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Last Glacial Maximum: 
‣~21 ka 
‣~185 ppm CO2 
‣~120 m lower sea level 
‣Dry or wet? 
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Western North America Is Dry Today but Was Wet During 
the Last Glacial Maximum

3 water bodies, which had surface areas approximately 10 times their
reconstructed mean-historical values, have been the subject of
intensive scientific research since Russell’s seminal study of Lake
Lahontan (Russell, 1885) and Gilbert’s seminal study of Lake Bon-
neville (Gilbert, 1890). Three main questions have occupied the
minds of present-day paleoclimatologists working in these two
basins: (1) what caused the lakes to grow so large, (2) what was the
record of lake-level change in each basin during the last glacial
period, and (3) were lake-size changes linked to abrupt changes in
the climate of the North Atlantic signaled by Dansgaard-Oeschger
and Heinrich events (see, e.g., Bond et al., 1993; Dansgaard et al.,
1993).

In terms of the process that led to the formation of the pluvial
lakes, Antevs (1948) was the first to suggest that the size of the
Laurentide Ice Sheet (LIS), combined with the presence of
a permanent high-pressure area over it, caused storm tracks asso-
ciated with the polar jet stream (PJS) to be pushed south of their
present-day average path over the northern Great Basin. Atmo-
spheric simulations of the global climate during the last ice age
gave support to Antev’s hypothesis (e.g., Kutzbach and Guetter,
1986), and a further test of this hypothesis was conducted by
Hostetler and Benson (1990) when they imposed a PJS climatology
on the Lahontan Basin. They used a physically based lake model to
simulate changes in lake temperature and evaporation that
occurred in response to changes in the lake-surface energy balance
and in a small set of atmospheric parameters. It was found that
a mean-annual cloud cover of 69% (associated with the presence of
the PJS) was sufficient to decrease lake evaporation by 42%. This
combined with a substantial (3.8 times the mean-historical value)
increase in surface-water input to the basin was sufficient to
produce the highstand of Lake Lahontan.

BensonandThompson (1987, p. 255) suggested thatwhen thePJS
was forced south over the Lahontan andBonneville basins, it created
the thermal instability necessary to trigger lake-effect precipitation,
leading to increases in lake size and glacier extent. Somewhat later,
Hostetler et al. (1994), using a high-resolution, regional climate
model, nestedwithin a general circulationmodel, showed that lake-

generated precipitation indeed was a substantial component of the
hydrologic budget of Lake Bonneville 18,000 years ago.

The creation of records of change in the size of lakes in the
Lahontan and Bonneville basins are of two types: outcrop-based
studies from which were created discontinuous envelopes of lake-
level change, and core-based studies which allow continuous or
nearly continuous proxy records of relative changes in lake level.
The Bonneville Basin has provided detailed 36,000-year, outcrop-
based records of change in the hydrologic balance of the eastern
Great Basin (see e.g., Currey and Oviatt, 1985; Oviatt et al., 1992;
Godsey et al., 2005). Oviatt (1997) produced isotopic, carbonate
mineralogy, and TIC records from two short (<2 m) cores that
penetrated subaerially exposed deep-water carbonates. Sediments
at the two core sites range in age from w20e14.5 ka. To date,
Spencer et al. (1984) have been the only researchers to produce
a non-outcrop, core-based record of change in the size of Lake
Bonneville for the past 30 ka. Age control for this study was
extremely limited and age models for the various sediment cores
were based on linear extrapolation between three samples: the
Mazama and Carson Sink tephras and a piece of wood. Two of the
above studies (Oviatt, 1997; Oviatt et al., 2005) attempted to link
oscillations in the size of Lake Bonneville with North Atlantic
Heinrich and Younger Dryas events.

This paper provides continuous and nearly continuous, core-
based records of change in the hydrologic balance of Lake Bonne-
ville for the period 45.1e10.5 ka. The isotopic and carbonate records
have a 50-year temporal resolution; i.e., each sample integrates 50
years of record. In addition, PSV-based agemodels are employed for
the hydrologic-balance proxy records created in this study. The PSV
concept was first applied in a study of the Wilson Creek Formation
at Mono Lake, California, by Benson et al. (1998). Since that study,
one of the authors (Steve Lund) has created master PSV (magnetic
inclination, declination, and intensity) records derived from Holo-
cene (0e10 ka) PSV records in North American lakes and from late
Pleistocene (10e70 ka) marine PSV records from the North Atlantic
Ocean. The marine PSV records are plotted on a calendar time scale
based on the GISP2 chronology. The tie to the GISP2 chronologywas
determined by matching d18O and TIC oscillations in marine cores,
which reflect the presence of Dansgaard-Oeschger (DO) cycles and
Heinrich events, to the GISP2 d18O record. This study matched the
PSV records from the Bonneville cores to the master marine PSV
chronology, allowing assignment of GISP2 dates to the cores, and
hence permitting direct comparison of the timing of North Atlantic
GISP2 Heinrich and DO events with past variations in the Lake
Bonneville hydrologic balance.

2. Previous studies of Bonneville lake-level variations:
36e10 ka

The outcrop-based record of change in the size of Lake Bonne-
ville (Oviatt et al., 1992) includes a rise in lake level beginning about
31.7 ! 0.7 14C ka (36.0 ! 0.8 ka) and an oscillation in lake level
between 21.5 and 20.4 14C ka (25.8e24.3 ka) (the Stansbury
Oscillation).1

Sack (1999) obtained nine 14C dates on gastropod shells
(7 dates) and wood (2 dates) from sub-Provo deposits on the Provo
geomorphic platform. The calibrated ages range from 25.6 ! 0.3 to

Fig. 1. Great Basin lakes about 15,000 years ago. The outline of the Great Basin is
enclosed by a dashed line. The Blue Lake Marsh core sites are located on the western
edge of Lake Bonneville near the NevadaeUtah border.

1 Calibrations of 14C ages in this paper were done using CALIB 6.01 (Stuiver et al.,
2005). When a 14C date without a reported standard error is referenced, an error of
!100 years was assumed for the purposes of the calibration. All calibrated and
cosmogenicbased ages are assumed to be calendar years and are denoted by ka;
uncalibrated radiocarbon years are reported as 14C ka. In this paper, ka can refer to
either a time interval or a point in time.

L.V. Benson et al. / Quaternary International 235 (2011) 57e6958
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Figure S1. Deglacial evolution of North American ice sheets.

Benson et al. (2011)Bartlein et al. (2011)
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This Wetness Has Been Interpreted as a Shift of the North 
Pacific Mid-Latitude Jet and Storm Track
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DJF 515 mbar Geopotential Height (m)

Manabe & Broccoli (1985)

LGM–Modern Precipitation (mm d-1)
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temperature difference is too small throughout the locations 
sampled, with a discrepancy in the sign of the temperature 
difference at several locations. In summary the computed ice- 
sheet-induced cooling of surface air temperature over the con- 
tinents in summer is small and is much less than the corre- 
sponding cooling in winter. This contrasts with the difference 
between the 18K B.P. and modern temperatures as estimated 
from paleobotanical and geologic evidence, which are com- 
parable in magnitude for both seasons. 

The results from the recent study by CLIMAP suggest that, 
in general, the 18K B.P. albedo of snow (or ice)-free conti- 
nental surfaces is significantly larger than the modern albedo. 
These differences are attributed to the lighter color of glacial 
soils and a reduced density of vegetational cover at the last 
glacial maximum [CLIMAP Project, 1981]. The higher sur- 
face albedo may be responsible for the lower 18K B.P. surface 
air temperature over the continents in summer, when the land 
surface is almost snow-free equatorward of the continental ice 
sheets. Since the identical distribution of surface albedo is 
prescribed for the snow (or ice)-free continents in both experi- 
ments of this study, the absence of this albedo change may be 

the reason why the summer difference in surface air temper- 
ature between the two experiments is relatively small. 

In this regard the results from the numerical simulations of 
an ice age climate conducted by Gates [1976a, b] and Manabe 
and Hahn [1977] are relevant. By prescribing the distributions 
of continental ice, SST, and surface albedo determined by the 
CLIMAP Project [1976], they were able to produce generally 
large differences in summer surface air temperature between 
their ice age and standard experiments. Heath [1979] found 
generally good agreement between these model results and 
paleoclimatic temperature data. The results of these studies 
suggest that higher surface albedo may indeed be responsible 
for the low 18K B.P. surface air temperature over continental 
regions in summer. In order to confirm this speculation it is 
necessary to conduct a set of numerical experiments designed 
to determine the sensitivity of the model climate to changes in 
surface albedo. 

4d. Hemispheric Heat Balance 
In the preceding subsections it is shown that the massive 

continental ice sheets of the 18K B.P. ice age have little influ- 
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But Do the Positions of Precipitation and the 
Climatological Jet Always Coincide?
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Lora et al. (2016), GRL

Geophysical Research Letters 10.1002/2016GL071244

Figure 3. Westerly winds and precipitation over the eastern North Pacific and western North America. (a) Tropospheric (700 mbar) wind speed averaged over 25∘
in longitude following the North American coast (dotted lines in Figure S2a), and position of the maximum wind speed (black curve). (b) Winter precipitation
averaged over the same regions (colored contours), and position of the maximum average precipitation (black curve). (c) Evolution of the relative positions of
the jet and maximum precipitation (black curves in Figures 3a and 3b), showing differences among the various deglacial intervals; HS1, Heinrich Stadial 1; B/A,
Bølling-Allerød; YD, Younger Dryas. (d–f ) Average zonal winds over the same longitude band at the Last Glacial Maximum, during the late Heinrich Stadial 1, and
during the Bølling-Allerød interstadial (supporting information). In Figures 3a and 3b, colored vertical bands indicate the timing of the stadials (gray) and the B/A
interstadial (yellow). Vertical dotted and solid lines highlight 15 and 13.9 kyr B.P., respectively. In Figures 3a and 3b, red triangles indicate intervals shown in
Figures 3d–3f, plus 14.5 kyr B.P. (light red; Figure 4). Position time series in Figures 3a and 3b (black curves) and points in Figure 3c are smoothed with a Gaussian
low-pass filter to retain only long-term variations (supporting information).

of lake highstands (Figure 1). These features indicate that changes in the intensity of moisture delivery to
the continent, rather than changes in the position of the jet stream/storm track, were responsible for the
region’s hydroclimate changes. They are also consistent with the inference of an intensifying and latitudinally
broad—rather than narrow and variable—storm track during HS1 [Ibarra et al., 2014].

Some 300 years prior to the onset of Bølling warming, a first considerable drop in ice sheet volume occurs
and is accompanied by a weakening of the jet, though its position remains stationary (Figure 3a). At the same
time, the distribution of precipitation shifts northward, producing initial drops in precipitation over California
and the Great Basin (which follow increases over the course of HS1). These changes may also be related to
changes in sea surface temperatures, which have been shown to affect the position of LGM precipitation
[Löfverström and Liakka, 2016]. The shifts in precipitation in turn coincide with the start of lake regression and
abrupt increases in !18O in speleothems from the region that likely indicate drier conditions (Figure 1) [Oster
et al., 2009; McGee et al., 2012]. The changes of the jet and the distribution of precipitation also produce a
drop in precipitation in Arizona that further coincides with an increase in !18O in the Cave of Bells speleothem
(Figures 1j and 1k) interpreted as a decrease of winter moisture reaching the Basin and Range [Wagner et al.,
2010]. All of these increases lead (in time) more globally distributed signals from ice cores in both hemispheres
(Figures 1a and 1b) [North Greenland Ice Core Project members, 2004; Marcott et al., 2014] that correspond to
the onset of the Bølling.

Around 13.9 kyr B.P., continental ice retreats dramatically, and ice thickness throughout western North
America drops by 500–1000 m, as the Laurentide and Cordilleran ice sheets separate (supporting
information). At the same time, the two branches of the jet abruptly merge, the jet core shifts poleward by

LORA ET AL. ABRUPT CLIMATE REORGANIZATION 11,800
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New Hypotheses for “Pluvial” Conditions in Western North 
America
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Out of the Tropics: The Pacific, Great
Basin Lakes, and Late Pleistocene Water
Cycle in the Western United States
Mitchell Lyle,1* Linda Heusser,2 Christina Ravelo,3 Masanobu Yamamoto,4 John Barron,5

Noah S. Diffenbaugh,6 Timothy Herbert,7 Dyke Andreasen3

The water cycle in the western United States changed dramatically over glacial cycles. In the past
20,000 years, higher precipitation caused desert lakes to form which have since dried out. Higher
glacial precipitation has been hypothesized to result from a southward shift of Pacific winter storm
tracks. We compared Pacific Ocean data to lake levels from the interior west and found that Great
Basin lake high stands are older than coastal wet periods at the same latitude. Westerly storms
were not the source of high precipitation. Instead, air masses from the tropical Pacific were
transported northward, bringing more precipitation into the Great Basin when coastal California
was still dry. The changing climate during the deglaciation altered precipitation source regions and
strongly affected the regional water cycle.

The Great Basin and southwestern United
States were wetter during the last glacial
period than today. From Oregon to West

Texas, many modern desert valleys were once ex-
tensive lakes or wetlands. Largest and best known
are Lake Bonneville, whose remnant is the Great
Salt Lake, and Lake Lahontan in Nevada. Many
Great Basin valleys havemultiple ancient shorelines
on valley slopes and exposed subaqueous sedi-
mentary structures that together indicate a complex
history of changes in precipitation-evaporation.

After radiocarbon dating became established,
lake elevations were used to construct a regional
late-Pleistocene climate history (1) for Lakes
Lahontan and Bonneville and for many of the
other Pleistocene lakes in the western United
States (supplementary text). Lake level recon-
structions combined with modeling and paleo-
temperatures could then be used to study how
the water cycle changed. Lake levels in closed
Great Basin drainages reflect the net water bal-
ance between precipitation and temperature-
driven evaporation from the lake’s surface. The
high lake levels of Lake Lahontan were mostly
caused by higher precipitation and runoff, with
lesser change caused by cooler temperatures
(2, 3). The change in evaporation associated with
7°C cooling was sufficient to raise Lake Lahontan
level by ~30 m out of the 180-m peak highstand.

Higher precipitation (~140%) and runoff (~280%)
are needed to cause peak lake levels. Once formed,
the lakes themselves helped to maintain higher
water levels by being a source of precipitation to
their own watershed (4).

There was major water cycle variability dur-
ing the deglaciation in the Great Basin (5). A
major dry interval between 17.5 and 16 thousand
years ago (ka) is proposed to separate an early
wet interval from a major wet interval between
~16 and 14.5 ka (5). Our study examines both
the timing and geographic distribution of wet
intervals to determine the linkage between the
Pacific Ocean sources of atmospheric water and
the change in the water cycle.

New insights about the water cycle are pos-
sible because of a decade’s worth of study of sed-
iments from drill sites along the California margin
(Fig. 1) (6, 7). Sea surface temperature (SST)
reconstructions and pollen data from multiple
marine localities record changes in both coastal
climate conditions and changes in the North Pa-
cific subtropical gyre (8). Comparisons between
climates in the coastal region and in the Great
Basin give a geographic perspective about how
the water cycle has changed during this major
climate change.

The “shift of the westerlies” hypothesis. It
has been proposed that elevated lake levels with-
in the Great Basin mark southward shifts of Pa-
cific winter storm tracks during glacials, causing
higher regional precipitation (9). According to
this hypothesis, the jet stream split because of
Cordilleran-Laurentide Ice Sheets, with a weak
branch going north of the ice sheet and a strong
branch going across southern California. The
southern jet carried storms inland to fill the Great
Basin lakes (9).

The modeling that helped define this hypoth-
esis has shortcomings. The resolution of the 1980s
vintage CCM0 model (9) is 4.4° in latitude and

7.5° in longitude, so shifts in storm tracks are
not well constrained. SSTwas based on the early
Climate: Long range Investigation, Mapping,
and Prediction (CLIMAP) last glacial maximum
(LGM) reconstruction (10). The SST fields dur-
ing deglaciation were were not based on data but
were interpolated between the LGM CLIMAP
SST (10) and modern SST. New high-resolution
model results based on the LGM CLIMAP SST
(10) show LGM results similar to Cooperative
HoloceneMapping Project (COHMAP), but with
important differences (9). The new studies have
higher numbers of Pacific storms than domodern
conditions such as those of COHMAP (9), but
with a weak “southern” winter jet stream and
storm tracks that tend to be diverted northward
into the Alaska Gyre (11, 12). New multiproxy
LGM SST reconstructions have identified errors
in the CLIMAP SST reconstruction, which may
cause further revisions to LGM climate patterns
(13). In the northeast Pacific, alkenone estimates
of LGMSSTalong the California margin (Fig. 1)
delineate an 800-km southward shift of the 8°C
isotherm comparedwithCLIMAP.CLIMAP trop-
ical SST appears to be too warm compared with
the Multiproxy Approach for the Reconstruction
of the Glacial Ocean Surface (MARGO) recon-
struction (13). When cooler LGM tropical SST is
input to the National Center for Atmospheric Re-
search (NCAR) CCM3 model, temperate Pacific
storm energy is weakened compared with simu-
lations that use CLIMAP-based SST (14).

Because Pacific SST maps for each of the
3-thousand-year (ky) time slices in the COHMAP
(9) reconstruction are interpolations, better infor-
mation is needed to understand the deglaciation
in the western United States. Better lake hydro-
graphs in the Great Basin and better information
about both eastern Pacific SST (8, 15–20) and
coastal vegetation (8, 21–25) sharpen the tempo-
ral and spatial pattern of wet intervals to compare
with the model of shifting westerlies. The new
data suggest that a strong tropical connection at
the LGM and during the deglaciation was im-
portant to western U.S. precipitation, rather than
southward shifts of North Pacific storms.

Pleistocene wet intervals along the U.S.
Pacific margin. Timing of wet periods for coastal
California are based on the pollen time series.
Distinctive pollen assemblages in coastal cores are
associated with changes in temperature and/or
precipitation in coastal river drainages and can
be correlated directly to marine variability (8, 26).
As climate cooled, cool temperate coastal forests
typically expanded southward. Higher relative
precipitation typically causes an increase in forest
cover relative to grassland or shrubland, or an
increase in wet-adapted versus dry-adapted tree
varieties (21, 27). Southern California near Santa
Barbara, for example, remained arid throughout
the past 160 ky, but wetter intervals are marked
by expansion of an upland pine forest (Fig. 2)
(21, 28). In central California, decreases in pol-
len from herbs and shrubs and increases in tree
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of LGMSSTalong the California margin (Fig. 1)
delineate an 800-km southward shift of the 8°C
isotherm comparedwithCLIMAP.CLIMAP trop-
ical SST appears to be too warm compared with
the Multiproxy Approach for the Reconstruction
of the Glacial Ocean Surface (MARGO) recon-
struction (13). When cooler LGM tropical SST is
input to the National Center for Atmospheric Re-
search (NCAR) CCM3 model, temperate Pacific
storm energy is weakened compared with simu-
lations that use CLIMAP-based SST (14).

Because Pacific SST maps for each of the
3-thousand-year (ky) time slices in the COHMAP
(9) reconstruction are interpolations, better infor-
mation is needed to understand the deglaciation
in the western United States. Better lake hydro-
graphs in the Great Basin and better information
about both eastern Pacific SST (8, 15–20) and
coastal vegetation (8, 21–25) sharpen the tempo-
ral and spatial pattern of wet intervals to compare
with the model of shifting westerlies. The new
data suggest that a strong tropical connection at
the LGM and during the deglaciation was im-
portant to western U.S. precipitation, rather than
southward shifts of North Pacific storms.

Pleistocene wet intervals along the U.S.
Pacific margin. Timing of wet periods for coastal
California are based on the pollen time series.
Distinctive pollen assemblages in coastal cores are
associated with changes in temperature and/or
precipitation in coastal river drainages and can
be correlated directly to marine variability (8, 26).
As climate cooled, cool temperate coastal forests
typically expanded southward. Higher relative
precipitation typically causes an increase in forest
cover relative to grassland or shrubland, or an
increase in wet-adapted versus dry-adapted tree
varieties (21, 27). Southern California near Santa
Barbara, for example, remained arid throughout
the past 160 ky, but wetter intervals are marked
by expansion of an upland pine forest (Fig. 2)
(21, 28). In central California, decreases in pol-
len from herbs and shrubs and increases in tree
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Steering of westerly storms over western
North America at the Last Glacial Maximum
Jessica L. Oster1*, Daniel E. Ibarra2,3, Matthew J. Winnick2 and Katharine Maher3

The hydroclimate history of North America includes the
formation and desiccation of large inland lakes and the growth
and ablation of glaciers throughout the Quaternary period.
At the Last Glacial Maximum, expanded pluvial lakes in the
south1,2 and aridity in the northwest3 suggest that the winter
westerly storm track was displaced southwards and migrated
northwards as the Laurentide Ice Sheet waned4. However, lake
highstands do not occur synchronously along zonal bands5, in
conflict with this hypothesis. Here we compile a network of
precipitation proxy reconstructions from lakes, speleothems,
groundwater deposits, packrat middens and glaciers from the
western and southwestern US, which we compare with an
ensemble of climate simulations to identify the controls of
regional hydroclimatic change. The proxy records suggest a
precipitation dipole during the Last Glacial Maximum, with
wetter than modern conditions in the southwest and drier
conditions near the ice sheet, and a northwest–southeast
trending transition zone across the northern Great Basin. The
models that simulate a weaker and south-shifted Aleutian
low-pressure system, a strong North Pacific high-pressure
system, and a high above the ice sheet best reproduce this
regional variation. We therefore conclude that rather than
a uniformly south-shifted storm track, a stronger jet that is
squeezed and steered across the continent by high-pressure
systems best explains the observed regional hydroclimate
patterns of the Last Glacial Maximum.

Poleward expansion of subtropical dry zones in response to
global warming6,7 may limit water availability in drought-prone
regions such as western North America (NA; refs 7,8). However,
uncertainty among climate models regarding the nature and
extent of dry-zone expansion9 hinders prediction of regional water
availability10. Mid-latitude palaeoclimate proxy records from past
climates such as the Last Glacial Maximum (LGM) thus provide
critical calibration points for evaluating model performance11.
Climate modelling studies have attributed LGM precipitation
changes in western NA to a splitting and strengthening of the
westerly jet, deepening of the Aleutian low pressure (AL) in the
winter and weakening of the North Pacific high (NPH) during
the summer (Fig. 1a)12–15. Although considerable e�ort has been
devoted to model-proxy comparisons for the LGM climate of
western NA (for example, ref. 12), a quantitative comparison
between the patterns of hydroclimatic variability simulated by
models and the diverse array of western NA proxy data has not
been conducted.

We compare a network of precipitation-sensitive proxy records
from western NA with an ensemble of LGM (21 ka) model
simulations conducted as part of phases two and three of

the Paleoclimate Modeling Intercomparison Project (PMIP2 and
PMIP3; refs 16,17 Supplementary Tables 1 and 2) to determine
which models best reproduce western NA precipitation variability
and to identify likely mechanisms that produced these patterns.
The proxies include records from lakes, speleothems, groundwater
deposits, packrat middens and glaciers (Fig. 1b). For each record,
we classified hydroclimatic response during the LGM (21± 2 ka)
as indicative of wetter, drier, or suggesting no discernible change
relative to pre-industrial conditions (Methods). We also noted
proxy records that showed unclear responses. The resulting network
stretches from 31.30� to 47.61� N and 105.14� to 124.07� W and
includes 79 records, 66 for which the LGM precipitation response
has been determined (Fig. 1 and Supplementary Information and
Supplementary Table 1). We compare the precipitation changes
simulated by each model with those observed in the proxy network
by using a weighted Cohen’s  statistic (w) (refs 11,18), which
measures categorical data agreement between two raters who
classify items (sites) into categories (wetter, drier, unchanged)
relative to the probability of random agreement. If models and
proxies are in complete agreement, w =1. If there is no agreement
between thembeyondwhat is expected by chance, w =0.We test the
sensitivity of w by varying the threshold of change thatmodelsmust
exhibit from 5 to 35% before model output is categorized as wetter
or drier. For example, at a threshold of 10%, a model must simulate
LGM precipitation of �110% modern for a site to be classified as
‘wetter’ and 90% to be classified as ‘drier’. Values from 91 to 109%
modern are ‘unchanged’ (Methods).

Similar to modern regional precipitation responses to
interannual and decadal variability19, the LGM proxies indicate
a precipitation dipole, with the southwestern United States (US)
experiencing a climate that was wetter than present, and the
Pacific Northwest through the Rockies experiencing a climate
that was drier than present (Fig. 1b). A transition from wetter
to drier conditions occurs along a northwest–southeast trending
band across the northern Great Basin. In general, the exceptions
to this pattern are proxy records within the northern dry region
that indicate wetter conditions, possibly because they are located
immediately downwind of large pluvial lakes. These include glaciers
that developed downwind from Lake Bonneville20 and Great Falls
Lake in Montana21.

Overall, PMIP3 simulations show better agreement with the
proxy network than the PMIP2 simulations, possibly as a result
of the increased spatial resolution and the updated ice-sheet re-
construction included in the PMIP3 models22. Among the PMIP3
models, CNRM-CM5, IPSL-CM5A-LR, MPI-ESM-P, CCSM4 and
MIROC-ESM show the strongest agreement with the proxy network
for annual rainfall (Fig. 2 and Supplementary Table 3). Thesemodels
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The hydroclimate history of North America includes the
formation and desiccation of large inland lakes and the growth
and ablation of glaciers throughout the Quaternary period.
At the Last Glacial Maximum, expanded pluvial lakes in the
south1,2 and aridity in the northwest3 suggest that the winter
westerly storm track was displaced southwards and migrated
northwards as the Laurentide Ice Sheet waned4. However, lake
highstands do not occur synchronously along zonal bands5, in
conflict with this hypothesis. Here we compile a network of
precipitation proxy reconstructions from lakes, speleothems,
groundwater deposits, packrat middens and glaciers from the
western and southwestern US, which we compare with an
ensemble of climate simulations to identify the controls of
regional hydroclimatic change. The proxy records suggest a
precipitation dipole during the Last Glacial Maximum, with
wetter than modern conditions in the southwest and drier
conditions near the ice sheet, and a northwest–southeast
trending transition zone across the northern Great Basin. The
models that simulate a weaker and south-shifted Aleutian
low-pressure system, a strong North Pacific high-pressure
system, and a high above the ice sheet best reproduce this
regional variation. We therefore conclude that rather than
a uniformly south-shifted storm track, a stronger jet that is
squeezed and steered across the continent by high-pressure
systems best explains the observed regional hydroclimate
patterns of the Last Glacial Maximum.

Poleward expansion of subtropical dry zones in response to
global warming6,7 may limit water availability in drought-prone
regions such as western North America (NA; refs 7,8). However,
uncertainty among climate models regarding the nature and
extent of dry-zone expansion9 hinders prediction of regional water
availability10. Mid-latitude palaeoclimate proxy records from past
climates such as the Last Glacial Maximum (LGM) thus provide
critical calibration points for evaluating model performance11.
Climate modelling studies have attributed LGM precipitation
changes in western NA to a splitting and strengthening of the
westerly jet, deepening of the Aleutian low pressure (AL) in the
winter and weakening of the North Pacific high (NPH) during
the summer (Fig. 1a)12–15. Although considerable e�ort has been
devoted to model-proxy comparisons for the LGM climate of
western NA (for example, ref. 12), a quantitative comparison
between the patterns of hydroclimatic variability simulated by
models and the diverse array of western NA proxy data has not
been conducted.

We compare a network of precipitation-sensitive proxy records
from western NA with an ensemble of LGM (21 ka) model
simulations conducted as part of phases two and three of

the Paleoclimate Modeling Intercomparison Project (PMIP2 and
PMIP3; refs 16,17 Supplementary Tables 1 and 2) to determine
which models best reproduce western NA precipitation variability
and to identify likely mechanisms that produced these patterns.
The proxies include records from lakes, speleothems, groundwater
deposits, packrat middens and glaciers (Fig. 1b). For each record,
we classified hydroclimatic response during the LGM (21± 2 ka)
as indicative of wetter, drier, or suggesting no discernible change
relative to pre-industrial conditions (Methods). We also noted
proxy records that showed unclear responses. The resulting network
stretches from 31.30� to 47.61� N and 105.14� to 124.07� W and
includes 79 records, 66 for which the LGM precipitation response
has been determined (Fig. 1 and Supplementary Information and
Supplementary Table 1). We compare the precipitation changes
simulated by each model with those observed in the proxy network
by using a weighted Cohen’s  statistic (w) (refs 11,18), which
measures categorical data agreement between two raters who
classify items (sites) into categories (wetter, drier, unchanged)
relative to the probability of random agreement. If models and
proxies are in complete agreement, w =1. If there is no agreement
between thembeyondwhat is expected by chance, w =0.We test the
sensitivity of w by varying the threshold of change thatmodelsmust
exhibit from 5 to 35% before model output is categorized as wetter
or drier. For example, at a threshold of 10%, a model must simulate
LGM precipitation of �110% modern for a site to be classified as
‘wetter’ and 90% to be classified as ‘drier’. Values from 91 to 109%
modern are ‘unchanged’ (Methods).

Similar to modern regional precipitation responses to
interannual and decadal variability19, the LGM proxies indicate
a precipitation dipole, with the southwestern United States (US)
experiencing a climate that was wetter than present, and the
Pacific Northwest through the Rockies experiencing a climate
that was drier than present (Fig. 1b). A transition from wetter
to drier conditions occurs along a northwest–southeast trending
band across the northern Great Basin. In general, the exceptions
to this pattern are proxy records within the northern dry region
that indicate wetter conditions, possibly because they are located
immediately downwind of large pluvial lakes. These include glaciers
that developed downwind from Lake Bonneville20 and Great Falls
Lake in Montana21.

Overall, PMIP3 simulations show better agreement with the
proxy network than the PMIP2 simulations, possibly as a result
of the increased spatial resolution and the updated ice-sheet re-
construction included in the PMIP3 models22. Among the PMIP3
models, CNRM-CM5, IPSL-CM5A-LR, MPI-ESM-P, CCSM4 and
MIROC-ESM show the strongest agreement with the proxy network
for annual rainfall (Fig. 2 and Supplementary Table 3). Thesemodels
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Figure 3. Simulated and reconstructed precipitation. (a) As in Figure 2c, but for the annual mean, with approximate
outlines of LGM ice sheets in dark gray. (b) Zoomed-in view of the blue box in Figure 3a, with proxy data shown (filled
circles; supporting information). The size of each circle is inversely proportional to the data uncertainty (Table S2).
(c) Model skills [Hargreaves et al., 2013] in simulating the proxy distribution of precipitation differences in Figure 2b,
with respect to an average difference equal to the mean of the reconstructions. The dark blue is against the expanded
reconstruction, while cyan is against the pollen synthesis [Bartlein et al., 2011] exclusively. (d) Correlation between the
skill score and the latitude of the lowest simulated sea level pressure anomaly LGM-PI difference between 120∘ and
150∘W in the eastern North Pacific. The correlation coefficient (r) for the nine PMIP3 models is −0.86, while for the eight
models excluding COSMOS-ASO (lighter blue point), it is −0.93. The green point shows the result for the model
ensemble mean.

The PMIP3 models’ skill scores against the reconstruction are closely related to their simulated sea level
pressure differences between LGM and PI. In particular, the latitude of the lowest LGM-PI sea level pressure dif-
ference between 120∘ and 150∘W and the skill score for each model are remarkably anticorrelated (Figure 3d).
(Due to its low latitudinal resolution, the COSMOS-ASO model is an outlier among the PMIP3 ensemble
(Table S1), and without it the anticorrelation is even stronger.) Increased southwesterly moisture transport
and decreased westerly transport into the continent occur south and north, respectively, of the latitude (39∘N)
of the lowest pressure difference near the coastline (Figure 2f ). This latitude is therefore a diagnostic of the
magnitude of southward shift of moisture delivery, which dominates the models’ predictive accuracy versus
the precipitation reconstruction, as indicated by the high correlation with skill score.

4. Atmospheric Rivers in LGM and PI Simulations

Our analysis of the PMIP3 model ensemble suggests an important role for ARs in supporting pluvial conditions
in southwestern North America during the LGM. To make this connection explicit, we further analyze daily
output from paleoclimate simulations (supporting information) conducted with the LMDZ model [Hourdin
et al., 2006, 2013; Dufresne et al., 2013] to resolve individual AR dates and quantify changes in their climatology
and distribution between the LGM and the modern climate.

Figure 4a displays the average October–March IVT simulated with the LMDZ model for PI conditions.
Compared to the same fields from the reanalysis (Figure 1a), the simulations exhibit a northward bias in
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Figure 2. LGM and PI precipitation and moisture transport from PMIP3 ensemble. (a) The model ensemble-mean October–March precipitation for preindustrial
control (PI) simulations in the eastern North Pacific and western North America, with reanalysis results overlain in gray contours for comparison (shown contours
are 0.5, 2.5, and 4.5 mm d−1). (b) Same as Figure 2a but for the LGM, with approximate outlines of LGM ice sheets in dark gray. (c) The difference between
Figures 2b and 2a. (d) Corresponding sea level pressure anomalies (colors) and integrated vapor transport (arrows; see supporting information) for PI simulations.
(e) Same as Figure 2d but for the LGM. (f ) The differences between Figures 2e and 2d.

substantial increase of moisture transport from around the Hawaiian islands into southern California, suggest-
ing ARs that are shifted to the southeast and routed predominantly into the southwestern coast. At the LGM,
southwesterly moisture transport is strengthened just south of locations where precipitation is enhanced over
the eastern North Pacific (cf. Figures 2c and 2f), indicative of increased delivery of subtropical moisture. In
the North American interior, there is no clear evidence of enhanced northwest-southeast flow, in contrast to
findings from previous work [Oster et al., 2015, see supporting information]; instead, there is a north-to-south
trend of weaker (easterly in the difference plot) to stronger westerly moisture transport, consistent with a
southward shift of landfall locations and enhanced moisture delivery into the southwest of the continent.

Differences between the LGM and PI in both annual-mean and cold-season precipitation in the PMIP3 ensem-
ble produce ∼1 mm d−1 enhancements between Hawaii and California and the North American southwest,
and decreases elsewhere (Figure 3a). We compare the annual means to a quantitative compilation of recon-
structed paleo-precipitation data from western North America (Figure 3b and Table S2). This compilation
consists primarily of pollen data [Bartlein et al., 2011], augmented with other quantitative precipitation proxy
estimates [Thompson et al., 1999; Lemons et al., 1996; Ibarra et al., 2014; Maher et al., 2014]. The model-data
comparison shows general agreement, indicating that the models are able to simulate the magnitude and
distribution of changes in moisture delivery to western North America during the LGM. Indeed, the model
ensemble and all but one individual models have skill [Hargreaves et al., 2013] (supporting information) in
reproducing the available distribution of precipitation differences (Figure 3c), which is dominated by sub-
stantial drying of the Pacific Northwest and wetting of the southwest. LGM precipitation enhancements in
southern Nevada and Arizona are reproduced in the models, which also simulate considerable enhancements
in coastal and southern California precipitation. These patterns imply a southward shift of moisture delivery
into the continent that is especially conspicuous in coastal regions where moisture convergence is substantial.
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Figures 2b and 2a. (d) Corresponding sea level pressure anomalies (colors) and integrated vapor transport (arrows; see supporting information) for PI simulations.
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substantial increase of moisture transport from around the Hawaiian islands into southern California, suggest-
ing ARs that are shifted to the southeast and routed predominantly into the southwestern coast. At the LGM,
southwesterly moisture transport is strengthened just south of locations where precipitation is enhanced over
the eastern North Pacific (cf. Figures 2c and 2f), indicative of increased delivery of subtropical moisture. In
the North American interior, there is no clear evidence of enhanced northwest-southeast flow, in contrast to
findings from previous work [Oster et al., 2015, see supporting information]; instead, there is a north-to-south
trend of weaker (easterly in the difference plot) to stronger westerly moisture transport, consistent with a
southward shift of landfall locations and enhanced moisture delivery into the southwest of the continent.

Differences between the LGM and PI in both annual-mean and cold-season precipitation in the PMIP3 ensem-
ble produce ∼1 mm d−1 enhancements between Hawaii and California and the North American southwest,
and decreases elsewhere (Figure 3a). We compare the annual means to a quantitative compilation of recon-
structed paleo-precipitation data from western North America (Figure 3b and Table S2). This compilation
consists primarily of pollen data [Bartlein et al., 2011], augmented with other quantitative precipitation proxy
estimates [Thompson et al., 1999; Lemons et al., 1996; Ibarra et al., 2014; Maher et al., 2014]. The model-data
comparison shows general agreement, indicating that the models are able to simulate the magnitude and
distribution of changes in moisture delivery to western North America during the LGM. Indeed, the model
ensemble and all but one individual models have skill [Hargreaves et al., 2013] (supporting information) in
reproducing the available distribution of precipitation differences (Figure 3c), which is dominated by sub-
stantial drying of the Pacific Northwest and wetting of the southwest. LGM precipitation enhancements in
southern Nevada and Arizona are reproduced in the models, which also simulate considerable enhancements
in coastal and southern California precipitation. These patterns imply a southward shift of moisture delivery
into the continent that is especially conspicuous in coastal regions where moisture convergence is substantial.
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Figure 3. Simulated and reconstructed precipitation. (a) As in Figure 2c, but for the annual mean, with approximate
outlines of LGM ice sheets in dark gray. (b) Zoomed-in view of the blue box in Figure 3a, with proxy data shown (filled
circles; supporting information). The size of each circle is inversely proportional to the data uncertainty (Table S2).
(c) Model skills [Hargreaves et al., 2013] in simulating the proxy distribution of precipitation differences in Figure 2b,
with respect to an average difference equal to the mean of the reconstructions. The dark blue is against the expanded
reconstruction, while cyan is against the pollen synthesis [Bartlein et al., 2011] exclusively. (d) Correlation between the
skill score and the latitude of the lowest simulated sea level pressure anomaly LGM-PI difference between 120∘ and
150∘W in the eastern North Pacific. The correlation coefficient (r) for the nine PMIP3 models is −0.86, while for the eight
models excluding COSMOS-ASO (lighter blue point), it is −0.93. The green point shows the result for the model
ensemble mean.

The PMIP3 models’ skill scores against the reconstruction are closely related to their simulated sea level
pressure differences between LGM and PI. In particular, the latitude of the lowest LGM-PI sea level pressure dif-
ference between 120∘ and 150∘W and the skill score for each model are remarkably anticorrelated (Figure 3d).
(Due to its low latitudinal resolution, the COSMOS-ASO model is an outlier among the PMIP3 ensemble
(Table S1), and without it the anticorrelation is even stronger.) Increased southwesterly moisture transport
and decreased westerly transport into the continent occur south and north, respectively, of the latitude (39∘N)
of the lowest pressure difference near the coastline (Figure 2f ). This latitude is therefore a diagnostic of the
magnitude of southward shift of moisture delivery, which dominates the models’ predictive accuracy versus
the precipitation reconstruction, as indicated by the high correlation with skill score.

4. Atmospheric Rivers in LGM and PI Simulations

Our analysis of the PMIP3 model ensemble suggests an important role for ARs in supporting pluvial conditions
in southwestern North America during the LGM. To make this connection explicit, we further analyze daily
output from paleoclimate simulations (supporting information) conducted with the LMDZ model [Hourdin
et al., 2006, 2013; Dufresne et al., 2013] to resolve individual AR dates and quantify changes in their climatology
and distribution between the LGM and the modern climate.

Figure 4a displays the average October–March IVT simulated with the LMDZ model for PI conditions.
Compared to the same fields from the reanalysis (Figure 1a), the simulations exhibit a northward bias in
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Figure 5. Simulated storm tracks. (a) Mean October–March transient eddy kinetic energy (EKE; supporting information)
for the PI simulation, with mean latitude of maxima in red. (b) As in Figure 5a but for the LGM simulation, with
approximate outlines of LGM ice sheets in dark gray. (c) The difference between Figures 5b and 5a, showing only areas
of significant differences (95% confidence level).

AR precipitation also increases to 2–4 mm d−1 in coastal California. Conversely, there is less precipitation from
ARs in the Pacific Northwest, which is now a region where IVT diverges.

In both mean IVT and mean AR IVT, the differences between LGM and PI simulations create a pronounced
dipole pattern (Figure 4e), similar to the results from the PMIP3 ensemble (Figures 2c and 2f), highlighting the
southeastward shift of transport and precipitation. Decreases in both quantities are strongest over the north-
western North Pacific and are accompanied by increases in the southeastern North Pacific between Hawaii and
California. AR precipitation in western North America shows losses of ≳1 mm d−1 and gains of≳0.5 mm d−1 in
the Pacific Northwest and the southwest, respectively, with higher values in coastal regions. These are compa-
rable (smaller but of similar magnitude) to the precipitation differences simulated by the PMIP3 models and
estimated by the proxies (Figure 3b).

Changes in the storm track between LGM and PI in our simulations are significant but less dramatic than
those of moisture transport (Figure 5) and consistent with previous findings [e.g., Laı̂né et al., 2009]. The PI
simulations exhibit a slight northward bias compared to the reanalysis, consistent with the same in IVT. West
of 150∘W, the LGM midlatitude band of eddy kinetic energy is shifted south by about 5∘. This shift is largest in
the central North Pacific, and further supports the possibility of enhanced subtropical moisture entrainment
by weather systems from around Hawaii. Closer to North America, latitudinal changes in the position of the
storm track are negligible.

In addition to a shift of the storm track, our results also indicate a reduction in storminess over the North Pacific
(Figure 5c) despite increased baroclinicity. Similar behavior has been suggested for the glacial North Atlantic
[Kageyama and Valdes, 2000; Li and Battisti, 2008; Donohoe and Battisti, 2009]. (We note that single-level eddy
kinetic energy results at 500 hPa, as in Merz et al. [2015], suggest a southeastward shift but not an obvious
reduction of storminess.) On its own, this could be interpreted as implying reduced moisture transport into
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Figure 4. Simulated IVT and atmospheric rivers. (a) Mean October–March IVT and precipitation across the North Pacific for the PI simulation. (b) Mean IVT due
solely to ARs (arrows), and associated AR precipitation (colors) for the PI simulation. (c) As in Figure 4a, but for the LGM simulation, with approximate outlines of
LGM ice sheets in dark gray. (d) As in Figure 4b, but for the LGM simulation. (e) The differences between Figures 4c and 4a. (f ) The differences between Figures 4d
and 4b. In Figures 4e and 4f, only areas of significant differences (95% confidence level with a Student’s t test) are shown.

the IVT across the Pacific, but the longitudinal layout of the transport is similar, primarily extending from
southern Japan to the Pacific Northwest. The highest magnitude (∼300 kg m−1 s−1) average moisture trans-
port occurs over the western North Pacific, and over the eastern North Pacific, southwesterly IVT is directed
toward the coastline. Likewise, including only the IVT and precipitation from identified ARs yields a PI cli-
matology (Figure 4b) that resembles that from reanalysis (Figure 1b), albeit with lower precipitation values
around 2–3 mm d−1. Both AR IVT and AR precipitation are more localized than their respective totals and
largely absent east of Hawaii and in the northernmost Pacific. Though it is underestimated with respect to the
reanalysis, precipitation also strongly peaks in the Pacific Northwest.

The results for the LGM simulations show that the climatological IVT for the winter half year is shifted sub-
stantially to the southeast (Figure 4c). In the central North Pacific, the primary band of IVT is approximately
5–10∘ farther south than in the PI and close to 15∘ at 150∘W. The highest magnitude transport (approximately
300 kg m−1 s−1) at the LGM also extends across the North Pacific and exhibits a second peak between Hawaii
and California where there is little activity in the modern. Between 150∘ and 180∘W, there is also a southward
dip in the moisture transport south of 30∘N that is largely absent in the PI simulations. As suggested by the
PMIP3 results, IVT is strongly diverted away from the Pacific Northwest, and moisture transport in the Gulf of
Alaska is southerly and southeasterly into the continent. The decreased moisture transport into the Pacific
Northwest indicates the blocking influence of the ice sheets that diverts moisture south, as well as into the
Alaskan Peninsula.

The IVT due solely to ARs at the LGM is also shifted southeast, such that mostly westerly transport occurs over
much of the western part of the North Pacific, and southwesterly AR IVT occurs between Hawaii and California
(Figure 4d). It is noteworthy that total moisture delivery to southwestern North America increases relative to
the modern (to around 200 kg m−1 s−1) due to the southward shifted and intensified AR IVT. AR IVT is also
substantially weaker into the Pacific Northwest, and instead, southerly transport increases into the Gulf of
Alaska. The North Pacific precipitation pattern due to ARs has a strong maximum of about 3 mm d−1 northeast
of Hawaii, where ARs converge moisture from the extratropics and the subtropics east of the island chain.
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Figure 5. Simulated storm tracks. (a) Mean October–March transient eddy kinetic energy (EKE; supporting information)
for the PI simulation, with mean latitude of maxima in red. (b) As in Figure 5a but for the LGM simulation, with
approximate outlines of LGM ice sheets in dark gray. (c) The difference between Figures 5b and 5a, showing only areas
of significant differences (95% confidence level).

AR precipitation also increases to 2–4 mm d−1 in coastal California. Conversely, there is less precipitation from
ARs in the Pacific Northwest, which is now a region where IVT diverges.

In both mean IVT and mean AR IVT, the differences between LGM and PI simulations create a pronounced
dipole pattern (Figure 4e), similar to the results from the PMIP3 ensemble (Figures 2c and 2f), highlighting the
southeastward shift of transport and precipitation. Decreases in both quantities are strongest over the north-
western North Pacific and are accompanied by increases in the southeastern North Pacific between Hawaii and
California. AR precipitation in western North America shows losses of ≳1 mm d−1 and gains of≳0.5 mm d−1 in
the Pacific Northwest and the southwest, respectively, with higher values in coastal regions. These are compa-
rable (smaller but of similar magnitude) to the precipitation differences simulated by the PMIP3 models and
estimated by the proxies (Figure 3b).

Changes in the storm track between LGM and PI in our simulations are significant but less dramatic than
those of moisture transport (Figure 5) and consistent with previous findings [e.g., Laı̂né et al., 2009]. The PI
simulations exhibit a slight northward bias compared to the reanalysis, consistent with the same in IVT. West
of 150∘W, the LGM midlatitude band of eddy kinetic energy is shifted south by about 5∘. This shift is largest in
the central North Pacific, and further supports the possibility of enhanced subtropical moisture entrainment
by weather systems from around Hawaii. Closer to North America, latitudinal changes in the position of the
storm track are negligible.

In addition to a shift of the storm track, our results also indicate a reduction in storminess over the North Pacific
(Figure 5c) despite increased baroclinicity. Similar behavior has been suggested for the glacial North Atlantic
[Kageyama and Valdes, 2000; Li and Battisti, 2008; Donohoe and Battisti, 2009]. (We note that single-level eddy
kinetic energy results at 500 hPa, as in Merz et al. [2015], suggest a southeastward shift but not an obvious
reduction of storminess.) On its own, this could be interpreted as implying reduced moisture transport into
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Figure 4. Simulated IVT and atmospheric rivers. (a) Mean October–March IVT and precipitation across the North Pacific for the PI simulation. (b) Mean IVT due
solely to ARs (arrows), and associated AR precipitation (colors) for the PI simulation. (c) As in Figure 4a, but for the LGM simulation, with approximate outlines of
LGM ice sheets in dark gray. (d) As in Figure 4b, but for the LGM simulation. (e) The differences between Figures 4c and 4a. (f ) The differences between Figures 4d
and 4b. In Figures 4e and 4f, only areas of significant differences (95% confidence level with a Student’s t test) are shown.

the IVT across the Pacific, but the longitudinal layout of the transport is similar, primarily extending from
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toward the coastline. Likewise, including only the IVT and precipitation from identified ARs yields a PI cli-
matology (Figure 4b) that resembles that from reanalysis (Figure 1b), albeit with lower precipitation values
around 2–3 mm d−1. Both AR IVT and AR precipitation are more localized than their respective totals and
largely absent east of Hawaii and in the northernmost Pacific. Though it is underestimated with respect to the
reanalysis, precipitation also strongly peaks in the Pacific Northwest.

The results for the LGM simulations show that the climatological IVT for the winter half year is shifted sub-
stantially to the southeast (Figure 4c). In the central North Pacific, the primary band of IVT is approximately
5–10∘ farther south than in the PI and close to 15∘ at 150∘W. The highest magnitude transport (approximately
300 kg m−1 s−1) at the LGM also extends across the North Pacific and exhibits a second peak between Hawaii
and California where there is little activity in the modern. Between 150∘ and 180∘W, there is also a southward
dip in the moisture transport south of 30∘N that is largely absent in the PI simulations. As suggested by the
PMIP3 results, IVT is strongly diverted away from the Pacific Northwest, and moisture transport in the Gulf of
Alaska is southerly and southeasterly into the continent. The decreased moisture transport into the Pacific
Northwest indicates the blocking influence of the ice sheets that diverts moisture south, as well as into the
Alaskan Peninsula.

The IVT due solely to ARs at the LGM is also shifted southeast, such that mostly westerly transport occurs over
much of the western part of the North Pacific, and southwesterly AR IVT occurs between Hawaii and California
(Figure 4d). It is noteworthy that total moisture delivery to southwestern North America increases relative to
the modern (to around 200 kg m−1 s−1) due to the southward shifted and intensified AR IVT. AR IVT is also
substantially weaker into the Pacific Northwest, and instead, southerly transport increases into the Gulf of
Alaska. The North Pacific precipitation pattern due to ARs has a strong maximum of about 3 mm d−1 northeast
of Hawaii, where ARs converge moisture from the extratropics and the subtropics east of the island chain.
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Figure 1. Reanalysis climatology over the North Pacific. (a) Mean October–March integrated vapor transport (IVT) and precipitation from MERRA-2 reanalysis
from 1981 to 2010. (b) As in Figure 1a but only for identified atmospheric rivers. (c) Mean integrated vapor transport from atmospheric rivers (AR IVT; colors and
arrows) and sea level pressure (gray contours; units hPa). (d) Vertically integrated transient eddy kinetic energy (EKE; see supporting information) from the same
data set (filled orange contours), and AR IVT (unfilled blue contours). The mean location of the maximum EKE (roughly the storm track) and the same for the
maximum AR IVT are shown by the red and blue lines, respectively. The filled contours in Figure 1c and the unfilled contours in Figure 1d are the same.

The control simulations produce a precipitation distribution over the eastern North Pacific that is in excel-
lent agreement with that from the reanalysis (Figure 2a). At the LGM, the models simulate an enhancement
of precipitation on the order of 1 mm d−1 between Hawaii and California. Decreases of a similar magnitude
occur north of 35∘N in the central North Pacific, and larger decreases (≥2 mm d−1) occur in the Pacific North-
west (Figure 2b,c). Given their modern climatology, these changes suggest an important role for ARs, with
enhanced AR moisture transport southeast of its present position. The simulations also show precipitation
enhancements in southern Nevada, southern Utah, Arizona, and northwestern Mexico of 0.5–1 mm d−1. In
contrast to today, when ARs make landfall preferentially north of 35∘N [Dettinger, 2004; Neiman et al., 2008;
Rutz et al., 2015], this LGM precipitation distribution implies a southward-shifted coastal crossing, and the
accompanying drying of the Pacific Northwest.

A southward shift of the mean landfall latitude of atmospheric moisture transport in the region during the
glacial is linked to changes in the pressure systems of the North Pacific. The models simulate a stronger glacial
Aleutian Low, and weaker North Pacific High, compared to average modern conditions (Figures 2d and 2e)
after accounting for the higher LGM sea level pressure (supporting information). This produces a mean state
with generally lower anomalous sea level pressure throughout the eastern North Pacific (Figure 2f ), which we
interpret as an upstream stationary wave response to the presence of the North American ice sheets and is in
agreement with previous simulations that include various LGM ice sheet reconstructions [Bartlein et al., 1998;
Otto-Bliesner et al., 2006; Yanase and Abe-Ouchi, 2007; Kim et al., 2008; Laı̂né et al., 2009]. This in turn implies
robust changes in the structure of winds over the North Pacific and the presence of a preferred location for
AR formation to the southeast of deepened troughs.

Though their monthly mean output precludes identification of individual ARs, we can diagnose the mois-
ture transport in the PMIP3 models (supporting information). Moisture transport from the model ensemble
closely follows isobars of sea level pressure, and the clear relationship between the two again highlights the
importance of low-level winds and moisture (Figures 2d–2f ). Accompanying the deepened glacial Aleutian
Low is westerly IVT that dips farther south in the central Pacific. This shift is most pronounced between 140∘W
and 160∘W, suggesting that high moisture content from the subtropics at these longitudes could more easily
be entrained into ARs, potentially as a consequence of southward shifted storms there. In the northeastern
Pacific, there is strengthened moisture transport into the southern Alaskan coast at the LGM, in agreement
with prior synoptic simulations that show LGM winter storms that track northward along the North American
west coast and into Alaska [Unterman et al., 2011], transporting water vapor from lower latitudes. Moisture
transport is diverted away from the Pacific Northwest in response to the continental ice sheets, which causes
it to flow around this region in a pattern resembling a split upper level jet. In contrast, there is increased
southwesterly transport into the North American southwest, where the weakened North Pacific High allows a
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data set (filled orange contours), and AR IVT (unfilled blue contours). The mean location of the maximum EKE (roughly the storm track) and the same for the
maximum AR IVT are shown by the red and blue lines, respectively. The filled contours in Figure 1c and the unfilled contours in Figure 1d are the same.
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of precipitation on the order of 1 mm d−1 between Hawaii and California. Decreases of a similar magnitude
occur north of 35∘N in the central North Pacific, and larger decreases (≥2 mm d−1) occur in the Pacific North-
west (Figure 2b,c). Given their modern climatology, these changes suggest an important role for ARs, with
enhanced AR moisture transport southeast of its present position. The simulations also show precipitation
enhancements in southern Nevada, southern Utah, Arizona, and northwestern Mexico of 0.5–1 mm d−1. In
contrast to today, when ARs make landfall preferentially north of 35∘N [Dettinger, 2004; Neiman et al., 2008;
Rutz et al., 2015], this LGM precipitation distribution implies a southward-shifted coastal crossing, and the
accompanying drying of the Pacific Northwest.

A southward shift of the mean landfall latitude of atmospheric moisture transport in the region during the
glacial is linked to changes in the pressure systems of the North Pacific. The models simulate a stronger glacial
Aleutian Low, and weaker North Pacific High, compared to average modern conditions (Figures 2d and 2e)
after accounting for the higher LGM sea level pressure (supporting information). This produces a mean state
with generally lower anomalous sea level pressure throughout the eastern North Pacific (Figure 2f ), which we
interpret as an upstream stationary wave response to the presence of the North American ice sheets and is in
agreement with previous simulations that include various LGM ice sheet reconstructions [Bartlein et al., 1998;
Otto-Bliesner et al., 2006; Yanase and Abe-Ouchi, 2007; Kim et al., 2008; Laı̂né et al., 2009]. This in turn implies
robust changes in the structure of winds over the North Pacific and the presence of a preferred location for
AR formation to the southeast of deepened troughs.

Though their monthly mean output precludes identification of individual ARs, we can diagnose the mois-
ture transport in the PMIP3 models (supporting information). Moisture transport from the model ensemble
closely follows isobars of sea level pressure, and the clear relationship between the two again highlights the
importance of low-level winds and moisture (Figures 2d–2f ). Accompanying the deepened glacial Aleutian
Low is westerly IVT that dips farther south in the central Pacific. This shift is most pronounced between 140∘W
and 160∘W, suggesting that high moisture content from the subtropics at these longitudes could more easily
be entrained into ARs, potentially as a consequence of southward shifted storms there. In the northeastern
Pacific, there is strengthened moisture transport into the southern Alaskan coast at the LGM, in agreement
with prior synoptic simulations that show LGM winter storms that track northward along the North American
west coast and into Alaska [Unterman et al., 2011], transporting water vapor from lower latitudes. Moisture
transport is diverted away from the Pacific Northwest in response to the continental ice sheets, which causes
it to flow around this region in a pattern resembling a split upper level jet. In contrast, there is increased
southwesterly transport into the North American southwest, where the weakened North Pacific High allows a
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from 1981 to 2010. (b) As in Figure 1a but only for identified atmospheric rivers. (c) Mean integrated vapor transport from atmospheric rivers (AR IVT; colors and
arrows) and sea level pressure (gray contours; units hPa). (d) Vertically integrated transient eddy kinetic energy (EKE; see supporting information) from the same
data set (filled orange contours), and AR IVT (unfilled blue contours). The mean location of the maximum EKE (roughly the storm track) and the same for the
maximum AR IVT are shown by the red and blue lines, respectively. The filled contours in Figure 1c and the unfilled contours in Figure 1d are the same.

The control simulations produce a precipitation distribution over the eastern North Pacific that is in excel-
lent agreement with that from the reanalysis (Figure 2a). At the LGM, the models simulate an enhancement
of precipitation on the order of 1 mm d−1 between Hawaii and California. Decreases of a similar magnitude
occur north of 35∘N in the central North Pacific, and larger decreases (≥2 mm d−1) occur in the Pacific North-
west (Figure 2b,c). Given their modern climatology, these changes suggest an important role for ARs, with
enhanced AR moisture transport southeast of its present position. The simulations also show precipitation
enhancements in southern Nevada, southern Utah, Arizona, and northwestern Mexico of 0.5–1 mm d−1. In
contrast to today, when ARs make landfall preferentially north of 35∘N [Dettinger, 2004; Neiman et al., 2008;
Rutz et al., 2015], this LGM precipitation distribution implies a southward-shifted coastal crossing, and the
accompanying drying of the Pacific Northwest.

A southward shift of the mean landfall latitude of atmospheric moisture transport in the region during the
glacial is linked to changes in the pressure systems of the North Pacific. The models simulate a stronger glacial
Aleutian Low, and weaker North Pacific High, compared to average modern conditions (Figures 2d and 2e)
after accounting for the higher LGM sea level pressure (supporting information). This produces a mean state
with generally lower anomalous sea level pressure throughout the eastern North Pacific (Figure 2f ), which we
interpret as an upstream stationary wave response to the presence of the North American ice sheets and is in
agreement with previous simulations that include various LGM ice sheet reconstructions [Bartlein et al., 1998;
Otto-Bliesner et al., 2006; Yanase and Abe-Ouchi, 2007; Kim et al., 2008; Laı̂né et al., 2009]. This in turn implies
robust changes in the structure of winds over the North Pacific and the presence of a preferred location for
AR formation to the southeast of deepened troughs.

Though their monthly mean output precludes identification of individual ARs, we can diagnose the mois-
ture transport in the PMIP3 models (supporting information). Moisture transport from the model ensemble
closely follows isobars of sea level pressure, and the clear relationship between the two again highlights the
importance of low-level winds and moisture (Figures 2d–2f ). Accompanying the deepened glacial Aleutian
Low is westerly IVT that dips farther south in the central Pacific. This shift is most pronounced between 140∘W
and 160∘W, suggesting that high moisture content from the subtropics at these longitudes could more easily
be entrained into ARs, potentially as a consequence of southward shifted storms there. In the northeastern
Pacific, there is strengthened moisture transport into the southern Alaskan coast at the LGM, in agreement
with prior synoptic simulations that show LGM winter storms that track northward along the North American
west coast and into Alaska [Unterman et al., 2011], transporting water vapor from lower latitudes. Moisture
transport is diverted away from the Pacific Northwest in response to the continental ice sheets, which causes
it to flow around this region in a pattern resembling a split upper level jet. In contrast, there is increased
southwesterly transport into the North American southwest, where the weakened North Pacific High allows a
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Figure 5. Simulated storm tracks. (a) Mean October–March transient eddy kinetic energy (EKE; supporting information)
for the PI simulation, with mean latitude of maxima in red. (b) As in Figure 5a but for the LGM simulation, with
approximate outlines of LGM ice sheets in dark gray. (c) The difference between Figures 5b and 5a, showing only areas
of significant differences (95% confidence level).

AR precipitation also increases to 2–4 mm d−1 in coastal California. Conversely, there is less precipitation from
ARs in the Pacific Northwest, which is now a region where IVT diverges.

In both mean IVT and mean AR IVT, the differences between LGM and PI simulations create a pronounced
dipole pattern (Figure 4e), similar to the results from the PMIP3 ensemble (Figures 2c and 2f), highlighting the
southeastward shift of transport and precipitation. Decreases in both quantities are strongest over the north-
western North Pacific and are accompanied by increases in the southeastern North Pacific between Hawaii and
California. AR precipitation in western North America shows losses of ≳1 mm d−1 and gains of≳0.5 mm d−1 in
the Pacific Northwest and the southwest, respectively, with higher values in coastal regions. These are compa-
rable (smaller but of similar magnitude) to the precipitation differences simulated by the PMIP3 models and
estimated by the proxies (Figure 3b).

Changes in the storm track between LGM and PI in our simulations are significant but less dramatic than
those of moisture transport (Figure 5) and consistent with previous findings [e.g., Laı̂né et al., 2009]. The PI
simulations exhibit a slight northward bias compared to the reanalysis, consistent with the same in IVT. West
of 150∘W, the LGM midlatitude band of eddy kinetic energy is shifted south by about 5∘. This shift is largest in
the central North Pacific, and further supports the possibility of enhanced subtropical moisture entrainment
by weather systems from around Hawaii. Closer to North America, latitudinal changes in the position of the
storm track are negligible.

In addition to a shift of the storm track, our results also indicate a reduction in storminess over the North Pacific
(Figure 5c) despite increased baroclinicity. Similar behavior has been suggested for the glacial North Atlantic
[Kageyama and Valdes, 2000; Li and Battisti, 2008; Donohoe and Battisti, 2009]. (We note that single-level eddy
kinetic energy results at 500 hPa, as in Merz et al. [2015], suggest a southeastward shift but not an obvious
reduction of storminess.) On its own, this could be interpreted as implying reduced moisture transport into
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Figure 5. Simulated storm tracks. (a) Mean October–March transient eddy kinetic energy (EKE; supporting information)
for the PI simulation, with mean latitude of maxima in red. (b) As in Figure 5a but for the LGM simulation, with
approximate outlines of LGM ice sheets in dark gray. (c) The difference between Figures 5b and 5a, showing only areas
of significant differences (95% confidence level).

AR precipitation also increases to 2–4 mm d−1 in coastal California. Conversely, there is less precipitation from
ARs in the Pacific Northwest, which is now a region where IVT diverges.

In both mean IVT and mean AR IVT, the differences between LGM and PI simulations create a pronounced
dipole pattern (Figure 4e), similar to the results from the PMIP3 ensemble (Figures 2c and 2f), highlighting the
southeastward shift of transport and precipitation. Decreases in both quantities are strongest over the north-
western North Pacific and are accompanied by increases in the southeastern North Pacific between Hawaii and
California. AR precipitation in western North America shows losses of ≳1 mm d−1 and gains of≳0.5 mm d−1 in
the Pacific Northwest and the southwest, respectively, with higher values in coastal regions. These are compa-
rable (smaller but of similar magnitude) to the precipitation differences simulated by the PMIP3 models and
estimated by the proxies (Figure 3b).

Changes in the storm track between LGM and PI in our simulations are significant but less dramatic than
those of moisture transport (Figure 5) and consistent with previous findings [e.g., Laı̂né et al., 2009]. The PI
simulations exhibit a slight northward bias compared to the reanalysis, consistent with the same in IVT. West
of 150∘W, the LGM midlatitude band of eddy kinetic energy is shifted south by about 5∘. This shift is largest in
the central North Pacific, and further supports the possibility of enhanced subtropical moisture entrainment
by weather systems from around Hawaii. Closer to North America, latitudinal changes in the position of the
storm track are negligible.

In addition to a shift of the storm track, our results also indicate a reduction in storminess over the North Pacific
(Figure 5c) despite increased baroclinicity. Similar behavior has been suggested for the glacial North Atlantic
[Kageyama and Valdes, 2000; Li and Battisti, 2008; Donohoe and Battisti, 2009]. (We note that single-level eddy
kinetic energy results at 500 hPa, as in Merz et al. [2015], suggest a southeastward shift but not an obvious
reduction of storminess.) On its own, this could be interpreted as implying reduced moisture transport into
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for the PI simulation, with mean latitude of maxima in red. (b) As in Figure 5a but for the LGM simulation, with
approximate outlines of LGM ice sheets in dark gray. (c) The difference between Figures 5b and 5a, showing only areas
of significant differences (95% confidence level).

AR precipitation also increases to 2–4 mm d−1 in coastal California. Conversely, there is less precipitation from
ARs in the Pacific Northwest, which is now a region where IVT diverges.

In both mean IVT and mean AR IVT, the differences between LGM and PI simulations create a pronounced
dipole pattern (Figure 4e), similar to the results from the PMIP3 ensemble (Figures 2c and 2f), highlighting the
southeastward shift of transport and precipitation. Decreases in both quantities are strongest over the north-
western North Pacific and are accompanied by increases in the southeastern North Pacific between Hawaii and
California. AR precipitation in western North America shows losses of ≳1 mm d−1 and gains of≳0.5 mm d−1 in
the Pacific Northwest and the southwest, respectively, with higher values in coastal regions. These are compa-
rable (smaller but of similar magnitude) to the precipitation differences simulated by the PMIP3 models and
estimated by the proxies (Figure 3b).

Changes in the storm track between LGM and PI in our simulations are significant but less dramatic than
those of moisture transport (Figure 5) and consistent with previous findings [e.g., Laı̂né et al., 2009]. The PI
simulations exhibit a slight northward bias compared to the reanalysis, consistent with the same in IVT. West
of 150∘W, the LGM midlatitude band of eddy kinetic energy is shifted south by about 5∘. This shift is largest in
the central North Pacific, and further supports the possibility of enhanced subtropical moisture entrainment
by weather systems from around Hawaii. Closer to North America, latitudinal changes in the position of the
storm track are negligible.

In addition to a shift of the storm track, our results also indicate a reduction in storminess over the North Pacific
(Figure 5c) despite increased baroclinicity. Similar behavior has been suggested for the glacial North Atlantic
[Kageyama and Valdes, 2000; Li and Battisti, 2008; Donohoe and Battisti, 2009]. (We note that single-level eddy
kinetic energy results at 500 hPa, as in Merz et al. [2015], suggest a southeastward shift but not an obvious
reduction of storminess.) On its own, this could be interpreted as implying reduced moisture transport into
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Figure 5. Simulated storm tracks. (a) Mean October–March transient eddy kinetic energy (EKE; supporting information)
for the PI simulation, with mean latitude of maxima in red. (b) As in Figure 5a but for the LGM simulation, with
approximate outlines of LGM ice sheets in dark gray. (c) The difference between Figures 5b and 5a, showing only areas
of significant differences (95% confidence level).

AR precipitation also increases to 2–4 mm d−1 in coastal California. Conversely, there is less precipitation from
ARs in the Pacific Northwest, which is now a region where IVT diverges.

In both mean IVT and mean AR IVT, the differences between LGM and PI simulations create a pronounced
dipole pattern (Figure 4e), similar to the results from the PMIP3 ensemble (Figures 2c and 2f), highlighting the
southeastward shift of transport and precipitation. Decreases in both quantities are strongest over the north-
western North Pacific and are accompanied by increases in the southeastern North Pacific between Hawaii and
California. AR precipitation in western North America shows losses of ≳1 mm d−1 and gains of≳0.5 mm d−1 in
the Pacific Northwest and the southwest, respectively, with higher values in coastal regions. These are compa-
rable (smaller but of similar magnitude) to the precipitation differences simulated by the PMIP3 models and
estimated by the proxies (Figure 3b).

Changes in the storm track between LGM and PI in our simulations are significant but less dramatic than
those of moisture transport (Figure 5) and consistent with previous findings [e.g., Laı̂né et al., 2009]. The PI
simulations exhibit a slight northward bias compared to the reanalysis, consistent with the same in IVT. West
of 150∘W, the LGM midlatitude band of eddy kinetic energy is shifted south by about 5∘. This shift is largest in
the central North Pacific, and further supports the possibility of enhanced subtropical moisture entrainment
by weather systems from around Hawaii. Closer to North America, latitudinal changes in the position of the
storm track are negligible.

In addition to a shift of the storm track, our results also indicate a reduction in storminess over the North Pacific
(Figure 5c) despite increased baroclinicity. Similar behavior has been suggested for the glacial North Atlantic
[Kageyama and Valdes, 2000; Li and Battisti, 2008; Donohoe and Battisti, 2009]. (We note that single-level eddy
kinetic energy results at 500 hPa, as in Merz et al. [2015], suggest a southeastward shift but not an obvious
reduction of storminess.) On its own, this could be interpreted as implying reduced moisture transport into
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Figure 4. Simulated IVT and atmospheric rivers. (a) Mean October–March IVT and precipitation across the North Pacific for the PI simulation. (b) Mean IVT due
solely to ARs (arrows), and associated AR precipitation (colors) for the PI simulation. (c) As in Figure 4a, but for the LGM simulation, with approximate outlines of
LGM ice sheets in dark gray. (d) As in Figure 4b, but for the LGM simulation. (e) The differences between Figures 4c and 4a. (f ) The differences between Figures 4d
and 4b. In Figures 4e and 4f, only areas of significant differences (95% confidence level with a Student’s t test) are shown.

the IVT across the Pacific, but the longitudinal layout of the transport is similar, primarily extending from
southern Japan to the Pacific Northwest. The highest magnitude (∼300 kg m−1 s−1) average moisture trans-
port occurs over the western North Pacific, and over the eastern North Pacific, southwesterly IVT is directed
toward the coastline. Likewise, including only the IVT and precipitation from identified ARs yields a PI cli-
matology (Figure 4b) that resembles that from reanalysis (Figure 1b), albeit with lower precipitation values
around 2–3 mm d−1. Both AR IVT and AR precipitation are more localized than their respective totals and
largely absent east of Hawaii and in the northernmost Pacific. Though it is underestimated with respect to the
reanalysis, precipitation also strongly peaks in the Pacific Northwest.

The results for the LGM simulations show that the climatological IVT for the winter half year is shifted sub-
stantially to the southeast (Figure 4c). In the central North Pacific, the primary band of IVT is approximately
5–10∘ farther south than in the PI and close to 15∘ at 150∘W. The highest magnitude transport (approximately
300 kg m−1 s−1) at the LGM also extends across the North Pacific and exhibits a second peak between Hawaii
and California where there is little activity in the modern. Between 150∘ and 180∘W, there is also a southward
dip in the moisture transport south of 30∘N that is largely absent in the PI simulations. As suggested by the
PMIP3 results, IVT is strongly diverted away from the Pacific Northwest, and moisture transport in the Gulf of
Alaska is southerly and southeasterly into the continent. The decreased moisture transport into the Pacific
Northwest indicates the blocking influence of the ice sheets that diverts moisture south, as well as into the
Alaskan Peninsula.

The IVT due solely to ARs at the LGM is also shifted southeast, such that mostly westerly transport occurs over
much of the western part of the North Pacific, and southwesterly AR IVT occurs between Hawaii and California
(Figure 4d). It is noteworthy that total moisture delivery to southwestern North America increases relative to
the modern (to around 200 kg m−1 s−1) due to the southward shifted and intensified AR IVT. AR IVT is also
substantially weaker into the Pacific Northwest, and instead, southerly transport increases into the Gulf of
Alaska. The North Pacific precipitation pattern due to ARs has a strong maximum of about 3 mm d−1 northeast
of Hawaii, where ARs converge moisture from the extratropics and the subtropics east of the island chain.
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Figure 2. LGM and PI precipitation and moisture transport from PMIP3 ensemble. (a) The model ensemble-mean October–March precipitation for preindustrial
control (PI) simulations in the eastern North Pacific and western North America, with reanalysis results overlain in gray contours for comparison (shown contours
are 0.5, 2.5, and 4.5 mm d−1). (b) Same as Figure 2a but for the LGM, with approximate outlines of LGM ice sheets in dark gray. (c) The difference between
Figures 2b and 2a. (d) Corresponding sea level pressure anomalies (colors) and integrated vapor transport (arrows; see supporting information) for PI simulations.
(e) Same as Figure 2d but for the LGM. (f ) The differences between Figures 2e and 2d.

substantial increase of moisture transport from around the Hawaiian islands into southern California, suggest-
ing ARs that are shifted to the southeast and routed predominantly into the southwestern coast. At the LGM,
southwesterly moisture transport is strengthened just south of locations where precipitation is enhanced over
the eastern North Pacific (cf. Figures 2c and 2f), indicative of increased delivery of subtropical moisture. In
the North American interior, there is no clear evidence of enhanced northwest-southeast flow, in contrast to
findings from previous work [Oster et al., 2015, see supporting information]; instead, there is a north-to-south
trend of weaker (easterly in the difference plot) to stronger westerly moisture transport, consistent with a
southward shift of landfall locations and enhanced moisture delivery into the southwest of the continent.

Differences between the LGM and PI in both annual-mean and cold-season precipitation in the PMIP3 ensem-
ble produce ∼1 mm d−1 enhancements between Hawaii and California and the North American southwest,
and decreases elsewhere (Figure 3a). We compare the annual means to a quantitative compilation of recon-
structed paleo-precipitation data from western North America (Figure 3b and Table S2). This compilation
consists primarily of pollen data [Bartlein et al., 2011], augmented with other quantitative precipitation proxy
estimates [Thompson et al., 1999; Lemons et al., 1996; Ibarra et al., 2014; Maher et al., 2014]. The model-data
comparison shows general agreement, indicating that the models are able to simulate the magnitude and
distribution of changes in moisture delivery to western North America during the LGM. Indeed, the model
ensemble and all but one individual models have skill [Hargreaves et al., 2013] (supporting information) in
reproducing the available distribution of precipitation differences (Figure 3c), which is dominated by sub-
stantial drying of the Pacific Northwest and wetting of the southwest. LGM precipitation enhancements in
southern Nevada and Arizona are reproduced in the models, which also simulate considerable enhancements
in coastal and southern California precipitation. These patterns imply a southward shift of moisture delivery
into the continent that is especially conspicuous in coastal regions where moisture convergence is substantial.
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Figure 4. Simulated IVT and atmospheric rivers. (a) Mean October–March IVT and precipitation across the North Pacific for the PI simulation. (b) Mean IVT due
solely to ARs (arrows), and associated AR precipitation (colors) for the PI simulation. (c) As in Figure 4a, but for the LGM simulation, with approximate outlines of
LGM ice sheets in dark gray. (d) As in Figure 4b, but for the LGM simulation. (e) The differences between Figures 4c and 4a. (f ) The differences between Figures 4d
and 4b. In Figures 4e and 4f, only areas of significant differences (95% confidence level with a Student’s t test) are shown.

the IVT across the Pacific, but the longitudinal layout of the transport is similar, primarily extending from
southern Japan to the Pacific Northwest. The highest magnitude (∼300 kg m−1 s−1) average moisture trans-
port occurs over the western North Pacific, and over the eastern North Pacific, southwesterly IVT is directed
toward the coastline. Likewise, including only the IVT and precipitation from identified ARs yields a PI cli-
matology (Figure 4b) that resembles that from reanalysis (Figure 1b), albeit with lower precipitation values
around 2–3 mm d−1. Both AR IVT and AR precipitation are more localized than their respective totals and
largely absent east of Hawaii and in the northernmost Pacific. Though it is underestimated with respect to the
reanalysis, precipitation also strongly peaks in the Pacific Northwest.

The results for the LGM simulations show that the climatological IVT for the winter half year is shifted sub-
stantially to the southeast (Figure 4c). In the central North Pacific, the primary band of IVT is approximately
5–10∘ farther south than in the PI and close to 15∘ at 150∘W. The highest magnitude transport (approximately
300 kg m−1 s−1) at the LGM also extends across the North Pacific and exhibits a second peak between Hawaii
and California where there is little activity in the modern. Between 150∘ and 180∘W, there is also a southward
dip in the moisture transport south of 30∘N that is largely absent in the PI simulations. As suggested by the
PMIP3 results, IVT is strongly diverted away from the Pacific Northwest, and moisture transport in the Gulf of
Alaska is southerly and southeasterly into the continent. The decreased moisture transport into the Pacific
Northwest indicates the blocking influence of the ice sheets that diverts moisture south, as well as into the
Alaskan Peninsula.

The IVT due solely to ARs at the LGM is also shifted southeast, such that mostly westerly transport occurs over
much of the western part of the North Pacific, and southwesterly AR IVT occurs between Hawaii and California
(Figure 4d). It is noteworthy that total moisture delivery to southwestern North America increases relative to
the modern (to around 200 kg m−1 s−1) due to the southward shifted and intensified AR IVT. AR IVT is also
substantially weaker into the Pacific Northwest, and instead, southerly transport increases into the Gulf of
Alaska. The North Pacific precipitation pattern due to ARs has a strong maximum of about 3 mm d−1 northeast
of Hawaii, where ARs converge moisture from the extratropics and the subtropics east of the island chain.
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Moisture Budget Changes Are Primarily Dynamical 
Changes to Convergence by the Mean Flow
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Winter half-year from 9 
CMIP5/PMIP3 model 

ensemble mean

LGM–PI moisture convergence by the mean flow

Dynamical mean flow convergence changes 

FIG. 3. Winter half-year (November–April) climatological moisture budget differences over North America

between the LGM and the pre-industrial. Panels correspond to differences in the same terms as in Fig. 1. The

LGM ice-sheet extent is shown by the gray contour; modern coastlines are shown for clarity.
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Summary and Outstanding Questions
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‣ The North American ice sheets split the mid-latitude jet  
‣ But the relationship between the position of the jet and 

precipitation may have changed the LGM

‣ North Pacific atmospheric river track shifted 
southeast and intensified at the LGM 

‣ These changes imprint on the mean circulation, and 
primarily reflect a dynamical mechanism

Geophysical Research Letters 10.1002/2016GL071244

Figure 3. Westerly winds and precipitation over the eastern North Pacific and western North America. (a) Tropospheric (700 mbar) wind speed averaged over 25∘
in longitude following the North American coast (dotted lines in Figure S2a), and position of the maximum wind speed (black curve). (b) Winter precipitation
averaged over the same regions (colored contours), and position of the maximum average precipitation (black curve). (c) Evolution of the relative positions of
the jet and maximum precipitation (black curves in Figures 3a and 3b), showing differences among the various deglacial intervals; HS1, Heinrich Stadial 1; B/A,
Bølling-Allerød; YD, Younger Dryas. (d–f ) Average zonal winds over the same longitude band at the Last Glacial Maximum, during the late Heinrich Stadial 1, and
during the Bølling-Allerød interstadial (supporting information). In Figures 3a and 3b, colored vertical bands indicate the timing of the stadials (gray) and the B/A
interstadial (yellow). Vertical dotted and solid lines highlight 15 and 13.9 kyr B.P., respectively. In Figures 3a and 3b, red triangles indicate intervals shown in
Figures 3d–3f, plus 14.5 kyr B.P. (light red; Figure 4). Position time series in Figures 3a and 3b (black curves) and points in Figure 3c are smoothed with a Gaussian
low-pass filter to retain only long-term variations (supporting information).

of lake highstands (Figure 1). These features indicate that changes in the intensity of moisture delivery to
the continent, rather than changes in the position of the jet stream/storm track, were responsible for the
region’s hydroclimate changes. They are also consistent with the inference of an intensifying and latitudinally
broad—rather than narrow and variable—storm track during HS1 [Ibarra et al., 2014].

Some 300 years prior to the onset of Bølling warming, a first considerable drop in ice sheet volume occurs
and is accompanied by a weakening of the jet, though its position remains stationary (Figure 3a). At the same
time, the distribution of precipitation shifts northward, producing initial drops in precipitation over California
and the Great Basin (which follow increases over the course of HS1). These changes may also be related to
changes in sea surface temperatures, which have been shown to affect the position of LGM precipitation
[Löfverström and Liakka, 2016]. The shifts in precipitation in turn coincide with the start of lake regression and
abrupt increases in !18O in speleothems from the region that likely indicate drier conditions (Figure 1) [Oster
et al., 2009; McGee et al., 2012]. The changes of the jet and the distribution of precipitation also produce a
drop in precipitation in Arizona that further coincides with an increase in !18O in the Cave of Bells speleothem
(Figures 1j and 1k) interpreted as a decrease of winter moisture reaching the Basin and Range [Wagner et al.,
2010]. All of these increases lead (in time) more globally distributed signals from ice cores in both hemispheres
(Figures 1a and 1b) [North Greenland Ice Core Project members, 2004; Marcott et al., 2014] that correspond to
the onset of the Bølling.

Around 13.9 kyr B.P., continental ice retreats dramatically, and ice thickness throughout western North
America drops by 500–1000 m, as the Laurentide and Cordilleran ice sheets separate (supporting
information). At the same time, the two branches of the jet abruptly merge, the jet core shifts poleward by
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‣ How sensitive are these processes to ice sheet changes? 
‣ Did the moisture budget of other mid-latitude regions change since the LGM? 
‣ What was the moisture budget/atmospheric river behavior during other past 

climates?  
‣ Ongoing and Future Work: ARTMIP, CMIP6/PMIP4
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Figure S2. Regions and seasonal precipitation. (a) Western North American regions (Pacific

Northwest and CA/Great Basin; green and blue boxes, respectively) as defined from the modest-

resolution TraCE simulation grid. Approximate locations of semi-permanent pressure systems

(gray and red circles) and lake and cave records are shown. (b) Fraction of annual precipitation

delivered during the cold season (October–March) for CA/Great Basin (blue) and Pacific North-

west (green) regions. Lightly shaded curves show year-to-year variations, dark thin curves show

corresponding long-term trends using a Gaussian lowpass filter (� = 50 years). Colored verti-

cal bands indicate timing of Heinrich Stadial 1 (HS1; gray), Bølling-Allerød interstadial (B/A;

yellow), Younger Dryas stadial (YD; gray), and Meltwater Pulse 1-A (blue); vertical dotted and

solid lines highlight the timing of ice-sheet retreat in the simulation at 15 and 13.9 kyr BP,

respectively. Red triangles indicate intervals of interest: 15.5, 14.5, and 13.5 kyr BP (Fig. 4).

Model-Proxy Comparison 

Lora et al. (2016)



Lora et al. (2016)



Lora et al. (2016)



Lora et al. (2016)



Lora et al. (2016)



Lora et al. (2016)



J.M. Lora   June 28, 2018

North Pacific Atmospheric Rivers Identified in Integrated 
Vapor Transport (IVT)
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Atmospheric river tracking algorithm (Lora et al., 2017) 
February, 2017 MERRA-2 Reanalysis



J.M. Lora   June 28, 2018

Moisture Transport by Atmospheric Rivers is Significant

23

30 years of MERRA-2 Reanalysis (winter half-year mean)
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Figure 1. Reanalysis climatology over the North Pacific. (a) Mean October–March integrated vapor transport (IVT) and precipitation from MERRA-2 reanalysis
from 1981 to 2010. (b) As in Figure 1a but only for identified atmospheric rivers. (c) Mean integrated vapor transport from atmospheric rivers (AR IVT; colors and
arrows) and sea level pressure (gray contours; units hPa). (d) Vertically integrated transient eddy kinetic energy (EKE; see supporting information) from the same
data set (filled orange contours), and AR IVT (unfilled blue contours). The mean location of the maximum EKE (roughly the storm track) and the same for the
maximum AR IVT are shown by the red and blue lines, respectively. The filled contours in Figure 1c and the unfilled contours in Figure 1d are the same.

The control simulations produce a precipitation distribution over the eastern North Pacific that is in excel-
lent agreement with that from the reanalysis (Figure 2a). At the LGM, the models simulate an enhancement
of precipitation on the order of 1 mm d−1 between Hawaii and California. Decreases of a similar magnitude
occur north of 35∘N in the central North Pacific, and larger decreases (≥2 mm d−1) occur in the Pacific North-
west (Figure 2b,c). Given their modern climatology, these changes suggest an important role for ARs, with
enhanced AR moisture transport southeast of its present position. The simulations also show precipitation
enhancements in southern Nevada, southern Utah, Arizona, and northwestern Mexico of 0.5–1 mm d−1. In
contrast to today, when ARs make landfall preferentially north of 35∘N [Dettinger, 2004; Neiman et al., 2008;
Rutz et al., 2015], this LGM precipitation distribution implies a southward-shifted coastal crossing, and the
accompanying drying of the Pacific Northwest.

A southward shift of the mean landfall latitude of atmospheric moisture transport in the region during the
glacial is linked to changes in the pressure systems of the North Pacific. The models simulate a stronger glacial
Aleutian Low, and weaker North Pacific High, compared to average modern conditions (Figures 2d and 2e)
after accounting for the higher LGM sea level pressure (supporting information). This produces a mean state
with generally lower anomalous sea level pressure throughout the eastern North Pacific (Figure 2f ), which we
interpret as an upstream stationary wave response to the presence of the North American ice sheets and is in
agreement with previous simulations that include various LGM ice sheet reconstructions [Bartlein et al., 1998;
Otto-Bliesner et al., 2006; Yanase and Abe-Ouchi, 2007; Kim et al., 2008; Laı̂né et al., 2009]. This in turn implies
robust changes in the structure of winds over the North Pacific and the presence of a preferred location for
AR formation to the southeast of deepened troughs.

Though their monthly mean output precludes identification of individual ARs, we can diagnose the mois-
ture transport in the PMIP3 models (supporting information). Moisture transport from the model ensemble
closely follows isobars of sea level pressure, and the clear relationship between the two again highlights the
importance of low-level winds and moisture (Figures 2d–2f ). Accompanying the deepened glacial Aleutian
Low is westerly IVT that dips farther south in the central Pacific. This shift is most pronounced between 140∘W
and 160∘W, suggesting that high moisture content from the subtropics at these longitudes could more easily
be entrained into ARs, potentially as a consequence of southward shifted storms there. In the northeastern
Pacific, there is strengthened moisture transport into the southern Alaskan coast at the LGM, in agreement
with prior synoptic simulations that show LGM winter storms that track northward along the North American
west coast and into Alaska [Unterman et al., 2011], transporting water vapor from lower latitudes. Moisture
transport is diverted away from the Pacific Northwest in response to the continental ice sheets, which causes
it to flow around this region in a pattern resembling a split upper level jet. In contrast, there is increased
southwesterly transport into the North American southwest, where the weakened North Pacific High allows a
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Figure 2. LGM and PI precipitation and moisture transport from PMIP3 ensemble. (a) The model ensemble-mean October–March precipitation for preindustrial
control (PI) simulations in the eastern North Pacific and western North America, with reanalysis results overlain in gray contours for comparison (shown contours
are 0.5, 2.5, and 4.5 mm d−1). (b) Same as Figure 2a but for the LGM, with approximate outlines of LGM ice sheets in dark gray. (c) The difference between
Figures 2b and 2a. (d) Corresponding sea level pressure anomalies (colors) and integrated vapor transport (arrows; see supporting information) for PI simulations.
(e) Same as Figure 2d but for the LGM. (f ) The differences between Figures 2e and 2d.

substantial increase of moisture transport from around the Hawaiian islands into southern California, suggest-
ing ARs that are shifted to the southeast and routed predominantly into the southwestern coast. At the LGM,
southwesterly moisture transport is strengthened just south of locations where precipitation is enhanced over
the eastern North Pacific (cf. Figures 2c and 2f), indicative of increased delivery of subtropical moisture. In
the North American interior, there is no clear evidence of enhanced northwest-southeast flow, in contrast to
findings from previous work [Oster et al., 2015, see supporting information]; instead, there is a north-to-south
trend of weaker (easterly in the difference plot) to stronger westerly moisture transport, consistent with a
southward shift of landfall locations and enhanced moisture delivery into the southwest of the continent.

Differences between the LGM and PI in both annual-mean and cold-season precipitation in the PMIP3 ensem-
ble produce ∼1 mm d−1 enhancements between Hawaii and California and the North American southwest,
and decreases elsewhere (Figure 3a). We compare the annual means to a quantitative compilation of recon-
structed paleo-precipitation data from western North America (Figure 3b and Table S2). This compilation
consists primarily of pollen data [Bartlein et al., 2011], augmented with other quantitative precipitation proxy
estimates [Thompson et al., 1999; Lemons et al., 1996; Ibarra et al., 2014; Maher et al., 2014]. The model-data
comparison shows general agreement, indicating that the models are able to simulate the magnitude and
distribution of changes in moisture delivery to western North America during the LGM. Indeed, the model
ensemble and all but one individual models have skill [Hargreaves et al., 2013] (supporting information) in
reproducing the available distribution of precipitation differences (Figure 3c), which is dominated by sub-
stantial drying of the Pacific Northwest and wetting of the southwest. LGM precipitation enhancements in
southern Nevada and Arizona are reproduced in the models, which also simulate considerable enhancements
in coastal and southern California precipitation. These patterns imply a southward shift of moisture delivery
into the continent that is especially conspicuous in coastal regions where moisture convergence is substantial.
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FIG. 3. Winter half-year (November–April) climatological moisture budget differences over North America

between the LGM and the pre-industrial. Panels correspond to differences in the same terms as in Fig. 1. The

LGM ice-sheet extent is shown by the gray contour; modern coastlines are shown for clarity.
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FIG. 2. As in Fig. 1 but for summer half-year (May–October).

33

FIG. 2. As in Fig. 1 but for summer half-year (May–October).

33

Lora (2018), J. Climate



J.M. Lora   June 28, 2018

LGM–PI Moisture Budget: Summer

30

Summer half-year 
differences between LGM 
and PI (9 model ensemble 

mean)

Precipitation

Precipitation – Evaporation
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FIG. 3. Winter half-year (November–April) climatological moisture budget differences over North America
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LGM ice-sheet extent is shown by the gray contour; modern coastlines are shown for clarity.
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FIG. 3. Winter half-year (November–April) climatological moisture budget differences over North America

between the LGM and the pre-industrial. Panels correspond to differences in the same terms as in Fig. 1. The
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FIG. 5. Contributions to LGM–pre-industrial differences in mean flow moisture convergence: (a,d) ther-

modynamic contributions, (b,e) dynamical contributions, and (c,f) non-linear term (8). Top row is for winter

half-year, bottom row for summer half-year. Solid/dashed black contours in (a) and (d) show the ±2 mm d�1

climatological PI P�E, for reference. Arrows show the LGM–PI 700 mb wind anomaly field in (b) and (e).
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