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CLIMATOLOGY

North Atlantic meltwater during Heinrich Stadial 1
drives wetter climate with more atmospheric rivers in

western North America

Jessica L. Oster'*, Sophia Macarewich?, Marcus Lofverstrom®, Cameron de Wet'?,
Isabel Montaiiez*, Juan M. Lora®, Christopher Skinner®, Clay Tabor’

Atmospheric rivers (ARs) bring concentrated rainfall and flooding to the western United States (US) and are
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hypothesized to have supported sustained hydroclimatic changes in the past. However, their ephemeral
nature makes it challenging to document ARs in climate models and estimate their contribution to hydroclimate
changes recorded by time-averaged paleoclimate archives. We present new climate model simulations of Hein-
rich Stadial 1 (HS1; 16,000 years before the present), an interval characterized by widespread wetness in the
western US, that demonstrate increased AR frequency and winter precipitation sourced from the southeastern
North Pacific. These changes are amplified with freshwater fluxes into the North Atlantic, indicating that North
Atlantic cooling associated with weakened Atlantic Meridional Overturning Circulation (AMOC) is a key driver of
HS1 climate in this region. As recent observations suggest potential weakening of AMOC, our identified connec-
tion between North Atlantic climate and northeast Pacific AR activity has implications for future western US

hydroclimate.

INTRODUCTION

Atmospheric rivers (ARs) are ephemeral, concentrated pathways of
atmospheric moisture transport that are responsible for the major-
ity of poleward moisture transport in the midlatitudes (1, 2). When
ARs reach the west coast of the United States (US), the interaction of
the moisture-laden air with coastal and near-coastal mountains can
lead to intense and substantial orographic precipitation that can al-
leviate drought but also induce flooding (3—6). The importance of
ARs to the modern hydrologic budget of the semiarid western US
has prompted numerous investigations into their role in past
climate states, particularly during the Last Glacial Maximum
(LGM) and ensuing deglaciation (7-9), an interval of marked re-
gional hydroclimate changes as evidenced by the growth of
pluvial lakes across the region (10).

Proxy records and climate model simulations have emphasized a
pattern of increased wetness at the LGM in the southwestern US and
increased aridity in the northwestern US that may have arisen from
a southward shifted extratropical storm track, increased rainout
over land due to stronger temperature gradients, reduced evapora-
tion due to cooler temperatures, and an increase in southwesterly
moisture transport from AR storms (7, 9, 11-13). However, sub-
stantial geochronologic and proxy data evidence demonstrates
that (i) the timing of pluvial lake highstands and therefore potential-
ly wetter climate conditions was temporally variable across the
region (8, 14) and (ii) most of the presumably wettest conditions
postdate the LGM (10, 15). Heinrich Stadial 1 [HSI; 18,000 to
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14,700 years before the present (B.P.)] was a period of intense
winter cooling and iceberg release into the North Atlantic (16).
Many pluvial lakes in the Great Basin, a contiguous area of
inward-draining watersheds extending from southeastern Califor-
nia north to central Oregon and east through northern Utah,
reached highstands during some portion of HS1 (8, 15).

The mechanisms behind the wetness during HS1 have been in-
vestigated through model experiments and proxy record compila-
tions. Comparison between proxies from across North America
and the TraCE21K transient simulation of the last deglaciation
found the strongest agreement in the sign of hydroclimate change
in western North America where winter precipitation dominates the
seasonal hydroclimate budget (17). However, TraCE21K only sim-
ulates minor upticks in boreal winter [December, January, and Feb-
ruary (DJF)] precipitation in the western US (California and
Nevada) between 16,000 and 15,000 years B.P. relative to the
LGM (18), and in boreal fall [September, October, and November
(SON)] precipitation between ~17,000 and 15,000 years B.P. (17),
possibly due to its ice sheet configuration (19). In a set of idealized
freshwater hosing experiments conducted under different orbital
configurations, McGee et al. (8) found that the increased winter pre-
cipitation in western North America during Heinrich stadials was
closely associated with southward displacement of the intertropical
convergence zone (ITCZ) and intensification of the east-central
Pacific Hadley circulation. They put forward a conceptual model
suggesting that freshwater hosing changes the tropical circulation,
which, in turn, helps intensify the subtropical jet, deepen the Aleu-
tian Low, and draw AR-like subtropical moisture into western
North America, including the Great Basin where pluvial lakes ex-
panded (Fig. 1). However, the coarse resolution and idealized rep-
resentation of Heinrich stadials in those simulations precluded a
comprehensive understanding of the dynamics of HS1 hydrocli-
mate and how ARs may have contributed to increased regional
wetness at this time.

10f 11

€20T ‘1€ T9qUId03(] U0 SI0°90USIOS" MMM //:SANY WO} POpeo[uMO(]


mailto:jessica.l.oster@vanderbilt.edu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adj2225&domain=pdf&date_stamp=2023-11-17

SCIENCE ADVANCES | RESEARCH ARTICLE

t 12,000 13,000 14,000 15,000 16,000 17,000 18,000 19,000 20,000 21,000 22,000
- i h iy L ; 4 + " : oN
= 2504 A insolation and CO,Hs1 interval LGM interval 50°N %&%\ Canada |
z
£ 500{ _ 555 / 3
© |E ) ;
S 4808 : :
E 5200- 1 -0.05
[<] |
2 460{© | B Atiantic Core OCE26-GGFS5 L0.06 3 ) MT
| . :
2 [ L0.07 & !
= s | t N M .----""" . >
= | 8 \ & ay
| 0.08 /' AN
oN| —| v ]
I 0.09 45°N T
_ C Lake Chewaucan, 42.8°N,
- swsucs! D |
81340- . By | !
= 1330- ' WY
S - gy o | :
T 1320 i l el P B s © vl S il -4
5 i 1600 — ' '
© 1310+ —oae. 2 . “ L
Q = g . o Lis50® )
« 1300{D Lake Surprise, 41.5°N —— % =
- N | 5  40°N- I
N -1500 S v .
Uil & (ISR PN S 3
I ata L1450 = ® 7 UT
- 3 NV g i
o L1400 & ¢,
o :
> b e
3 : !
© e
% 1850 & N
= 1
[©] N
o  35°N— oo
1840 2 .
o o\ AZ
2 h
1830 8 . /
= @ Drier HS1
al [ : - 1820 § @ Wetter HS1
a G McLean's Cave, 38.1°N | OSimilar HS1/LGM
g -
> 64 B Lake chemistry/pollen
E o] | 25 #Speleothem/groundwater Mesicn
Sf-; 30°N —{YLake level
—~10 L.20 T T T T I I I I
°\° O ) o o
H Lake Eisinord! 33000 s @ 124°W 120°W 116°W 112°W
3
Lo T
o
=R
s~
HS1a 0

;
12,000 13,000 14,000 15,000 16,000 17,000 18,000 19,000 20,000 21,000 22,000
Age (cal years B.P.)

Fig. 1. Summary of climate records for HS1. (A) Insolation (37) and atmospheric CO, [parts per million (ppm)] (38). (B) Record of *'Pa/?*°Th in the North Atlantic
sediment core GGC5, a proxy for AMOC strength (22) where strong AMOC is upward on the graph. (C) 4 ages and elevation in meters above sea level (masl) for Lake
Chewaucan shorelines (74). (D) '“C ages and elevation in mas| for Lake Surprise shorelines (34). (E) Stable carbon isotopes in the Lake Shasta Caverns Stalagmite in per mil
relative to the Vienna Pee Dee Belemnite (%o VPDB) , a proxy for wetness where a downward shift is wetter conditions (27). (F) T4c ages and elevation in masl for Lake
Franklin shorelines (15, 71). (G) Stable carbon isotopes in the McLean's Cave stalagmite (ML1) in %o VPDB(24). (H) Percent sand record of runoff from Lake Elsinore
sediments where an upward shift is increased runoff (29). Pink band indicates time over which LGM conditions are determined for proxies. LGM conditions for ML1
(G) estimated from late glacial record (18,400 to 19,400 years B.P.). Blue band shows entirety of HS1 with gray band indicating interval over which HS1 conditions are
determined for comparison to the model time slice (see Materials and Methods). (I) Map showing all records used in compilation (see data S1). Blue shading indicates the
presence of Great Basin pluvial lakes during this interval. US state abbreviations are as follows: Washington (WA), Oregon (OR), Idaho (ID), Montana (MT), California (CA),
Nevada (NV), Utah (UT), Wyoming (WY), and Arizona (AZ). Records shown in time series compilation are demarcated by the corresponding letters.

To understand the driving mechanisms behind the hydroclimate
change in western North America during HS1 and to assess the role
of ARs and subtropical moisture transport, we use the Community
Earth System Model version 1.3 (iCESM1.3) (20) to conduct simu-
lations of the LGM climate centered on 21,000 years B.P. [21 thou-
sand years (ka)] as well as several experiments of HS1 climate
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centered at 16,000 years B.P. (16 ka) to test the sensitivity to fresh-
water forcing, ice sheets (fig. S1), and sea surface temperatures
(SSTs) (Table 1). Our simulations have interactive atmosphere
and land components at 0.9° x 1.25° horizontal resolution with pre-
scribed SSTs (fig. S2) from coupled simulations extended from the
isotope-enabled transient climate experiment (iTraCE), which
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Table 1. 16ka sensitivity experiments. Experiments are performed using
CESM1.3 including interactive atmosphere and land components and
prescribed SSTs from coupled simulations extended from iTraCE and iTraCE
restarts. GHG, greenhouse gas.

Name Setup

16ka 16-ka orbit, ice sheets, GHG, and prescribed SSTs that do
not include freshwater flux

16ka_FWF 16-ka orbit, ice sheets, GHG, and prescribed SSTs that do

include freshwater flux

16ka_LGMice  16-ka orbit, GHG with LGM topography and land surface
types, and prescribed SSTs that do not include
freshwater flux

simulates robust precipitation increases in the Great Basin around
16 ka (19). The meltwater fluxes in iTraCE were derived from sea
level reconstructions and geological markers of ice sheet retreat and
meltwater release and primarily represent ice melt into the North
Atlantic (20, 21). With the inclusion of meltwater flux, the
iTraCE simulation displays a slowdown in Atlantic Meridional
Overturning Circulation (AMOC) centered on 16 ka that closely
follows that suggested by North Atlantic marine sediment records
(Fig. 1B) (20, 22), indicating that a model time slice centered on 16
ka is an appropriate interval to investigate the influence of freshwa-
ter flux on HS1 climate. We use several analytical techniques to in-
terpret hydroclimatic change in western North America during
these intervals, including water “tagging,” which we use to track
water from evaporation to precipitation from several regions of
the North Pacific, and an AR detection algorithm designed for pa-
leoclimate studies [based on that of (7, 23)]. We compare our model
results to a compilation of moisture sensitive proxy records that
span the LGM and HS1 intervals in the winter precipitation-dom-
inated region of the western US to assess model agreement with the
inferred pattern of hydroclimatic change across the early part of the
most recent deglaciation. Our results illustrate the teleconnections
between freshwater forcing in the North Atlantic and western North
American hydroclimate and highlight the importance of ARs to in-
creasing precipitation in this region during intervals of abrupt
global climate change.

RESULTS

HS1 proxy records

Moisture-sensitive proxy records from western North America
strongly suggest that the climate of HS1 was wetter than the LGM
in the southwestern US and that this wetness extended eastward
through the Great Basin. Wetness in western North America is par-
ticularly pronounced during the latter part of HS1, sometimes de-
scribed as HS1b (16,100 to 14,600 years B.P.) (14). As noted in
previous data compilations, many Great Basin lakes reached high-
stands during HS1 (8, 14, 15), and this is evident in our compilation
as records throughout the Great Basin indicate a wetter HS1 relative
to the LGM (Fig. 1). Several proxy records from California also
point to a wetter HS1, including multiproxy stalagmite records
from the Sierra Nevada in eastern California (24—26) and the
Klamath Mountains in Northern California (27), as well as salinity
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proxies from Searle’s Lake in the Mojave Desert (28) and sediment
proxies of runoff from Lake Elsinore in southern California (29). In
contrast, there is no discernable difference between LGM and HS1
lake levels in Panamint Valley (30), and soil opal uranium isotopes
from Fish Lake Valley, Nevada, also do not show a clearly wetter
HS1 (31). Further north, lake records from Oregon (14, 32) and
Washington (33) indicate that the HSI climate was drier than the
LGM. Quantitative estimates of precipitation or effective moisture
anomalies between HS1 and the LGM are rare. However, a water
balance model based on lake level reconstructions from Lake Sur-
prise in northeastern California suggests that HS1 precipitation was
higher than the LGM by ~370 mm/year or ~1 mm/day (34).

Precipitation and low-level winds
The west coast of the US is largely dominated by winter precipita-
tion (17), and winter (DJF) precipitation in the region is higher for
all our 16ka iCESM experiments relative to the LGM (21 ka). In the
baseline 16ka experiment, the positive winter precipitation anomaly
is strongest along the northwestern US coast but extends southward
to central California and eastward into the northern Great Basin
(Fig. 2C). In 16ka_LGMice, this anomaly is strongest in central Cal-
ifornia and extends further south (fig. S3). Thus, the main effect of
the inclusion of LGM ice sheet topography with 16-ka CO, and
orbital forcing in this region is a southward shift of the positive pre-
cipitation anomaly. The 16ka_LGMsst experiment produces winter
precipitation anomalies that are broadly similar to the baseline ex-
periment, but the positive precipitation anomaly is not consistently
expressed east of California (fig. S3), indicating that this winter rain-
fall does not reach as far inland as during the colder LGM. Relative
to the LGM simulation, annually averaged precipitation increases
along the west coast of the US are either modest and/or not statisti-
cally significant for all 16ka experiments apart from the experiment
that includes a freshwater flux to the North Atlantic (16ka_FWF)
(figs. S4 and S5). By far the most pronounced western US precipi-
tation anomalies relative to the LGM occur when including fresh-
water forcing to the North Atlantic. The 16ka_FWF experiments
display strong positive DJF (Fig. 2, B and D) and annual (fig. S4)
precipitation anomalies along the California coast, extending north-
ward into Oregon and Washington and into the northeastern North
Pacific. Comparing the 16ka_FWF scenario (Fig. 2, B and D) to the
baseline 16ka scenario (Fig. 2, A and C), which only differ by the
inclusion of freshwater flux, it is clear that freshwater flux to the
North Atlantic expands the positive winter rainfall anomaly over
the western coast toward the south and east, extending through Cal-
ifornia and into the Great Basin, and causes marginally drier con-
ditions along the coast of Washington state (Fig. 2E and fig. S6).
CESM is known to have a moderate double ITCZ bias (35), and
Dong et al. (36) identify a relationship between the amount of
double ITCZ bias in model simulations and future hydroclimate re-
sponse in the southwest US. However, the potential amount of pre-
cipitation response due to double ITCZ bias identified by Dong
et al. (36) is smaller than the precipitation response to meltwater
flux at 16 ka in our simulations. Therefore, although a double
ITCZ bias could contribute to the southwest US precipitation re-
sponse at 16 ka, it does not change our interpretations. Global
winter precipitation in the 16ka, 16ka_FWEF, and LGM simulations
is shown in fig. S7.

The strong positive precipitation anomaly that develops in the
16ka_FWF scenario relative to the LGM is accompanied by
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southwesterly wind anomalies, especially during DJF (Fig. 2). These
wind anomalies are also present in the other 16ka experiments
during the winter but are considerably weaker, occur only over
the central Northern Pacific, and do not extend to the west coast
of North America (Fig. 2 and fig. S3). Given the subtle changes
induced by the inclusion of the LGM ice sheet and SSTs compared
to the larger precipitation and wind anomalies produced by North
Atlantic freshwater forcing, we focus below only on the anomalies
between the baseline 16ka and 16ka_FWF experiments with
the LGM.

Moisture tracking

Through moisture tagging in iCESM1.3, we track changes in the
amounts of precipitation at the North American west coast
arising from four regions in the North Pacific (Fig. 3 and fig. S8).
During the winter (DJF), there is an increase in moisture sourced
from the central and subtropical North Pacific for both 16ka simu-
lations with and without freshwater flux relative to the LGM. In-
creases in precipitation sourced from the central midlatitude
North Pacific (CMNP) and central-east North Pacific (CENP) are
largest in Washington and Oregon for the baseline 16ka relative
to the LGM. In the 16ka_FWF simulation, precipitation from
these regions is more abundant, and the anomaly is centered
further southward along the California coast and inland toward
the Sierra Nevada in eastern California. The 16ka_FWF simulation
also sees a larger increase in south-central North Pacific (SCNP)
and southeastern North Pacific (SENP) moisture reaching the
west coast of the US as compared to the 16ka simulation without
freshwater flux.

Atmospheric rivers

The model simulations suggest that precipitation and integrated
vapor transport (IVT)—associated with ARs in the North Pacific
region—increased at 16 ka relative to the LGM (Fig. 4). Similar to
total precipitation, the most pronounced AR precipitation anoma-
lies in the 16ka simulations relative to the LGM occur when North
Atlantic freshwater forcing is included. In both the baseline 16ka
and 16ka_FWF scenarios, higher AR activity over the ocean is pri-
marily attributable to increased AR frequency and intensity,
whereas the frequency, duration, and intensity of ARs behave differ-
ently over land between these two simulations. In the baseline 16ka
simulation, positive AR precipitation anomalies (up to ~0.5 mm/
day) are concentrated over the northwest US region relative to the
LGM. Higher AR activity in this region is primarily driven by in-
creased AR intensity (fig. S9) and duration (fig. S10). With the ad-
dition of freshwater forcing in the North Atlantic, AR precipitation
anomalies are further enhanced (up to 3 mm/day) and expand
southward and further inland along the west coast of the US
(Fig. 4). In the 16ka_FWTF scenario, increased AR precipitation is
primarily driven by more frequent AR events closer to the coast
(fig. S11) and longer AR events in the Great Basin (fig. S10). The
average number of ARs increases by ~2 and 8 events per year at
coastal proxy sites in the 16ka and 16ka_FWF simulations, respec-
tively, relative to the LGM (fig. S12). In addition, ARs comprise a
larger portion of total wintertime precipitation at 16 ka relative to
the LGM (fig. S13).
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Fig. 2. Winter (DJF) precipitation and 850hPa (horizontal) winds and anomalies. - Results for (A) 16ka and (B) 16ka_FWF simulations. Winter precipitation and 850-
hPa wind anomalies for the (C) 16ka and (D) 16ka_FWF simulations relative to the LGM, respectively, and (E) 16ka_FWF relative to the baseline 16ka simulation. Differ-
ences in precipitation and winds that are not significant at the 95% level (P > 0.05 using a Student's t test) are shaded with gray and omitted from the plot, respectively.
Winds at 850 hPa over land do not change substantially and thus have been omitted for plotting purposes. Western US hydroclimatic proxy records are the same as

in Fig. 1.
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Fig. 3. Water tagging results. Wintertime (DJF) precipitation from tagged water in the baseline 16ka simulation in (A) CMNP (20°N to 45°N, 140°W to 180°W), (B) CENP
(20°N to 45°N, T10°W to 140°W), (C) SCNP (10°N to 20°N,140°W to 180°W), and (D) SENP (10°N to 20°N, 100°W to 140°W) relative to the LGM simulation. (E to H) The same
tagging results are also plotted for the 16ka_FWF simulation. Western US hydroclimatic proxy records are the same as in Fig. 1. Areas from which moisture is tracked and
tracking results for the northeastern Pacific are shown in fig. S8. Differences in precipitation that are not significant at the 95% level (P > 0.05 using a Student's t test) are

shaded with gray.

DISCUSSION

For all our experiments, positive annual and winter precipitation
anomalies are present in parts of western North America for 16
ka relative to the LGM. The increased wetness in the Pacific North-
west in the baseline 16ka simulation relative to the LGM likely arises
due to orbital changes and increases in atmospheric CO, [see Ma-
terials and Methods, (37, 38), and Fig. 1A] that drive a warmer and
wetter climate. Relative to the LGM, stronger westerly winds in the
North Pacific and a deeper Aleutian low lead to increased Central
Pacific moisture reaching the west coast at 16 ka (Fig. 3), even when
freshwater forcing is not included.

The inclusion of freshwater flux to the North Atlantic has the
largest influence on winter precipitation in western North
America relative to the baseline 16ka simulation and other sensitiv-
ity experiments. Compared to the baseline 16ka scenario, the winter
(Fig. 2) and annual (figs. S4 and S6) precipitation anomalies are
shifted equatorward and extend farther eastward (Fig. 2E) with
the inclusion of freshwater forcing. To compare the spatial patterns
of winter precipitation anomalies between the baseline 16ka and
16ka_FWF scenarios relative to the LGM with paleoclimate obser-
vations from this region, we computed the Gwet's agreement coef-
ficient (AC) (39) between the simulated anomalies and the proxy
compilation (see Materials and Methods). We use Gwet's AC to
evaluate categorical agreement between proxies and models,
which independently assess whether each proxy locality experi-
enced wetter, drier, or unchanged conditions at 16 ka relative to
the LGM (39). We evaluate agreement between the proxy

Oster et al., Sci. Adv. 9, eadj2225 (2023) 17 November 2023

compilation and the model scenarios relative to random chance
agreement across a range of threshold values (5 to 20%) for which
a change in precipitation observed by the models would be consid-
ered wetter or drier (see Materials and Methods). The baseline 16ka
simulation has a maximum AC value of 0.69 at a low precipitation
anomaly threshold of 5% (Fig. 5). The AC value decreases quickly as
the threshold is raised and a larger precipitation anomaly is required
to categorize a site as wetter or drier in the model (fig. S14). The
16ka_FWF simulation has a maximum AC value of 0.78 at a precip-
itation threshold of 19% (Fig. 5). However, AC values are high, and
above 0.71, at thresholds of 5 to 19%, suggesting that this higher AC
value with freshwater flux is robust regardless of the threshold
chosen (fig. S14). The 16ka_FWF simulation likely has a higher
AC value because the positive precipitation anomaly stretches
farther to the south. In addition, although the freshwater flux sce-
nario does not indicate reduced precipitation at the exact proxy lo-
cations in the northwestern US, drier conditions, nevertheless,
prevail in the region between these proxy data sites (Fig. 5). Thus,
the inclusion of freshwater flux to the North Atlantic leads to a no-
ticeable improvement in model-proxy agreement in the western US
when comparing differences between the HS1 and LGM climates.
For a quantitative comparison, at Lake Surprise in northeastern Cal-
ifornia, the freshwater flux scenario leads to a positive precipitation
anomaly (0.36 mm/day, annual; 0.72 mm/day, DJF) that is close to
that estimated by Ibarra et al. (34) on the basis of lake water balance
calculations (~1 mm/day) and higher than anomalies in the baseline
16ka scenario.
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Fig. 4. Winter (DJF) precipitation, sea level pressure, and IVT associated with ARs. (A) 16ka and (B) 16ka_FWF. Differences in AR precipitation, sea level pressure, and
integrated vapor transport (IVT) for the (C) 16ka and (D) 16ka_FWF simulations relative to the LGM. Note that contours of sea level pressure differences are plotted in
increments of 0.3 and 1.5 hPa in (C) and (D), respectively. Differences in precipitation and winds that are not significant at the 95% level (P > 0.05 using a Student's t test)
are shaded with gray, and insignificant differences in winds are omitted from the plot, respectively. IVT and sea level pressure over land are removed for plotting purposes.

Western US hydroclimatic proxy records are the same as in Fig. 1.

In a set of idealized LGM experiments with North Atlantic fresh-
water forcing, McGee et al. (8) attributed increased winter precipi-
tation in western North America to an intensification of the east-
central Pacific Hadley circulation and increased moisture transport
by ARs. In our simulations that include more realistic boundary
conditions for HS1 (including 16-ka orbital forcing, greenhouse
gases, and ice sheets), water tagging indicates that the increased pre-
cipitation along the US west coast is predominately coming from the
central North Pacific. The inclusion of North Atlantic freshwater
forcing leads to increased precipitation sourced from the central
North Pacific, SCNP, and SENP (Fig. 3 and fig. S8) relative to the
LGM and to the baseline 16ka simulation.

Similar to the interpretation outlined schematically in figure 5 of
(8), we find that the ascending branch of the Hadley circulation is
shifted into the Southern Hemisphere (i.e., the summer hemi-
sphere) in the 16ka_FWF simulation relative to the baseline 16ka
simulation. This latitudinal shift yields a local Rossby wave source
(40) in the eastern tropical Pacific that excites northward propagat-
ing Rossby waves that help strengthen the Aleutian Low and create
favorable conditions for moisture transport into the southwestern

Oster et al., Sci. Adv. 9, eadj2225 (2023) 17 November 2023

US (Fig. 6B). The wave response in the deep tropics is, to first-
order, comparable to that observed by Sardeshmukh and Hoskins
(40), who investigated the wave response to upper tropospheric di-
vergence in the deep tropics in an idealized, linear circulation
model. This apparent similarity between studies suggests that the
interpretation by McGee et al. (8) of an intensification of the east-
central Pacific Hadley circulation is both plausible and, at least, a
partial explanation for the changes in the stationary wave field.
McGee et al. (8), however, solely invoke tropical-extratropical
connections and do not account for the extratropical wave interac-
tions that have been identified elsewhere. For example, previous
work has shown that the strong zonal wind in glacial climates acts
as a wave guide for stationary waves, resulting in complex wave pat-
terns that are controlled by the superposition of reflecting and re-
fracting waves in extratropical latitudes (9, 41, 42). The picture that
emerges in our simulations suggests that these extratropical wave
interactions are also occurring in the 16ka_FWF scenario (Fig. 6).
Therefore, the full-wave response to freshwater forcing should
perhaps best be viewed as a combination of both tropical and
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Fig. 5. Proxy-model agreement. Agreement between proxy compilation and the baseline 16ka scenario (A) and 16ka_FWF scenario (B) with their maximum computed
AC. Winter (DJF) precipitation anomalies between the 16ka scenarios and the LGM are plotted as percent anomalies. Differences in precipitation that are not significant at
the 95% level (P> 0.05 using a Student's t test) are shaded with gray. Dashed lines indicate the threshold of precipitation change at which the maximum AC value is found
(thick dashed line, positive precipitation change threshold; thin dashed line, negative precipitation change threshold). Proxy symbols are color-coded by how well they

agree with the models at each location.

extratropical wave sources and interactions, rather than the re-
sponse to waves originating in either region in isolation.

Our analysis offers insights into the importance of freshwater
forcing and the associated SST cooling in the North Atlantic for
generating increased winter wetness in western North America
through increases in moisture flux from the Central and subtropical
Pacific, particularly through an increase in the influence of AR
events affecting the west coast. Limitations of our study stem from
the chronologic uncertainty and potential unaccounted for seasonal
bias of proxy records that can complicate systematic comparisons
between proxies and seasonal model output. To mitigate these lim-
itations, we restrict our study area to the portion of the western US
where the annual balance of precipitation is strongly dominated by
winter rain and snowfall (17), and, thus, proxies should predomi-
nantly reflect changes in winter precipitation. We also choose
records that include robust chronologic constraints in both the
late glacial/LGM and HS1 intervals. Furthermore, the increase in
ARs reaching western North America observed in the model with
the inclusion of freshwater forcing supports previous interpreta-
tions of individual proxy records. For example, at McLean's Cave
in central California, west of the Sierra Nevada, the amount of
winter AR precipitation increases from 0.5 mm/day in the LGM
simulation to 0.73 mm/day for the baseline 16ka experiment and
to 2.06 mm/day for the 16ka_FWF simulation (Fig. 4 and data
S1). For the 16ka_FWTF simulation, the proportion of AR precipita-
tion out of total DJF precipitation increases from ~7 to 20% (fig.
S§13), and the average number of AR events per year increases
from ~2 to 8 relative to the LGM (fig. S12). This finding is consistent
with the McLean's Cave proxy records that suggest both a wetter
climate during HS1, as indicated by a shift to lower values in the
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calcite stable carbon isotope record (Fig. 1G) and inclusion fluid hy-
drogen and oxygen isotope records, and an increase in moisture
from warm, wet storms from the subtropical Pacific, as indicated
by a positive shift in the calcite stable oxygen isotope record
during HS1 relative to the late glacial (23-26). Shifts in speleothem
carbon and oxygen isotope records between the LGM and HS1 are
evident further north at Lake Shasta Caverns, California (Fig. 1E)
(27) and are also consistent with our modeled increase in AR
storms in the 16ka_FWTF simulation. Similar increases in precipita-
tion and storminess have been suggested on the northern and
central California coast by speleothem and lake sediment proxy
records of the 8.2-ka event, another interval characterized by en-
hanced freshwater flux to the North Atlantic (43, 44).

Increases in AR precipitation have been postulated to have sup-
ported the rise of Great Basin pluvial lakes to their post-LGM high-
stands (8). Our results indicate that AR precipitation contributes
most to enhanced winter precipitation along the west coast, with
impacts centered on California. However, modest increases in AR
precipitation do occur in the eastern Great Basin, where lakes
reached highstands between 16 and 17 ka. ARs contribute almost
no winter precipitation in the LGM simulation (0 to 0.2 mm/day)
in the areas of Lakes Bonneville, Franklin, Clover, and Waring, but,
in the 16ka_FWF scenario, these areas see up to ~2 ARs per year
(fig. S12) that contribute ~0.1 mm/day on average over the winter
(data S1). The increases in AR precipitation in both HS1 scenarios
are even greater in the western Great Basin where pluvial lakes reach
their post glacial highstands slightly later in the deglaciation (8, 14).
At Lakes Lahontan and Surprise, both of which see highstands close
to 16 ka (14, 34), AR precipitation increases by two to four ARs per
year in the 16ka_FWF simulation relative to the LGM (fig. S12). At
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Fig. 6. Atmospheric dynamics. Winter (DJF) eddy stream function (contours; geostrophic stream function with the zonal mean removed) and Rossby wave source at 250
hPa (shading) in the (A) 16ka_FWF simulation and (B) 16ka_FWF relative to the 16ka simulation. Orange arrows indicate the approximate direction of wave propagation.

2 -1

Solid and dashed contours indicate positive and negative values of eddy stream function, respectively. Black contours in (A) and (B) are plotted at 0.65 and 0.25 (m“s™" X

107) increments, respectively.

Lake Chewaucan, where the highstand is dated to ~14 ka during the
Bolling Allergd, our simulations indicate a similar increase in AR
precipitation. Although dated tufa deposits indicate a relatively
high lake during the LGM, there is no dated shoreline material
for Lake Chewaucan during HS1 (Fig. 1C), which has been inter-
preted to reflect lake regression during this time (14). Both the base-
line 16ka and 16ka_FWTF scenarios suggest wetter conditions at this
site relative to the LGM (Figs. 2 and 5 and fig. S4), indicating that
these anomalies may extend too far north in our model scenarios or
that wet or rising conditions at the lake were not recorded by shore-
line deposits during this interval. Thus, another limitation of our
study stems from our imposed ice sheet reconstruction that may
contribute to precipitation biases in the model in the northern
part of our study area where regional ice sheet geometry likely
played an important role in the hydroclimate response. In addition,
our simulations are run at 0.9° x 1.25° horizontal resolution and
thus do not fully capture the fine-scale dynamic and thermodynam-
ic processes that shape AR intensity or the topographic resolution of
western US mountain ranges, limiting our ability to assess oro-
graphic precipitation and rain shadow effects (45). Future simula-
tions at higher resolution (e.g. 0.23° x 0.31°) may improve model-
proxy agreement in this topographically complex region. Further-
more, these simulations do not include land surface responses
such as lakes or vegetation change that could have amplified the hy-
droclimate response further inland at the locations of the eastern
Great Basin Lakes. The inclusion of these feedbacks in future sim-
ulations as well as the addition of tagging and AR tracking to model
simulations of later stages in the deglaciation, including the Bolling
Allered (e.g., 15 and 14 ka), may help to resolve spatiotemporal var-
iations in the impacts of AR precipitation on the timing of pluvial
lake highstands in western North America.

In these simulations, freshwater forcing, primarily into the
North Atlantic, and associated North Atlantic cooling result in in-
creased winter precipitation derived from the eastern North Pacific
as well as increased frequency and duration of AR storms along the
west coast of the US. Freshwater forcing during HS1 is linked to a
slowdown of AMOC in both models and proxies (20), although
recent proxy compilations suggest that AMOC may have been
only 30% slower in HS1 compared to the LGM (46). Marine
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sediment records indicate that melting of European ice sheets initi-
ated a slowdown of AMOC early in HS1, which was subsequently
amplified by release of icebergs from the Laurentide Ice Sheet
during the latter part of HS1 (47-49). Recent indicators of
AMOC strength point to an unprecedented decline in the 20th
century leaving AMOC in its weakest state in the past 1000 years
(50-52). Model experiments using an earlier version of the atmo-
spheric model (Community Atmosphere Model version 4)found
similar patterns of increased precipitation across the Pacific that is
suggestive of increased ARs in response to an AMOC shutdown
with global warming, although the increase in western US precipi-
tation was not statistically significant (53, 54). Overall, our results
point to a clear connection between conditions in the North Atlan-
tic and AR activity in the northeastern Pacific that may have impor-
tant implications for hydroclimate and resource planning under an
anthropogenically modified climate.

MATERIALS AND METHODS

Experimental design

Here, we use the iCESM1.3 (20). The climate of CESM1.3 is broadly
similar to CESM1.2, which captures the observed preindustrial and
historical mean state and variability to a high accuracy(55). The at-
mospheric component of iICESM1.3 is the Community Atmosphere
Model version 5 (56, 57), and the land model is version 4 of the
Community Land Model (58). The simulations presented here
have interactive atmosphere and land components at 0.9° x 1.25°
horizontal resolution. Prescribed SSTs come from coupled simula-
tions extended from iTraCE (see below). All analyses use the final 45
years of model outputs.

Our LGM boundary conditions follow the Paleoclimate Model-
ling Intercomparison Project protocols (59), including ICE-6G ice
sheet reconstructions (60) (fig. S1), 21-ka orbital configurations
(37) and 190—-parts per million (ppm) CO, (38). A description of
our LGM simulation can also be found in (13). Our HS1 boundary
conditions include 16-ka ice reconstruction from ICE-6G, 224-ppm
CO; (38), and 16-ka orbital configuration (37). We use prescribed
SSTs from the iTraCE simulation for our 16ka_FWF simulation and
from simulations branched from iTraCE restarts that do not include
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freshwater flux for the other sensitivity experiments (fig. S2). Fresh-
water flux in the iTraCE simulation (20) mimics the scheme used in
the TraCE-21ka simulations (21). In the iTraCE simulation, most
freshwater flux before 16 ka is released into the surface ocean of
the North Atlantic (80°W to 20°E/50°N to 70°N). Before 17 ka, a
secondary amount of freshwater is added to the Gulf of Mexico
(255°E to 280°E/15°N to 33°N), but it has little impact on climate
relative to the North Atlantic freshwater flux, especially by 16 ka
(21). In the iTraCE simulation that includes freshwater flux, a slow-
down in AMOC of ~12 sverdrups (Sv) occurs from 17.5 to 15.5 ka as
meltwater flux to the North Atlantic is increased. This closely
follows the **'Pa/**°Th marine sediment proxy of AMOC intensity
(20, 22).

We use several analysis techniques to interpret hydrologic
change in the western US at the LGM and HS1. To better under-
stand the sources of moisture reaching the western US, we use the
water tagging feature within iCESM1.3, which tracks water from
evaporation to deposition in user defined regions. Water tags are
passive and do not influence the simulated climate. Here, we
focus on regions within the North Pacific, as this area is the
source of the vast majority of moisture transported to the western
US. We track moisture originating from four regions (Fig. 3): the
CMNP (here defined as the region 20°N to 45°N, 180°W to 140°
W), CENP (20°N to 45°N, 110°W to 140°W), SCNP (10°N to 20°
N, 180°W to 140°W), and SENP (10°N to 20°N, 100°W to 140°W).

ARs are identified in the North Pacific and SWNA regions using
an automated tracking method that has previously been used in pa-
leoclimate studies (7, 23, 61-63). We define ARs as contiguous
regions of at least 2000 km where 6-hourly (instantaneous) vertical-
ly IVT exceeds a threshold value. The magnitude of IVT is calculat-

ed as
1 0 2 1 0 2 %
- ud, + (—J vd >

where g is the gravitational acceleration, p; is surface pressure, ¢ is
specific humidity, u is zonal wind, v is meridional wind, and the
integral is carried out over pressure p from the surface to the top
of the atmosphere. The threshold value of IVT is based on zonal-
mean integrated water vapor (IWV), and ARs are detected when

IVT =

wv A\
max(IWV)

where IWV is the 30-day running mean of the zonally averaged
IWYV, max(IWYV) is the latitudinal maximum of IWV, and IVT,;,
is equal to 225 kg/m/s. The algorithm incorporates aspects of both
absolute threshold-based (IVT,y,;,) and relative (use of background
IWV) AR tracking methodologies (64, 65). Compared to the
median of all tracking methods included in the Atmospheric
River Tracking Method Intercomparison Project, this algorithm
detects the same month of peak AR frequency and a higher magni-
tude and range of AR frequency in the western US (65). Neverthe-
less, this algorithm allows for comparison between climates with
different mean states and thus is well suited for comparing ARs
across multiple paleoclimate intervals.

Following (23, 60), AR frequencies are calculated as the percent-
age of 6-hourly time steps in which an AR is detected divided by the
total number of 6-hourly time steps in the specified analysis period.

IVT > IVT in (1 -
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Following (63), AR durations are calculated as the continuous
length of time that a given location is experiencing AR conditions
(i.e., is located within the spatial extent of an AR defined by the AR
tracking method). AR intensity is inferred from the average IVT of
AR conditions at a given location. Precipitation from ARs is calcu-
lated on the basis of the colocation of precipitation and identified
ARs, where precipitation occurring where AR conditions are met is
counted as AR precipitation. This definition of AR precipitation in-
cludes tropical moisture intrusion and frontal systems that meet the
same criteria of length and IVT.

Proxy compilation

We compiled paleoclimate proxy records from the western US that
cover both the LGM (21,000 + 1000 years) and HS1. We focused on
the region of the western US where the annual balance of precipi-
tation is dominated by winter rain and snowfall (17). Thus, our
compilation covers the region between the Mexican and Canadian
borders, stretches from the west coast eastward through the Great
Basin to 114° W. In the western US, it has been suggested that
HS1 can be divided into two intervals with distinct regional hydro-
climate: HS1a that covers 18.0 to 16.1 ka and HS1b that covers 16.1
to 14.6 ka (14). For our comparison, we noted the moisture desig-
nation for HS1 proxy records as they covered 16,000 years B.P. +
1000 years (Fig. 1). This interval aligns with the slowdown of
AMOC observed in **'Pa/**°Th from North Atlantic sediments
(Fig. 1B) (22) and overlaps mostly with HS1b that is the more con-
sistently wet interval of HS1 (14, 26). Thus, if the authors specifi-
cally noted a proxy response during HS1b, which has also been
called "The Big Wet" (66), then we used this proxy designation in
our compilation. Our proxy interpretations are based on those of
the original authors of each study. We assigned a proxy response
of "w" if the record suggests a wetter climate during HS1 relative
to the LGM; “d” if the proxy suggests a drier climate during HS1
relative to the LGM; and “n” if HS1 and the LGM are too similar
to be distinguished in the proxy record. LGM conditions are deter-
mined for 21,000 + 1000 years B.P. for each record with the excep-
tion of the ML1 stalagmite (24-26), which extends to 19,400 years B.
P. For this record, we take the late glacial portion of the carbon
isotope record (18,400 to 19,400 years B.P.) to represent LGM
climate at this site. Records included in our proxy compilation are
provided in data S1.

Statistical analysis

We conduct a proxy-model comparison between the results of our
baseline 16ka and 16ka_FWF scenarios and proxy compilation
using the Gwet's AC statistic. Gwet's AC evaluates categorical agree-
ment between two raters (proxies and models) that classify items
(sites) into categories (wetter, drier, and no change) relative to the
probability of random chance agreement (39, 67-69). The AC sta-
tistic is given by

P a P e
AC=100% — P,

where P, is the percentage of agreement between the proxies and the
model output and P, is the expected percentage of agreement
between the two due to chance. If models and proxies are in com-
plete agreement, then AC = 1. If there is no agreement beyond what
is expected from random chance, then AC = 0. The Gwet's AC
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statistic weights observations based on the degree of model-proxy
agreement by multiplying a matrix of the model-proxy observations
by a weight matrix in which a strong agreement (e.g., both model
and proxy indicate that a site is “wetter” or “drier”) is given a
weight of 1, a strong disagreement (e.g., the model or proxy indi-
cates that a site is drier and the other indicates that a site is
wetter) is given a weight of 0, and a weak disagreement (e.g., the
model or proxy indicates that a site is wetter or drier and the
other indicates that a site has “no change”) is given a weight of
0.5. We compute the AC using the modeled DJF precipitation
anomalies between the 16ka and LGM model scenarios computed
as percent change in precipitation relative to the LGM for the grid
cell in which each proxy record is located. To identify maximum
possible agreement between the model and proxy compilation, we
vary the threshold value for which a change in precipitation would
be considered wetter or drier from 5 to 20% in 1% increments. For
example, at a threshold of 10%, the model must simulate 16-ka pre-
cipitation > 110% of the LGM to be considered wetter and < 90% of
the LGM to be considered drier. All precipitation thresholds tested
are above the level of significance (P < 0.05 using a Student's t test)
for winter precipitation anomalies.

Supplementary Materials
This PDF file includes:

Figs. S1 to S14

Legend for data S1

Other Supplementary Material for this
manuscript includes the following:
Data S1
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