devon ice cap in Arctic Canada, and the Greenland
and Antarctic ice sheets (Fisher, 1992). The model also appears to
successfully simulate the vertical ML-δ18O profile, although there are a
limited number of calibration points (Fig. 9a). Two different simulations
were conducted for (1) subtropical (~20°N) and North Pacific vapor
sources (modern, meridional) and (2) only North Pacific vapor sources
(zonal). The simulations indicated that the addition of subtropicalmois-
ture caused changes to the vertical δ18O profile, which led to more
depleted precipitation-δ18O at ML and JB elevations that are consistent
with the shifts to more depleted δ18O at ~1850 AD (Figs. 7 and 9b).

3.2. Updated summary of North Pacific precipitation-δ18O

This updated assessment ofmultiple data types provides a clear con-
sensus for hypothesis regarding atmospheric circulation controls on
precipitation-δ18O in the North Pacific region. Firstly, both the proxy
data and models indicate no evidence for dominance by temperature,
precipitation amount, or seasonality. However, significant differences
between themodels and proxy data indicate that the precise circulation
mechanism that gives rise to precipitation-δ18O signals remain ambigu-
ous. We assert that uncertainties regarding boundary layer height are a
likely explanation for some of these differences because no existing



Fig. 8.Modeled precipitation-δ18O patterns for the North Pacific climate during the winters (NDJFM) of 1989, 2003 and 1998 (from Berkelhammer et al., 2011); the top row (A) shows
wind vector and average annual 850 mb geopotential height anomalies (m, green = low, purple = high), and the lower row (B) shows the IsoGSM precipitation-δ18O anomalies
(green = depleted, blue = enriched). A −PDO/+NPI circulation in 1989 illustrates a weak AL, west-northwesterly flow, and depleted precipitation-δ18O throughout western North
America. Two varieties of +PDO/−NPI are illustrated by 2003 and 1998; in 2003 a strong-west AL results in enriched-north/depleted-south precipitation-δ18O dipole, whereas a
strong-east AL in 1998 results in depleted-north/enriched-south precipitation-δ18O dipole. Note the opposite sign of the precipitation-δ18O anomalies at JB and Bison Lakes during such
circulation patterns.
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model simulations explicitly address variations in the height of vertical
mixing between themarine boundary layer and upper level geostrophic
flow in response to circulation changes. In Hawaii the same mecha-
nisms have been observed to create temporally complex vertical
precipitation-δ18O profiles (Bailey et al., 2013), an observation that
raises questions about the rates and heights of mixing and associated
fractionations. Further investigation of vertical processes by isotope-
enabled model simulations to address the ambiguities identified here,
and to examine water resource implications for similar orographic pro-
cesses in the Pacific Northwest (e.g., Luce et al., 2013), will be crucial to
advancing our understanding of regional precipitation-δ18O controls.

Also clearly missing from the empirical evidence is continuous, ob-
servational monitoring of precipitation-δ18O designed to capture both
synoptic-scale events and their response to lower frequency circulation
patternswithin this topographically complex region. Recentmonitoring
of U.S. RockyMountain snowpack-δ18O has confirmed that observations
over long time periods with high spatial density are necessary to cap-
ture complex spatial heterogeneity in mountainous regions (Anderson
et al., 2016). The sparse temporal and spatial coverage of the observa-
tional precipitation-δ18O data available from the Global Network of Iso-
topes in Precipitation (GNIP) may capture broad scale fractionation
effects (e.g., Bailey et al., 2015) but is too coarse to capture the isotopic
processes required to evaluate local to regional controls. A monitoring
network on an elevation gradient across coastal mountain barriers
would make a strong contribution to better resolve this uncertainty.

Along these lines, sampling of snowpack δ18O at Wolverine glacier,
located on the Alaskan Kenai Peninsula with an elevation range be-
tween ~450 and 1680m, began in spring of 2014. The sampling follow-
ed several rain-on-snow events in late January when persistent
southerly atmosphericflowadvected unseasonablywarm temperatures
and subtropical vapor into south-central Alaska. Ice layers associated
with this rain event were identified in a snow pit at ~1000 m elevation
and δ18O profiles indicate higher dxs and depleted δ18O (by−4‰) com-
pared with surrounding snow (Shad O'Neel, Eric Klein and Jeff Welker,
written communication). If the ice layers do in fact represent the rain
event, and not sublimation or some other post-depositional process,
then the low δ18O values support the “strong-depleted” hypothesis.
Alternatively, the low values could also reflect boundary layer dynamics
for this individual synoptic event that is related to a highly localized
orographic rainout process. Additional observations are required to pin-
point more precise causes of spatial and temporal variability in vertical
precipitation-δ18O gradients in mountainous regions.

In summary, although more evidence has been collected, there re-
mains significant uncertainty about atmospheric circulation controls



Fig. 9. Vertical precipitation-δ18O trends for the St. Elias Mountains of southern Yukon Territory and Alaska (from Fisher et al., 2004); the left panel (A) shows themodeled vertical profile
(range of model simulations and best fit) and measured data (sources listed in Fisher et al., 2004) interpreted to represent a modern meridional circulation pattern. The right panel
(B) shows the modeled effects on the vertical profile shown in (A) for only North Pacific sources estimated for zonal flow. The red squares in (B) are the Δδ18O observed before and
after the ~1850 AD shift at ML, Eclipse Icefield (Wake et al., 2003), and JB shown in Fig. 7. The lower JB square is the elevation of the lake and the upper square is the highest elevation
of the lake's watershed.
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on precipitation-δ18O in the North Pacific region. This review has de-
scribed (1) contrasting results between the GCMs and the numerical
modeling experiments, and (2) inconsistent results between proxy
records during the instrumental period since ~1900 AD. Regarding
the first point, the different results obtained by the GCM and numer-
ical models can likely be explained by differences in topographic res-
olution and vertical mixing and boundary layer dynamics. The GCMs
appear to broadly capture first principle physical controls but are not
as suitable a tool for testing orographic effects, a task for which the
numerical model may be better suited. Therefore, the most probable
conclusion that can be drawn is that neither model invalidates the
other because their designs evaluate different processes on different
spatial scales.

Regarding the second point, the relationship between JB and ML
δ18O and metrics of AL strength during the instrumental period that
are inconclusive with respect to the coherent negative JB and ML δ18O
shifts at ~1850 AD and ~800 BP (1200 AD) (Figs. 6 and 7) aremost likely
related to uncertainties in dating of JB lake sediment and varying sea-
sonal sensitivity and high-frequency noise of the ML ice core. We also
recognize inconsistencies between the JB and ML records and the tree-
ring derived NPI record of D'Arrigo et al. (2005); yet differences be-
tween tree-rings, lake sediments and ice cores can also potentially be
understood in the context of unique proxy sensitivity, seasonal biases,
and high-frequency noise (Anderson et al., 2011; Osterberg et al.,
2014; Steinman et al., 2012). Another approach to better understand
patterns of Pacific ocean–atmosphere change is to examine spatially
distributed lake sediment-δ18O through the Holocene from precipita-
tion isometers to develop hypotheses that explain similarities and dif-
ferences, which is the concluding part of this review.

4. New perspectives on north–south precipitation-δ18O patterns
through the Holocene

As described in Section 2.1, precipitation isometers such as in the
case of Bison, Lime, JB, and Tangled Up Lakes, exhibit negligible
overprinting by variations in humidity or hydrology. Of these re-
cords, JB and Bison extend back to the middle Holocene with multi-
decadal to centennial resolution and are geographically positioned
to evaluate north–south precipitation-δ18O variations (Fig. 10). The
records have independently established chronologies based on
210Pb (and 137Cs for JB), calibrated 14C ages of terrestrial macrofos-
sils, and late Holocene tephra layers (Anderson et al., 2005;
Anderson, 2011, 2012). Their comparison reveals previously unob-
served sequences of in-phase and anti-phase precipitation-δ18O di-
pole patterns over a range of timescales.

During themiddle Holocene (8–4 ka) JB and Bison records share few
similarities; JB displays low-frequency cycles of ~1000-yr length with a
tendency towards decreasing and depleted δ18O anomalies, whereas
Bison displays a steady multi-millennial decline from highly enriched
anomalies. We suggest that these differences resulted from weak mid-
Holocene expression of large-scale forcing by Pacific ocean–atmosphere
dynamics as we know them today, and that the records instead pre-
dominantly indicate stronger regional responses to external forcing.
Themost prominent external forcingmechanismduring themiddle Ho-
locene is solar insolation, which influenced each region differently,
ranging from summer values 8 to 15% higher-than-present and winter
values 8 to 15% lower within the latitude band between ~40° and
~70° of the study sites (Berger and Loutre, 1991). In the southern re-
gions, higher summer solar insolation is thought to have led to an en-
hanced North American Monsoon (NAM), as suggested by modeling
and additional proxy records (Metcalf et al., 2015; Jones et al., 2015).
This relationship is consistent with positive Bison anomalies that reflect
warmer than average temperature of precipitation and rain dominance
of the seasonal precipitation balance (Anderson, 2012; Anderson et al.,
2016).

In contrast, millennial-scale JB variations bear a closer similarity
to those in carbonate-δ18O records from the Oregon Cave NM
speleothem (Ersek et al., 2012) as well as with a record of near-
surface GoA planktonic foraminifera-δ18O (Praetorius and Mix,
2014). These records are interpreted to reflect winter atmospheric
temperature and precipitation, and sea surface temperature (SST)
controls, respectively (Fig. 11). Ersek et al. (2012) identified similar-
ities between the Oregon Cave NM speleothem and solar irradiance
reconstructions from records of 14C production and 10Be fluxes that
are also evident between JB and a combined solar irradiance index
(Fig. 10; Steinhilber et al., 2012). Praetorius and Mix (2014) high-
light the relative decoupling, or seesaw behavior between Green-
land (NGRIP) and GoA during the Holocene in contrast to deglacial



Fig. 10.Holocene JB and Bison Lake δ18O z-score records over (A) the last 8000 cal years (blue= raw, red=21-interval smoothing), and (B) expands the past 3500 years on AD and cal yr.
BP age scales. The shaded intervals reflect key periods of transition discussed in the text (grey = Bison, blue = JB).
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times. However, both of these records also indicate a gradual in-
crease to more enriched δ18O, which is not evident at either JB or
ML, which have low-frequency trends towards more depleted δ18O.

Barron and Anderson (2011) suggest that terrestrial and marine
proxy data along the northeast Pacific margin indicate the possibility
of a more negative PDO/La Niña-like mean-state of the Pacific during
the mid-Holocene. However, such an analogy and the implied large-
scale teleconnection between weak AL strength and precipitation-δ18O
as either the “weak-enriched” corollary or the “strong-depleted” hy-
pothesis, is inconsistent with the out-of-phase anomalies between JB,
Bison, Oregon, and GoA records. We now suggest that these compari-
sons imply that the North Pacific and AL did not interact with the sub-
tropical Pacific in a coupled PDO/ENSO-like manner during the middle
Holocene. In the absence of strong AL coupling with subtropical
ocean–atmosphere dynamics during the middle Holocene, it is possible
that the AL was more strongly influenced by northern modes of
variability (e.g., Northern Annual Mode or Arctic Oscillation) and a
North Atlantic forcing component. For instance, if relatively depleted
JB δ18Omight predominantly reflect colder, northerly sourced vapor as-
sociated with high latitude forcing, then this could reflect an influence
by Bering Sea and/or Arctic sea ice extent in addition to millennial
scale Arctic circulation processes (Darby et al., 2012; Harada et al.,
2014; McKay et al., 2008).

At ~4 ka both JB and Bison begin a millennial scale trend towards an
enriched-north/depleted-south dipole precipitation-δ18O pattern that
terminates at ~2 ka, which, for example, is a pattern consistent with a
modeled strong-west AL modern analogue (Fig. 8, middle panels). In
addition, there are two multi-century anti-phase, depleted-north/
enriched-south, dipole patterns between 2.2 and 1.8 ka (Fig. 9),
which, for example, are consistent with a modeled strong-east AL mod-
ern analogue (Fig. 8, right panels). We suggest that this coupled north–
south precipitation-δ18O dipole behavior, in contrast to the divergent



Fig. 11.Holocene z-scores for JB andBison lake-δ18O,Mount Logan ice-δ18O (Fisher et al., 2008), andOregonCaveNMspeleothem-δ18O (Ersek et al., 2012)withGulf of Alaska foraminifera-
δ18O (‰VPDB; Praetorius andMix, 2014), and total solar irradiance (TSI) anomalies based on combined 10Be from ice core records and 14C from tree-rings (Steinhilber et al., 2012) (blue=
raw, red = 21-interval smoothing with exception of TSI where red = 41-interval smoothing).
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patterns during the middle Holocene, represents the onset of a trop-
ical controls on Pacific ocean–atmosphere dynamics, as we know
them today. Support for this interpretation is also provided by:
(1) warmer alkenone-inferred North Pacific SSTs between ~4 and
3 ka, which suggests northward transport of subtropical waters off-
shore of northern California and the Gulf of Alaska associated with
the North Pacific gyre (Barron et al., 2003; Praetorius et al., 2015),
and (2) higher than normal background tropical storm activity in
the northwest Pacific attributed to an increase in El Niño frequency
(Woodruff et al., 2009). The onset of coupled behavior also coincides
with an inferred increase in positive Arctic Oscillation (low pres-
sure) circulation (Darby et al., 2012) between ~3 and 1.2 ka, which
in the present day also results in more southerly sourced GoA
precipitation.
The depleted Bison δ18O anomalies between ~3 and 1.2 ka are attrib-
uted to predominantly colder than average temperatures and snowfall-
dominated precipitation balance (Anderson et al., 2016). However, as
discussed above, the processes that could explain the enriched JB δ18O
anomalies are uncertain. If enriched JB δ18O reflect the predominance
of warmer southerly derived vapor (for example 2003 in Fig. 8a),
which is counter to the “strong-depleted” hypothesis, then the corre-
sponding enriched-north/depleted-south pattern could possibly be
consistent with a strong AL, positive PDO/PNA pattern. Comparative
analysis of North American carbonate-δ18O records distributed on east-
ern and western sides of the continent, including a “weak-enriched” in-
terpretation of the JB record, suggests that a transition occurred at ~4 ka
from more negative to positive PNA conditions (Liu et al., 2014). How-
ever, we note that additional evidence from highly depleted Rocky
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Mountain snowpack-δ18O associated with strong zonal flow also sug-
gests that an enriched-north/depleted-south precipitation-δ18O dipole
pattern could possibly be the result of zonal patterns (Anderson et al.,
2016).

Notably, between ~4 and 3 ka, the JB andML δ18O anomalies also di-
verge: as JB δ18O became relatively enriched during this period, ML δ18O
remained relatively depleted (Fig. 11). Barron and Anderson (2011)
noted that this locally divergent behavior could reflect weak regional
climate forcing. We now suggest this behavior is more likely a result
of boundary layer fractionation effects caused by changing atmospheric
flow. In this instance either reduced vertical mixing or lower boundary
layer height, in response to a change in circulation patterns, could ac-
count for relatively depleted δ18O at ML that are not observed at JB, al-
though this proposition remains to be conclusively supported. Thus,
the precise mechanisms for how the enriched-north/depleted-south
precipitation-δ18O dipole pattern between ~3 and 1.2 ka relates to spe-
cific Pacific, or Arctic,modern analogue circulation patterns is uncertain.
Nevertheless, the appearance of the isotope dipole is consistentwith in-
creasing influence by subtropical Pacific ocean–atmosphere processes
on the hydroclimate of the western North America Cordillera.

Between ~1.5 and 1.2 ka, the enriched-north/depleted-south
precipitation-δ18O dipole reversed (depleted-north/enriched-south)
(Fig. 10). Subsequently, during the early Medieval Climate Anomaly
(MCA), by ~1000 AD, north and south regions became roughly neutral
and in-phase. Between ~1.2 and 0.8 ka (800 to 1200 AD), a strong
enriched-north/depleted-south dipole reestablishedwithin decades be-
fore rapidly returning to an in-phase neutral pattern by ~0.5 ka (~1500
AD). Similar decadal-scale reversals and dipole responses are not appar-
ent within any previous time period during the Holocene. Thus, al-
though previous studies have identified the MCA interval as a
generally negative-PDO-like period (Mann et al., 2009), the
precipitation-δ18O dipole variations shownhere reinforce the likelihood
that strong forcing by the Pacific ocean–atmosphere dynamics also in-
cluded a greater variety of Pacific ocean–atmospheremodes and region-
al responses than a single modern PDO analogue (e.g., Overland et al.,
1999; Bond et al., 2003; Overland and Wang, 2005).

During the LIA (~1500 to 1900 AD), a strong multi-century
enriched-north/depleted-south precipitation-δ18O dipole pattern
became reestablished. However, at ~1850 AD prominent shifts to
the most depleted values of the Holocene at both JB and Bison likely
reflect colder temperatures that are well documented during the late
19th and early 20th centuries.We also note that other strongly depleted
anomalies between ~3 and 1.2 ka are also consistent with colder tem-
peratures throughout western North America related to neoglaciation.
The ~1850 AD shifts could reflect influence by external factors such as
solar minima and resultant teleconnections as suggested by others for
Arctic and Atlantic sectors (Gray et al., 2004; Ineson et al., 2011;
Ortega et al., 2015). Within a Holocene context, though, these promi-
nent high-frequency precipitation-δ18O shifts serve to reinforce the
notion that complex precipitation-δ18O behavior exists for a wide
range of frequencies, an observation that further informs the aforemen-
tioned proxy and modeling discussion.
5. Conclusions

This review has characterized lake δ18O records fromwestern North
America, established their classification as isometers, and shown their
utility as tracers of past hydroclimate variability. Lakes that act as
precipitation isometers are differentiated from those that act as P − E
isometers, and it is shown that comparative analysis of lake δ18O records
aremost effective for similar isometer types. The review of past research
indicates a clear consensus that internal ocean–atmosphere modes
exert strong control on western North American precipitation-δ18O.
Prominent north–south precipitation-δ18O pattern variations indicated
by JB and Bison Lakes from the middle Holocene to the present provide
evidence for a highly non-stationary influence of Pacific ocean–
atmosphere processes on the hydroclimate of western North America.

The north–south precipitation-δ18O patterns indicate that the inter-
nal climate mechanisms such as ENSO, PDO and PNA, that reflect an in-
trinsically coupled tropical andNorth Pacific ocean–atmosphere system,
became a dominant forcing of hydroclimate in western North America
after ~4 ka. Prior to that time, it seems more likely that each region
was responding independently to external forcing by solar insolation;
northern regions were more strongly influenced by Arctic and Atlantic
forcing, including the influence of sea ice extent; whereas the southern-
most regions were more strongly influenced by North American
Monsoon dynamics. The onset of north–south precipitation-δ18O
patterns suggests that only after ~4 ka did the tropical and North Pacific
regions begin to act in a coupled manner to produce climate variability
that was unprecedented since the time of deglaciation. These results,
combined with previous data and modeling experiments, indicate that
we have much to learn about the specific Pacific ocean–atmosphere
mechanisms that give rise to different precipitation-δ18O variations
and why their influences vary through time.

This review of western North American lake δ18O also highlights the
importance of obtaining both spatial and temporal information to ad-
dress questions regarding the timing of regional climate change in re-
sponse to internal variability and external forcing. The compilation
underscores the unlikelihood that a single climate proxy record can pro-
vide information for a single climatemode or that is specifically relevant
to all areas, especially within a large region of complex topography.
Rather, it illustrates the necessity of applyingmultiple records to identi-
fy the numerous processes that cause climate change in western North
America. Thus, future efforts should focus on providing additional spa-
tially distributed precipitation-δ18O and P − E lake records from loca-
tions that broaden regional representation.

Furthermore, by selectively comparing proxy records that reflect the
same climate component, in this case precipitation-δ18O, we show the
utility of a common-data synthesis approach, wherein records that re-
flect one component of the climate system are compared with one
another to provide a foundation for comparison against other proxy
types that reflect different climate variables. For instance, a P − E
isometer approach utilizing Holocene length records that include
Paradise and Cleland Lakes, as well as the inclusion of the previously
mentioned proxy records from the Great Basin, Sierra Nevada, and
southern California (Kirby et al., 2013) will broaden the perspectives
identified here.

Lastly, the impact of new lake carbonate-δ18O recordswill only be as
great as new insights gained from parallel research on the processes
that connect climate variations to precipitation-δ18O and lake water-
δ18O variations on local to regional scales. Western North American
hydroclimate is characterized by the interaction between ocean–atmo-
sphere circulation controls and complex topography, and it is essential
that future and existing paleorecords be informed by observational pro-
cess studies that address the varying effects of vapor source, transport
distances, and orographic boundary layer dynamics on precipitation-
δ18O in three dimensions on fine spatial and temporal scales.
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