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The Western U.S. is vulnerable to hydrological stress, and insights from past climate periods are helpful
for providing historical benchmarks for future climate projections. Myriad evidence from coupled models
and paleoclimatic proxies suggests a major reorganization of west coast hydroclimate during the Last
Glacial Maximum (LGM, ~17-25 ka), such that the Southwest U.S. was wetter than modern day and
the Pacific Northwest was drier. Yet the fundamental mechanisms underlying these hydroclimatic shifts
remain unclear. Here, we employ a suite of targeted model simulations to probe the influence of
LGM Northern Hemisphere ice sheets on west coast atmospheric dynamics. Whereas previous modeling
studies have suggested that the southward shift of LGM west coast precipitation was driven only by
the mechanical steering of atmospheric circulation by elevated ice sheet topography, we find this to
be an artifact of earlier simulations that neglected realistic air-sea interaction. Instead, our simulations
indicate that ice sheet albedo induced a pattern of North Pacific sea surface temperatures, reinforced by
ocean-atmosphere feedbacks, that shifted the large-scale atmospheric circulation as well as the latitudinal
distribution of west coast precipitation southward during the LGM. Crucially, we find that atmosphere-
ocean feedbacks that sustained this ice sheet albedo-induced temperature pattern in the LGM could drive

similar hydroclimatic changes today.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The hydroclimate of western North America is heavily influ-
enced by intermittent wintertime storms (“atmospheric rivers”)
that can produce extreme precipitation, especially when these
storms encounter substantial orographic features. For California, in
particular, annual water availability hinges on the occurrence of
just a handful of such atmospheric river events (Ralph and Det-
tinger, 2011). This region’s acute vulnerability to climate variabil-
ity and change is exacerbated by its growing human population.
Therefore, understanding the fundamental drivers of hydroclimatic
change over the west coast of the United States is essential for
predicting the future habitability and agricultural viability of this
region.
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Large amplitude shifts in past climate, beyond the relatively
brief instrumental record, provide essential insights into such pro-
jections. In this regard, the Last Glacial Maximum (LGM) serves as
a useful test case of a relatively recent stable climate state that
(a) was substantially different than our present climate and (b)
for which we have reasonable constraints on important boundary
conditions including orbital geometry, greenhouse gas (GHG) con-
centrations, sea level, ice volume, etc. To effectively leverage the
LGM as a testbed for understanding future change, however, it is
necessary to disentangle the climate impacts of forcings that are
presently changing (e.g., GHG concentrations) from those that are
not (e.g., continental ice sheets).

It has long been suggested that a major non-GHG driver of LGM
atmospheric circulation change was the large topographic extent
of the ice sheets over North America (Fig. 1). Ice sheet forcing has
been linked to the dramatic reorganization of west coast hydrocli-
mate during the LGM (Anderson et al., 1988; Broccoli and Manabe,
1987; Cook and Held, 1988; Wong et al., 2016; Yanase and Abe-
Ouchi, 2010), which is suggested to have been considerably wetter
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Fig. 1. Ice sheet characteristics in our CESM1 simulations. (a)-(b) Surface geopotential divided by 9.8 m/s? (meters) and (c)-(d) annual mean upward shortwave radiation at
the top of the atmosphere (Wm™2) in our CTL (left column) and LGM (right column) simulations. LGMg,; and WM simulations have the ice sheet surface properties of (b)
and (d) (i.e., tall and bright). GM simulations have the ice sheet surface properties of (b) and (c) (i.e., tall and dark). WP simulations have the ice sheet surface properties of

(a) and (d) (i.e., flat and bright).

than present throughout the southwestern U.S. by a preponderance
of general circulation model (GCM) simulations and paleoclimate
proxy reconstructions (Anderson et al., 1988; Bartlein et al., 2011;
Benson et al., 2011; Ibarra et al.,, 2014; Kirby et al., 2013; Lach-
niet et al.,, 2014; Lemons et al., 1996; Lora et al,, 2017; Maher et
al,, 2014; Oster et al,, 2015; Owen et al., 2003; Reheis et al., 2012;
Seltzer et al., 2019; Thompson et al., 1999). In particular, coupled
model simulations nearly universally indicate a north-south dipole
in LGM-to-present precipitation change, such that western North
America was wetter in the south and drier in the north (Lora,
2018; Oster et al., 2015).

While models and (to a lesser extent) proxies broadly agree
on the existence of this north-south LGM-to-present precipitation
dipole response, the physical mechanisms that drove this shift re-
main an open question. One leading hypothesis is that the North
Pacific jet stream was either split or deflected southward, so that
extratropical storms and moisture transport occurred further south
(Lora et al., 2017). Many studies indicate that the southward de-
flection of the North Pacific jet may have been the result of me-
chanical forcing imposed by North American ice sheets, which cov-
ered much of modern day Canada and stood ~3 km taller than
the present day land surface (Anderson et al., 1988; Bartlein et
al,, 1998; Bromwich et al., 2004; Cook and Held, 1988; Kim et al.,
2008; Kutzbach and Wright, 1985; Manabe and Broccoli, 1985).
Other studies point to the dominant influence of high latitude
cooling induced by the high albedo of ice sheets (Bhattacharya et

al,, 2017; Manabe and Broccoli, 1985; Morrill et al., 2018; Roberts
et al,, 2019; Yanase and Abe-Ouchi, 2010).

Recently, Roberts et al. (2019) found that wintertime atmo-
spheric stationary wave patterns over the North Pacific during the
LGM are primarily driven by ice sheet topography, but are en-
hanced by ice sheet albedo. In contrast, they showed that sum-
mertime stationary wave patterns are mainly driven by diabatic
heating from the ice sheet albedo with little contribution from ice
sheet topography. In addition, they suggested that ocean dynamics
also play a key role in persisting atmospheric circulation anoma-
lies from the summer into the winter. This is consistent with other
previous analyses that have broadly implicated ocean-atmosphere
coupling as an important factor in modulating the overall response
to LGM boundary conditions (DiNezio et al., 2018; Lofverstrom et
al.,, 2014; Yanase and Abe-Ouchi, 2010).

While these recent studies have provided significant insight
into how the different characteristics of the Laurentide and
Cordilleran ice sheets may have influenced North Pacific atmo-
spheric circulation, several important questions remain. First, how
do different ice sheet-driven stationary wave changes (e.g., Roberts
et al, 2019) map onto potential shifts in the North Pacific jet
stream? Following from this, do different responses of the zonal
circulation to ice sheet topography and ice sheet albedo lead to
different hydroclimate shifts along western North America? Ad-
ditionally, what are the specific ocean dynamical processes and
air-sea feedbacks that modulate the seasonally varying response
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List of the CESM1 experiments used in this study. Crosses indicate the boundary condition has been modified following PMIP3 protocols. All boundary conditions have been
applied globally. The availability of dynamical ocean model (DOM), slab ocean model (SOM), or AGCM data is noted in parentheses. The equilibration period for each DOM
run is shown in the far right column. The column second from right indicates the additional integration period used for calculating climatologies once each DOM run had
reached close to radiative equilibrium. Each SOM and AGCM simulation was spun-up for 10 yrs, and integrated for an additional 100 yrs for calculating climatologies. See
DiNezio et al. (2018) for complete details regarding the initial conditions and the boundary conditions.

GHGs Orbit Land mask & Topography Albedo Duration Equilibration
bathymetry (yrs) (yrs)
LGMEy; (DOM) X X X X X 600 500
White Mountain (DOM, SOM, AGCM) X X 400 700
Green Mountain (DOM, SOM, AGCM) X 200 100
White Plains (DOM) X 400 500

of the North Pacific atmosphere to difference ice sheet boundary
conditions?

Here we address these questions by exploring a suite of model
simulations (Table 1) conducted with the Community Earth System
Model version 1.2 (CESM1) to uncover the drivers and mecha-
nisms of North American west coast hydroclimate change during
the LGM, with targeted experiments to distinguish the mechanical
(e.g., orographic) and thermodynamic (e.g., albedo-driven) impacts
of large continental ice sheets on North Pacific atmospheric circu-
lation. In addition, we build upon Roberts et al. (2019) and others
by including a comprehensive range of ocean model complexities,
which allow us to directly diagnose the specific ocean-atmosphere
interactions and ocean circulation changes that are most relevant
to the overall climate response.

2. Data and methods
2.1. Climate model simulations

The climate model simulations used in this study were con-
ducted by DiNezio et al. (2018). Here, we will provide a broad
overview of the major model components, as well as a brief sum-
mary of the LGM boundary conditions applied to our various simu-
lations. However, we direct readers to the Supplementary Materials
Sections S3-S5 in DiNezio et al. (2018) for a complete descrip-
tion of the climate model components and boundary conditions.
Our simulations were carried out using the CESM1 global climate
model, which consists of the Community Atmospheric Model ver-
sion 5 (CAM5; ~2° horizontal resolution with 30 vertical pressure
levels). CAMS5 is coupled to a full-depth ocean model—the Parallel
Ocean Program version 2 (POP2)—featuring ~1° horizontal resolu-
tion, with increased meridional resolution of ~1/3° in the tropics,
and 60 vertical levels. Additionally, CESM1 features the Community
Land Model version 4 (CLM4) with ~2° horizontal resolution.

We compare four sets of equilibrated CESM1 experiments with
varying degrees of ocean complexity. They include: (1) A fully
forced LGM experiment (LGMgy;) with all major glacial bound-
ary conditions (GHGs, sea level, orbital, ice sheet topography and
albedo, etc.) prescribed following the Paleoclimate Modeling In-
tercomparison Project Phase III (PMIP3) LGM protocols at 21,000
yrs ago, (2) A “White Mountain” (WM) simulation that includes
all of the LGM ice sheet boundary conditions (e.g., extent, eleva-
tion, surface properties), but with the remaining boundary con-
ditions (GHGs, orbit, sea level) set to pre-industrial levels, (3) A
“Green Mountain” (GM) simulation that includes identical topog-
raphy to the WM, but with land surface properties and the re-
maining boundary conditions set to pre-industrial values, and (4)
A pre-industrial control simulation (CTL) with boundary conditions
following the PMIP3 pre-industrial protocols. Fig. 1 further illus-
trates the different LGM and CTL land surface properties used in
our experiments.

Ice sheet topography and glacier extent in each of our simula-
tions were prescribed following PMIP3 protocols, which combine
three different ice sheet reconstructions (Abe-Ouchi et al., 2015).

Otto-Bliesner et al. (2006) showed that the simulated LGM climate
in earlier versions of CESM could be sensitive to the choice of ice
sheet reconstruction. However, our LGM results do not significantly
differ when repeating our analysis using an updated ice sheet re-
construction from ICE-6G_C.

The WM and GM experiments include repeated simulations
with an atmospheric model that is: (a) uncoupled from the ocean
model (AGCM only; i.e., intrinsic atmospheric variability only), (b)
coupled to a fixed, 50 m depth slab ocean model (SOM; i.e., no
ocean circulation, but ocean-atmosphere interactions possible), and
(c) fully coupled to a dynamical ocean model (DOM). In our AGCM
experiments, global sea surface temperature (SST) and sea ice ex-
tent were prescribed with climatological values from the CTL. Dif-
ferences among the SOM/DOM and AGCM configurations highlight
the role of interactive ocean processes in shaping the overall cli-
mate response in the respective GM/WM experiments, while dif-
ferences between the DOM and SOM isolate the more subtle roles
of ocean circulation changes versus mixed layer ocean-atmosphere
interactions. (Hereafter we refer to these different experiments and
ocean model complexities using the notation “Experimentmgdel”,
such as “WMponm” for the White Mountain experiment featuring a
fully dynamical ocean model.) Each of these experiments (summa-
rized in Table 1) was integrated until the climate system (including
the deep ocean for DOM simulations) reached close to radiative
equilibrium (see DiNezio et al., 2018 Supplementary Materials Sec-
tion S5 for more details). Each was then integrated forward at
equilibrium for an additional number of years (Table 1) to calculate
climatological fields for comparison.

Unless otherwise stated, all climate anomalies reported in this
study are at least 95% significant using a Student’s t-test and are
relative to a CTL experiment run with the corresponding ocean
model complexity. When compared to CTL, atmospheric circula-
tion anomalies in WM are due to the combination of ice sheet
albedo and topography (i.e., the combination of mechanical and
thermodynamic forcing), while circulation anomalies in GM are
due to mechanical forcing from the topography alone. Their differ-
ence (WM minus GM) estimates the climate response to ice sheet
albedo alone (i.e., thermodynamic forcing only). Differencing WM
and GM simulations to isolate the direct ice sheet albedo forcing
on the climate system implicitly assumes that ice sheet mechani-
cal and thermodynamic forcing are linearly additive. To assess the
validity of this assumption, we analyze an additional albedo-forced
CESM1 simulation also conducted by DiNezio et al. (2018). This ex-
tra simulation features a dynamical ocean model and was forced
with the distribution of continental ice set at LGM values, but
over the modern topography. All other boundary conditions (GHGs,
orbital, topography, etc.) were set to pre-industrial values. This ap-
proach isolates the cooling effect of the albedo of the ice sheets
relative to modern topography. Following the naming convention
of our other experiments, we refer to this fully coupled simulation
as White Plains (WPpowm; Table 1 and Fig. 1). By comparing WPpom
anomalies to those from WMpgoy we are able to discern whether
the elevation of the ice sheet albedo forcing introduces significant
nonlinearities in the large-scale climate response.
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Fig. 2. North Pacific climate at the Last Glacial Maximum. Difference maps of LGMgy; minus CTL (a) 500 mb zonal wind (U500; ms~') and (b) precipitation (mmday ')

averaged during boreal winter (December-February). Thick black contours in (a) show wintertime U500 climatology in the pre-industrial control (contour interval is 5 ms

-1

with max value of 30 ms~1). (c)-(d) As in (a)-(b), but for the ensemble mean of seven PMIP3 models forced with full LGM boundary conditions minus their respective
pre-industrial control simulations. Thin black contour in each panel marks approximate ice sheet edge at the LGM. Filled circles in (b) and (d) show precipitation changes

from proxy estimates (Table S2).

Finally, to test the sensitivity of our LGMgy; results to our
choice of model, we compare LGMgy; to an ensemble of seven
models forced with identical LGM boundary conditions taken from
the PMIP3 archive. These models are listed in Table S1.

2.2. Precipitation and sea surface temperature proxy estimates

We validate our simulated hydroclimate results against sev-
eral proxy estimates of LGM western North American precipitation
change, as in Lora et al. (2017). These proxies consist primar-
ily of pollen data (Bartlein et al., 2011), but also include other
quantitative precipitation estimates (Ibarra et al., 2014; Lemons
et al, 1996; Maher et al, 2014; Thompson et al, 1999). In ad-
dition, we compare simulated North Pacific SST anomalies to the
gridded proxy estimates generated by Tierney et al. (2020). These
estimates combine a large collection of geochemical proxies of SST
with an isotope-enabled version of CESM to produce a spatially
coherent reconstruction of LGM temperatures using data assimila-
tion. Specifically, we use version 2.0 of their LGM data assimilation
runs, which features a wider array of model priors than the origi-
nal dataset. See Tierney et al. (2020) for more details.

3. Results

Our CESM1 LGMgy; experiment produces patterns of North Pa-
cific atmospheric circulation and North American west coast hy-
droclimate change that compare well with the ensemble mean re-
sults of seven PMIP3 models forced with the same LGM boundary
conditions (Fig. 2). Specifically, both our CESM1 LGMgy; simulation
and the PMIP3 models produce a clear north-south dipole in bo-
real winter precipitation anomalies along the North American west
coast (Fig. 2b, d), such that the Southwestern U.S. is wetter than
modern and the Pacific Northwest, from Washington to Alaska, is
drier than modern. These similarities are further highlighted by
the spatial pattern correlation between our CESM1 LGMgy; simu-
lation and the PMIP3 ensemble mean, which is R = 0.92 for the
zonal wind anomalies and R = 0.85 for the precipitation change,
both significant at 95% confidence.

The simulated precipitation anomalies are also highly correlated
in space with the proxy reconstructions of LGM-to-present precip-
itation changes (circles Fig. 2b, d and Table S2). The correlation

between the proxy estimates and the LGMgy; precipitation anoma-
lies at the nearest grid cell is R = 0.67, which is significant at 95%
confidence. These precipitation changes are due to an intensified
and southward shifted wintertime jet stream, which correspond-
ingly shifts southward the distribution of landfalling North Pacific
storms (Fig. 2a, c). These model-data comparisons are consistent
with many previous studies (Anderson et al., 1988; Bartlein et al.,
2011; Ibarra et al., 2014; Lachniet et al., 2014; Lemons et al., 1996;
Lora, 2018; Lora et al.,, 2017; Mabher et al., 2014; Oster et al., 2015;
Owen et al., 2003; Seltzer et al., 2019; Thompson et al., 1999) and
give us confidence in our CESM1 modeling framework.

3.1. North Pacific climate response to ice sheet topography

Direct orographic forcing from the ~3 km (Fig. 1b) tall North
American ice sheets in GMagem produces a southward displace-
ment and intensification of the wintertime North Pacific jet, as
well as a general tendency for a north-south shift in west coast
hydroclimate (Fig. 3a-b), which is similar to the coupled response
with full LGM forcings (Fig. 2a-b). In particular, GMagcm produces
a strong deceleration of the westerlies at ~50°N (Fig. 4a) and
throughout the atmospheric column that closely aligns with the
latitude at which LGM North American ice sheets begin to rise
above modern topography (Fig. 4a; orange and purple lines), in-
dicative of a direct mechanical slowdown of the westerly flow
ahead of the elevated land surface at these latitudes. The weak-
ened atmospheric circulation is then steered southward, leading to
an acceleration of the westerlies near 30°N. Overall, these zonal
wind anomalies produce an equatorward shift of the North Pa-
cific jet stream, especially in the mid-to-lower troposphere. These
circulation changes are apparent in the boreal winter geostrophic
streamfunction (Fig. S1a), which shows an anomalous low over
the North Pacific as part of a generally barotropic stationary wave
response throughout the Northern Hemisphere, consistent with re-
sults presented by Roberts et al. (2019) using a different climate
model.

Based on the similarities between GMagem (Fig. 3a-b) and
LGMgy (Fig. 2a-b), one might reach the same conclusion as many
prior AGCM-based studies that also sought to disentangle the role
of ice sheet topography versus ice sheet albedo on LGM climate
(Anderson et al., 1988; Bartlein et al., 1998; Bromwich et al., 2004;
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Fig. 3. North Pacific boreal winter response of 500 mb zonal wind (U500) and precipitation in single forcing experiments: (a)-(f) GM-CTL, (g)-(i) WM-CTL, and (m)-(r)
WM—GM in their respective ocean configurations. Thick black contours in show wintertime U500 climatology in the pre-industrial control (contour interval is 5 ms~! with

max value of 30 ms~!).

Cook and Held, 1988; Kim et al., 2008; Kutzbach and Wright, 1985;
Manabe and Broccoli, 1985)—that ice sheet topography alone is
sufficient to explain the overall changes to the LGM North Pacific
jet stream, without the need for ocean-atmosphere interactions.
However, when coupling our AGCM to interactive ocean models,
we in fact find nearly the opposite result. Specifically, both GMsom
and GMpopm show a broad deceleration of the westerlies without a
clear latitudinal shift in the jet stream (Figs. 3¢, e and 4b-c) as well

as drier conditions in the Southwestern U.S. relative to the con-
trol (Fig. 3d, f). This raises a key question: What ocean-atmosphere
feedbacks and/or ocean circulation changes lead to such markedly
divergent circulation and hydroclimate responses between our un-
coupled (GMagem) and coupled (GMsom and GMpow ) simulations?

Of central importance to addressing this question is the SST
warming observed throughout much of the subpolar North Pacific
in GMpowm (Fig. 5d) and GMsoym (Fig. S2a). These warm anomalies
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Fig. 4. North Pacific zonal wind response. Latitude-height cross-sections of boreal winter (December-February) zonal wind anomalies (shading; ms~') zonally averaged over
the Pacific basin (120°E-110°W). Anomalies are for (a)-(c) GM minus CTL, (d)-(f) WM minus CTL, and (g)-(i) WM minus GM in their respective (left column) AGCM, (middle
column) SOM, and (right column) DOM ocean configurations. Purple and orange contours roughly outline the profile of North American topography at each latitude (i.e., as
if looking westward from the Atlantic Ocean) for LGM and CTL, respectively. Black contours denote the winter CTL zonal wind climatology for this region. Solid (dashed)

black contours denote positive (negative) values. Black contour interval is 5 ms~! starting at 0 ms~! (thick black contour). Thick gray contour marks the 0 ms~! zonal wind
anomaly contour.

extend upward throughout the atmospheric column (Fig. S3b-c), the full range of altered LGM boundary conditions (including ice
decreasing the meridional temperature gradient between the trop- sheet albedo) does lead to a much different SST response than in

ics and the poles, and weakening the North Pacific jet stream by GMpowm. In particular, LGMgy; exhibits colder-than-modern condi-
thermal wind balance. An ocean mixed layer heat budget (Supple-  tions throughout the North Pacific (Fig. 5¢), with the coldest SST

mentary Materials Section S1; Fig. S4) indicates that this anoma-  apomalies found near the Kuroshio Extension region in a pattern
lous subpolar warming can be attributed primarily to three im- that broadly resembles a positive phase of the Pacific Decadal Os-
portant factors: (1) increased surface shortwave radiation due to cillation (PDO; Mantua et al., 1997).

decreased low .clouds, (2) decreased evaporati.ve cooling driven This PDO-like cooling is supported by various proxy reconstruc-
by the mechanically weakened surface westerlies, and (3) a dy-  (jong of North Pacific SSTs (Fig. 5a) (Gray et al., 2020; Rae et al.,

namical ocean response that primarily reflects warm SST advec-
tion via Ekman transport (Fig. S6a-b). In contrast, without the
added atmospheric response to anomalous ocean temperatures,
GMagem produces cool anomalies in the mid-troposphere near
~40°N (Fig. S3a), consistent with cold air advection from high-
latitudes by the anomalous low (Fig. S1a). This cooling enhances

2020; Tao et al., 2013; Tierney et al., 2020), and is also seen in the
PMIP3 models analyzed here (Fig. 5b and Fig. S8) as well as more
recent PMIP4-era models (Kageyama et al., 2021). We do note that,
while both our LGMgy simulation and the PMIP3 ensemble mean
show weak cooling in the subpolar North Pacific, proxy estimates
the local meridional temperature gradient and reinforces the di-  indicate that the subpolar LGM may have been slightly warmer
rect mechanical shift of the jet stream, opposite to the behavior than modern (Rae et al., 2020). Although, these warm anomalies
observed in GMsoy and GMpo. may have been largely confined to a relatively small area north of

The subpolar warming seen in GMpow is a robust response to 50°N (Fig. 5a). Regardless, the broad-scale differences between the
ice sheet mechanical forcing, even when considering the additional ~ ice sheet-driven SST anomalies in our GMpom and LGMgyy experi-

impacts of lower LGM GHGs (see Supplementary Materials Sec- ments further suggest that ocean adjustment to direct mechanical
tion S2). This is because reducing GHGs does not significantly alter ice sheet forcing (i.e., extensive subpolar North Pacific warming) is
the anomalous meridional temperature gradient set up by the di- not a foundational component of the overall response of the cou-

rect mechanical ice sheet forcing in GMpoym. However, adding in pled climate system to full LGM boundary conditions.
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Fig. 5. Simulated ocean temperature response. Difference maps of annual mean SSTs (°C) in (a) LGM minus late Holocene data assimilated proxy estimates from Tierney et
al. (2020), (b) the ensemble mean of seven PMIP3 models forced with full LGM boundary conditions minus their respective pre-industrial control simulations, (c) CESM1

LGMgy minus CTL, (d) CESM1 GMpgoym minus CTL, (e) CESM1 WMppym minus CTL, and (f) CESM1 WMpop minus GMpowm.

3.2. North Pacific climate response to ice sheet albedo

We now consider the combined contributions of elevated ice
sheet topography (as in GM) and high ice sheet surface albedo
to the overall LGM North Pacific climate response. In WMagcm,
the zonal wind and precipitation anomalies are very similar to
GMacem (Figs. 3a-b and 3g-h). Differencing the WMagem and
GMagem simulations, we see little response in the zonal wind and
precipitation, thus ice sheet topography is almost entirely respon-
sible for the large-scale atmospheric response in both of these
uncoupled simulations (Figs. 3m-n). This result is consistent with
Roberts et al. (2019), who showed that the wintertime North Pa-
cific stationary wave response to ice sheet topography is similar to
the response to ice sheet topography and ice sheet albedo com-
bined (see their Fig. 2). Indeed, our WMagcm and GMagem Simu-
lations produce nearly identical wintertime stationary wave fields
to theirs (Figs. S1a and S1g). When coupled to an ocean model
in WMsom and WMpoy, the additional thermodynamic forcing
from high ice sheet albedo is responsible for an intensification and
southward displacement of the boreal winter North Pacific jet, par-
ticularly in the central/eastern North Pacific, leading to the charac-
teristic north-south dipole in western North American precipitation
(Fig. 3i-1). This can be seen more clearly when differencing the re-
spective WM and GM simulations (Fig. 3o0-r).

To what extent can the differences between our WM and GM
simulations be explained by ice sheet albedo versus potential non-
linearities in the climate system? Our WPpoy simulation isolates
the climate response to ice sheet albedo relative to modern day
topography, and provides a useful tool to address this question. In
WPpom, the boreal winter North Pacific jet experiences an inten-
sification and southward shift that is qualitatively similar to that
seen in WMpgoy minus GMpowm (Fig. S9a, c). This leads to a north-
south shift in precipitation in WPpgy that is also comparable to
WMpom minus GMpgoy (Fig. S9b, d). Similar results are seen when
comparing anomalies from WMpop to the linear combination of

anomalies from WPpoy and GMpoy (Fig. S9e-h). While the spatial
patterns of anomalies between the different ice sheet albedo forc-
ing estimates are qualitatively similar, the zonal wind anomalies
in WPpoym tend to be weaker than in WMpgy and the moistening
signal in the southwest U.S. is overall less clear in WPpgy. These
results suggest that some nonlinearities likely contribute to the
differences between our WM and GM simulations and that WM
minus GM should not be quantitatively interpreted. Instead, the
albedo forcing estimates provided by taking WM minus GM (i.e.,
Figs. 3m-r and 4g-i) should be seen as a qualitative indicator of
how elevated ice sheet albedo forcing imprints on large-scale cli-
mate.

The WPpom experiment discussed above is an idealized repre-
sentation of LGM conditions (i.e., it is unlikely that there would
ever be such extensive ice sheet albedo forcing across relatively
low topography in the real world). However, our WMpgy simu-
lation provides a much more realistic representation of total ice
sheet forcing with which to compare to our full LGM simulation.
For example, the WMsopm and WMpoym zonal wind and precip-
itation anomalies are nearly identical to those seen in LGMgy
(comparing Figs. 2a-b and 3i-1), suggesting that thermodynamic
forcing from the bright ice sheets is key in setting the overall LGM
North Pacific atmospheric response. However, these anomalies are
also heavily reliant upon coupled ocean-atmosphere interactions,
as indicated by the difference of WM minus GM zonal wind fields
across the different ocean configurations (Fig. 3m-r and Fig. 4g-i).
In particular, ocean-atmosphere coupling enables an albedo-forced
acceleration of the westerlies throughout the atmospheric column
between ~30-40°N in WMsoy and WMpop. This response is only
slightly larger in WMpop;, indicating that dynamical ocean circu-
lation changes are of secondary importance to mixed layer air-
sea interactions in driving these anomalies. Overall, our experi-
ments suggest that the inclusion of ocean-atmosphere coupling in
WMsom and WMpowm acts to reinforce the mechanically induced
southward jet shift implied by the uncoupled WMaccewm (Fig. 4g).
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Fig. 6. North Pacific zonal wind response in WMsgr. (a) Global SST anomalies (°C) for WMpgy minus CTL averaged during December-February. (b)-(e) Latitude-height cross-
section of boreal winter (December-February) zonal wind anomalies (shading; ms~") zonally averaged over the Pacific basin (120°E-110°W). Anomalies are from the WMsst
CAM5 simulations forced with WMpowm SSTs (b) globally, (c) in the tropics-only (20°S-20°N; equatorward of dashed black lines), (d) in the North Pacific-only (>30°N;
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How do ocean-atmosphere feedbacks and/or ocean circulation fects of ice sheet orography and albedo (as estimated by WMagcm).
changes combine with the direct atmospheric response to ther- Regional SST forced experiments show that the aforementioned
modynamic ice sheet forcing to form the wintertime WMsoym and North Pacific SST pattern accounts for the majority of the global
WMpom North Pacific climate anomalies? Both WMpoym (Fig. 5e) SST forced response, particularly the accelerated westerlies be-
and WMsowm (Fig. S2b) produce PDO-like SST anomaly patterns that tween ~30°—40°N (Fig. 6¢c-e). Therefore, the direct atmospheric
are similar to that seen in proxy estimates, our CESM1 LGMgy, and response to continental ice sheets is only important to the extent
the PMIP3 ensemble mean (Fig. 5a-c). However, the peak anoma- that it contributes to the formation of this PDO-like SST pattern
lies in WMpom—exceeding —4°C in magnitude—are only about (Fig. 5e).
half as large as in LGMg since the latter experiences additional
cooling from changes in orbital configuration and lower GHGs.

Using a mixed layer heat budget analysis, we find that the
WMpom cooling primarily results from: (1) decreases in down-
ward surface shortwave radiation south of 40°N, (2) ocean circu-
lation changes poleward of 40°N, and (3) increased evaporation
from strengthened surface winds and an increased air-sea temper-
ature contrast (Fig. S5). The cooling generated by ocean circulation
changes has contributions from anomalous Ekman heat advection o ) > < ; .
(Fig. S6¢-d), but is also consistent with a southward expansion of spheric circulation anomalies in the. WM experiments. II} doing $o,
the North Pacific subpolar gyre circulation and a southward shift of ~ We can better understand the physical pathways by which the di-
the subarctic SST front in response to strengthened polar easterlies rect large-scale atmospheric response to a tall/bright ice sheet (as

3.3. Physical mechanisms linking ice sheet albedo to North Pacific SST
changes

The North Pacific ocean and atmosphere are highly coupled
in boreal winter (Alexander, 1992; Alexander and Scott, 1997).
Therefore, it is important to diagnose the extent to which the SST
cooling described above is a source or a symptom of the atmo-

(Gray et al., 2020). The anomalous temperatures around 40°N ex- 10 WMagewm) first imprints onto the North Pacific ocean before cou-
tend throughout much of the atmospheric column to ~300 mb, pling back to the atmosphere (as in WMsom/WMpowm). The direct
increasing the meridional temperature gradient over the North Pa-  thermodynamic impact of North American ice sheets on the large-
cific and strengthening the jet stream in WMsom and WMpom by scale atmosphere should be strongest in boreal summer when the
thermal wind balance (Fig. S3e-f). zonal winds are weakest and most sensitive to diabatic heating
To confirm that the underlying SST field is indeed driving the  (Roberts et al, 2019; Ting, 1994). Additionally, anomalous cooling
boreal winter upper-level zonal wind response, we conducted an over land caused by high ice sheet albedo will be largest in sum-
additional set of AGCM simulations forced with pre-industrial land ~ mer when there is more insolation to reflect.
surfaces (i.e., no LGM ice sheets) and the long-term monthly mean The seasonally varying influence of ice sheet albedo on large-
SST output from WMpowm (referred to as WMssr; see Supplemen-  scale atmospheric circulation was discussed in detail by Roberts et

tary Materials Section S3). The consistency between the WMssr al. (2019), and is reproduced here as the difference between WM
global experiment and WMpoy is striking (Figs. 4f and 6b), and and GM stationary wave fields in our AGCM simulations (Fig. STm-
suggests that nearly the entire LGM North Pacific atmospheric r). Importantly, the summertime atmospheric circulation anomalies

circulation—and thus North American hydroclimatic—response dur- are more similar across the AGCM/SOM/DOM configurations than
ing boreal winter is attributable to the ice sheet-driven SST field those in winter for both WM and GM simulations. The insensitiv-
and not to the direct atmospheric response to the combined ef- ity of the boreal summer climate response to the presence of an
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ocean in our simulations suggests that the ocean and the large-
scale atmosphere are largely decoupled during this season. This is
confirmed in our additional WMsst experiment, which does not re-
produce the WMpopm zonal wind anomalies in boreal summer (not
shown). Therefore, by relating the WM annual mean SST cooling
(Fig. 5e) to summer North Pacific climate anomalies, we can reli-
ably diagnose the direct atmospheric response to the tall/bright ice
sheet, even in our coupled simulations.

As discussed previously, decreases in surface shortwave radia-
tion play an integral role in cooling the North Pacific in WMpowm,
with cloud changes accounting for nearly the entire surface short-
wave contribution to the SST anomalies (Fig. 7a-c). Our simulation
shows an increase in total cloud fraction in this region; however,
the shortwave cloud radiative forcing (Fig. 7b) is primarily due to
an increase in low clouds, such as marine stratocumulus (Fig. 8a).
Low-lying marine stratocumulus clouds are an important ampli-
fying factor for SST anomalies in the North Pacific (Norris et al.,
1998; Ronca and Battisti, 1997), often producing a positive feed-
back with increasing (decreasing) SSTs leading to decreasing (in-
creasing) low cloud amounts and consequently more (less) down-
ward shortwave radiation at the surface (Amaya et al., 2020).

Direct ice sheet-driven large-scale atmospheric circulation chan-
ges can be connected to local SST anomalies independent of these
ocean-atmosphere feedbacks in WMagem. This uncoupled simula-
tion produces a strikingly similar pattern of surface shortwave-
induced SST anomalies, which are also dominated by changes in
shortwave cloud radiative forcing (Fig. 7d-f). Aside from the simi-
lar spatial pattern, the anomalies are generally weaker in WMagem
than in WMpgwm, suggesting that local low cloud-SST feedback am-
plifies both the low cloud and SST response in WMpgp. Averaging
the fractional change in low cloud amount in the central North
Pacific, we see that the increase in low clouds in WMagem and

WDMpowm is largest in boreal summer (Fig. 7g), with the difference
between the two further highlighting the role of ocean-atmosphere
feedbacks in amplifying these changes in WMpoym throughout the
year.

The increase in summertime low cloud coverage in both
WMacem and WMpoy is due primarily to a stronger temperature
inversion above the marine boundary layer west of ~160°W and
increased moisture east of ~160°W (Fig. 8). These changes are
driven by an anomalous cyclonic circulation in the lower atmo-
sphere seen in each of our WM simulations during boreal summer
(Fig. S1j-1). This low pressure anomaly advects cold air from the
high latitudes in the western North Pacific (increasing stability at
low levels), while advecting additional moisture from the tropics
in the eastern North Pacific. See Supplementary Materials Section
S1.2 for more details on the cloud parameters analyzed here.

Overall, the consistent change in cloudiness in the WMagcm
simulation provides evidence that the direct large-scale atmo-
spheric response to North American ice sheets first influences
North Pacific SSTs during boreal summer through changes in cloud
fraction and surface shortwave radiation. These SST anomalies then
persist into winter through a combination of positive feedbacks in-
cluding low cloud-SST and wind-evaporation-SST interactions, as
well as ocean circulation adjustments, where they then strongly
influence the position of the North Pacific jet and, by extension,
North American west coast hydroclimate.

4. Summary

In this study, we investigated the influence of continental ice
sheets on North Pacific atmospheric circulation and North Amer-
ican west coast hydroclimate during the LGM. Our model results
showed that, in response to full LGM boundary conditions (e.g.,
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Fig. 9. Schematic summary of the North Pacific coupled climate response to tall/bright North American ice sheets during the LGM. (1) A direct stationary wave response to
the tall/bright ice sheets during boreal summer produces a low-level cyclonic circulation over the North Pacific. These circulation anomalies drive cold air advection in the
western North Pacific and increased water vapor transport in the eastern North Pacific. (2) Enhanced stability coupled with increased atmospheric moisture leads to more
marine stratocumulus clouds, which reflect sunlight and cool the North Pacific Ocean near ~40°N. (3) Low cloud-SST feedback and ocean dynamical adjustments amplify the
SST and cloud changes, persisting them into boreal winter. (4) The enhanced North Pacific meridional temperature gradient accelerates the westerlies on the equatorward
flank of the jet stream, while mechanical interactions with ice sheet topography decelerate the flow on the poleward flank. Overall, this leads to a southward shift of the
North Pacific jet stream and a redistribution of North American west coast hydroclimate during the LGM.

GHGs, ice sheets, sea level, orbital configuration, etc.), the North composing this climate response into contributions from ice sheet
Pacific jet is intensified and shifted southward during boreal win- topography alone (i.e., Green Mountain) and ice sheet topography
ter. This results in a wetter-than-modern-day Southwest U.S. and a plus albedo (i.e., White Mountain), we found that these circula-
drier-than-modern-day Pacific Northwest, consistent with previous tion changes result from a complex combination of mechanical and
model simulations and paleoproxy reconstructions (Anderson et al., thermodynamic ice sheet effects that are critically dependent on
1988; Bartlein et al., 2011; Benson et al., 2011; Ibarra et al., 2014; the presence of ocean-atmosphere interactions.

Kirby et al., 2013; Lachniet et al., 2014; Lemons et al., 1996; Lora et The step-by-step response of the North Pacific atmosphere to
al,, 2017; Mabher et al., 2014; Oster et al., 2015; Owen et al., 2003; realistic continental ice sheets (i.e., a White Mountain) is summa-
Reheis et al., 2012; Seltzer et al., 2019; Thompson et al., 1999). De- rized in the schematic Fig. 9. In short, the large-scale stationary
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wave response to tall/bright ice sheets includes a low-level cy-
clonic circulation over the North Pacific during boreal summer,
supported also by previous studies (Roberts et al., 2019). This
circulation anomaly increases moisture transport to the eastern
North Pacific, while simultaneously advecting cool air from high-
latitudes over the western North Pacific. The increase in moisture
combined with the increased lower atmosphere stability leads to
an increase in low clouds, which cool North Pacific SSTs between
30°N-40°N by reducing downward surface shortwave radiation. A
positive low cloud-SST feedback and subpolar gyre dynamical ad-
justments (Gray et al., 2020) then combine to amplify both the
cloud changes and the North Pacific SST anomalies, allowing them
to persist into boreal winter. During the winter, the ocean couples
back to the large-scale atmosphere and reinforces the tendency for
a topographically-forced southward shift of the North Pacific jet
stream by increasing the North Pacific meridional temperature gra-
dient and accelerating the westerlies on the equatorward flank of
the jet.

5. Discussion

Many of the above results are consistent with previous studies
(e.g., Roberts et al., 2019; Yanase and Abe-Ouchi, 2010), who used
similar model simulations to investigate the importance of dif-
ferent ice sheet characteristics to LGM atmospheric circulation as
well as the influence of ocean coupling in shaping those responses.
However, our detailed analysis of North Pacific SST patterns helps
to fill a notable gap in our understanding of the specific physical
pathways (e.g., low cloud feedbacks) by which the coupled cli-
mate system adjusts to LGM ice sheet forcing, and helps to further
highlight the relevance of LGM climate for modern applications.
In particular, our finding that ice sheet-driven SST patterns—rather
than the direct atmospheric response to mechanical forcing in-
duced by the elevated topography of the LGM ice sheets—drove
much of the North Pacific atmospheric circulation response during
the LGM has key implications for present day climate variability
and future change.

We suggest that the primary role of ice sheets on LGM hydro-
climate was to provide a suitably large perturbation to the climate
system that led to the formation of an SST pattern that bears
strong resemblance to a well-known climatic mode (e.g., the PDO).
In this sense, while the presence (or removal) of a ~3 km tall ice
sheet over North America bears no direct relevance to modern cli-
mate, the possible emergence of North Pacific SST anomalies that
are similar in pattern and magnitude as those observed in our LGM
simulations is distinctly plausible. While such patterns may result
from natural climate variations, our findings call attention to on-
going anthropogenic factors—such as changes in Southeast Asian
aerosol emissions—that have been shown to promote a PDO-like
SST response in coupled models (Smith et al.,, 2016) and may ex-
ert a strong influence on western North American hydroclimate
through air-sea interactions. These regional SST patterns may fur-
ther serve to alter the expected response of the mid-latitude jet
streams to future global warming (Lu et al., 2008), due to the
modification of the local meridional temperature gradient at the
surface.

Finally, we acknowledge several important caveats and possible
sensitives regarding our analysis. For example, we note that our
analysis is primarily based on simulations from a single model—
CESM1.2. However, portions of our results (particularly the large-
scale atmospheric circulation changes associated with different ice
sheet characteristics) are nearly identical to Roberts et al. (2019),
who conducted similar White Mountain and Green Mountain ex-
periments using a different climate model. Indeed, the North Pa-
cific stationary wave patterns in our simulations (Fig. S1) compare
very well to those seen in their simulations (see Roberts et al.,
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2019, Figs. 2 and 3). Therefore, we have confidence that the ice
sheet-driven atmospheric circulation changes discussed here are
qualitatively insensitive to model choice.

Additionally, although we have identified a series of physically
consistent pathways by which the coupled climate system adjusts
to ice sheet forcing (Fig. 9), we note that these mechanisms depend
on an accurate representation of marine stratocumulus clouds and
their feedbacks. While the simulation of marine stratocumulus
clouds has improved in recent model generations (Engstrém et al.,
2014), there is still large uncertainty among models in the ex-
pected response of clouds to future greenhouse gas increase (Qu
et al, 2014; Webb et al,, 2013). Nevertheless, Xiao et al. (2014)
showed that CESM1 credibly reproduces the climate conditions
necessary to accurately simulate marine stratocumulus clouds in
the North Pacific, including the depth of the planetary boundary
layer, which gives us confidence in our results. Regardless, future
work is needed to further explore the physical mechanisms identi-
fied here across a range of other model configurations.
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