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ABSTRACT

Decades of paleoclimate research have helped bring the pattern of hydroclimatic change across North America during the Last
Glacial Maximum (LGM) into ever sharper focus. Despite these advances, the drivers of LGM hydroclimatic variability con-
tinue to be debated at the continental to basin scale. To explore the driving mechanisms behind LGM hydroclimatic change, we
compare an updated network of moisture sensitive LGM proxy records from across North America and northern Central Amer-
ica with the annual precipitation output of nine simulations of LGM climate conducted as part of the Paleoclimate Model Inter-
comparison Project, as well as an ensemble average. The updated proxy network presented here points to wetter than modern
conditions across most of the southwestern United States, with drier than modern conditions in the Pacific Northwest, Rocky
Mountains, and parts of the Colorado Plateau. We find that, similar to previous work, the degree of model agreement with the
proxy network is sensitive to the location and orientation of the simulated boundary between wetter and drier conditions in the
western United States. The Bonneville basin occupies a key position in this context, as it is within this transition between wetter
and drier conditions during the LGM. Proxy records from within and around the Bonneville basin suggest conditions that were
unchanged or slightly wetter during the LGM, and the models that show the best agreement with the proxy network overall
place the transition between wet and dry LGM precipitation anomalies at or near Lake Bonneville. Although models do not
include pluvial lakes in their boundary conditions, our computed effective moisture anomalies as well as the model set up vari-
ables for IPSL-CM5A-LR and NCAR CCSM4, two of the models that best agree with the proxy network, demonstrate that at
least these two models do include the present-day Great Salt Lake. These two models show weak positive precipitation anoma-
lies downwind of the modern lake area and in general show good agreement with Bonneville basin proxy records. This suggests
that future inclusion of pluvial lakes in model boundary conditions for the LGM could both improve proxy-model agreement
and enhance our understanding of how processes such as vapor recycling influence the hydroclimate of continental interiors.

INTRODUCTION AND METHODOLOGY

Western North America has experienced a dynamic hydroclimatic history over the last glacial cycle, recorded by the growth and
desiccation of large inland lakes, expansions and contractions in the ranges of vegetation, and variations in the chemical compo-
sition of pedogenic and cave minerals (Nowak and others, 1994; Maher and others, 2014; Reheis and others, 2014). More than
a century of paleoclimatic research in this region has provided a wealth of information about the spatial and temporal patterns
of these changes, and important insight into the drivers of hydroclimatic change can be gained by integrating these records
and comparing them with paleoclimate model simulations. A network of moisture-sensitive proxies as well as pollen-based
precipitation and moisture reconstructions suggest a dipole pattern across this region at the Last Glacial Maximum (LGM, ~21
ka), with a wet southwest and dry conditions approaching the Laurentide Ice Sheet (Oster and others, 2015). Yet despite a rela-
tively clear picture of glacial climate in western North America, the atmospheric drivers behind these patterns remain a source
of debate (Lyle and others, 2012; Lora and others, 2017; Morrill and others, 2018). Early modeling studies suggested that the
westerly storm track was shifted southward during LGM (COHMAP Members, 1988) while more recent work has indicated
that rather than a uniform southward shift, the storm track was steered in a northwest-southeast direction across the region by
high pressure situated over the Laurentide Ice Sheet (Oster and others, 2015). Other work has pointed to the importance of
an influx of sub-tropically derived southwesterly winter moisture in setting up this regional pattern (Lora and others, 2017).
Our understanding of glacial hydroclimate is further complicated by the pattern of hydroclimatic change across western North
America following the LGM, as the majority of western pluvial lakes achieve higher levels during Heinrich Stadial 1 (18-15
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ka) or later as the Laurentide Ice Sheet is decaying (for example, Munroe and Laabs, 2013; Ibarra and others, 2014).

Here, we draw upon the large body of proxy evidence and recent modeling work to provide the most up to date snapshot of gla-
cial hydroclimatic change in the Bonneville basin and western North America broadly. We have compiled an updated network
of moisture sensitive proxy records from western North America, and expanded this network to include all of North America.
The present compilation builds upon our previous work (Oster and others, 2015) through the addition of recently published re-
cords that include pollen and macrofossil-based estimates of hydroclimatic change (Scheff and others, 2017; Harbert and Nix-
on, 2018) as well as new records and modeling local to the Bonneville basin (Quirk and others, 2018; Ibarra and others, 2019).
We have expanded our proxy network, previously compiled for western North America, to include all of North America as well
as northern Central America through the inclusion of pollen, macrofossil, and lake sediment records developed or compiled by
Scheff and others (2017) and Shuman and Serravezza (2017).

Our proxy network includes records of soil, cave, and lake water chemistry, lake level fluctuations, and glacier mass-balance
in addition to the vegetation-based records derived from lake and bog sediments and pack rat middens. For each record, we
categorize the LGM (21 + 2 ka) hydroclimatic response as “wetter,” “drier,” or “no change” relative to modern conditions. In
categorizing proxy response, our designation is based on the original interpretation of the authors or the most recent compila-
tions, as in the case of vegetation-based estimates (Scheff and others, 2017; Harbert and Nixon, 2018). Records for which no
clear hydroclimatic designation can be made are coded as “unclear.” Estimates of precipitation change from mountain glacier
mass-balance modeling are only included in our compilation if they explicitly address uncertainties regarding the combined
influence of temperature and precipitation change on glacier advance through independent estimates of temperature change
(e.g., Laabs and others, 2006). Many glacier records are coded as unclear in our compilation due to uncertainties in the balance
of temperature versus moisture variability.

We compare our network of precipitation-sensitive proxy records to the output of monthly climatologies for nine simulations
of LGM (21 ka) climate conducted as part of phase 3 of the Paleoclimate Model Intercomparison Project (PMIP3) (Bracon-
not and others, 2012) accessed through the Earth System Grid Federation (ESGF) (Taylor and others, 2012). We use bilinear
interpolation to calculate precipitation (P) and effective moisture (EM) values from annually summed precipitation and evapo-
transpiration of the 21-ka and Pre-Industrial (PI-0 ka) runs from the nine models in their native resolution using coordinates of
the proxy record sites. For lakes we selected basin centers as representative coordinates. Additionally, we compare the proxy
network to the ensemble average precipitation for the LGM and PI by averaging the P output of all models following interpo-
lation to a 1° by 1° grid. We then calculate the annual P and EM anomalies for the LGM, expressed as percent, for each model
and the ensemble using the equations:

P =

anom 21ka

/P, )x100 (1)

EM_=(EM, /EM ) x 100 (2)
We compare the hydroclimatic changes simulated by each model and the ensemble with the change observed in each proxy
record using a weighted Cohen’s Ky statistic (e.g., DiNezio and Tierney, 2013; Oster and others, 2015; Hermann and others,
2018), which measures categorical data agreement between two raters who classify items (here proxy locations) into categories
(wetter, drier, no change) relative to the probability of random agreement, and weights observations according to the degree
of model-proxy disagreement (Cohen, 1968). This is accomplished by multiplying a matrix of model-proxy observations by
a weight matrix in which strong agreement between observers (e.g., both model and proxy suggest wetter conditions at a site)
is given a weight of 0, strong disagreement (e.g., the model suggests wetter, but the proxy drier) is given a weight of one, and
weak disagreement (e.g., the model suggests wetter, but the proxy suggests no change) is given a weight of 0.5. Kw is then
calculated as:

¢ wC
L= Xj=1 WijXij

Ky =1
T ~C
i=1 X j=1 Wijmij

3
where:

w, and x, = elements in the weight and observed matrices, respectively
ml/ = elements in the matrix of scores that would arise through random chance.
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To identify the maximum possible agreement between models and proxies, we varied the threshold of change in P and EM
required for the model responses to fall into the wetter or drier category from 5 to 35%. Computed Kw values can range from
-1 to 1, where -1 is perfect disagreement, 0 is no agreement greater than random chance, and 1 is perfect agreement between
the model and proxy records (Cohen 1968). For the EM Kw calculations, sites falling in grid cells that contain some proportion
of ocean were excluded.

RESULTS AND DISCUSSION

Our updated proxy network improves upon the spatial coverage of our previous compilation (Oster and others, 2015) by spe-
cifically increasing coverage in the Pacific Northwest and the Colorado Plateau, and also expanding the network to include
records from the rest of the United States, Mexico, and northern Central America (figure 1). The updated network retains the
clear wetter south—drier north dipole previously apparent in the western United States (Oster and others, 2015), but includes
more records that variably suggest enhanced or reduced aridity at the LGM along the southern Colorado Plateau. Proxy records
in the Midwest suggest wetter conditions, while those in the mid-south to the east coast of the United States as well as southern
Mexico indicate no change in hydroclimatic conditions. Increased aridity during the LGM is suggested for Florida and parts
of the deep South.
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lower Ky values when anomalies in EM, rather than P, are considered. However, the models MRI-CGCM3 and CNRM-CMS5,
which are not among those with the highest precipitation Kw values, have the top values when considering EM anomalies (not
shown). Interestingly, the ensemble average of P anomalies has a high Kw value (0.44) (figure 2). Only MPI-ESM-P has a
higher precipitation Kw value (0.46) than the ensemble. The ensemble Kw , however, is highest for a much larger precipitation
change threshold (20%) compared to the individual models. This means that a larger proportion of the study area falls into the
“no change” category, reducing the number of sites where the model and proxies strongly disagree.

The majority of the high-scoring models and the ensemble simulate increased aridity across the eastern United States and in the
Pacific Northwest and wetter conditions in the southwestern United States. As with our previous study, we find that differences
in model agreement with the proxy network appear to be closely related to the location and geometry in the model simulations
of the transition between wet anomalies in the southwestern United States and dry anomalies in the Pacific Northwest. This
transition generally occurs near the California-Oregon border at 42 °N, stretching eastward across the northern Great Basin. In
many of the models with higher Kw and in the ensemble, this transition from wet to dry precipitation anomalies trends from the
northwest to the southeast across the western United States with varying degrees of undulation (figure 2). Areas of persistent
disagreement between models and the proxy network may reflect a change in precipitation seasonality that is important for
proxy response, but not apparent in the model annual averages used here. For instance, the aridity recorded by some proxies
from the Colorado Plateau may reflect reduced monsoon rainfall during the LGM that is overshadowed in the annual model av-
erage by increased winter precipitation (e.g., Bhattacharya and others, 2018). Alternatively, apparent drying displayed by some
vegetation-based proxies may primarily reflect reduced atmospheric CO, during the LGM rather than hydroclimatic change
(Scheff and others, 2017).
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Figure 2: Contoured percentage change in annual precipitation (% AP, LGM-PI) with maximum Kw for the ensemble and
the five models with the highest Kw values. Proxies shown as agreeing (green), weakly disagreeing (yellow), or strongly
disagreeing (red) with each model at maximum Kw. Contour line of zero AP is dashed for each model.
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Although we do not reanalyze atmospheric dynamics of these models here, this updated proxy-model comparison is consistent
with our previous assertion that squeezing and deflection of zonal winds and steering of storms along a northwest to southeast
trend due to the pressure gradient caused by the permanent high-pressure system over the Laurentide Ice Sheet was an im-
portant factor in determining the spatial pattern of hydroclimatic variation across the western United States at the LGM. We
do not explicitly analyze the source of increased moisture to the western United States, though our results are not inconsistent
with increased southwesterly moisture intruding into the continental interior as suggested by Lora and others (2017). Further
analysis of atmospheric dynamics and moisture source changes across all of North and Central America will be conducted using
this expanded proxy network and the LGM simulations associated with the updated PMIP4 modeling effort, scheduled to be
released in 2019 (Kageyama and others, 2017).

Lake Bonneville occupies a critical position in the context of hydroclimatic change in western North America. Situated in the
northeastern Great Basin between 37.5 and 43°N, Lake Bonneville is located within the transition zone between wetter and
drier precipitation anomalies noted in both the proxy records and the models. Paleoclimate proxy records from the Bonneville
basin, including records from pollen, tufa deposits, and ostracodes suggest conditions that were unchanged or slightly wetter
during the LGM (Oviatt and others, 1992; Davis, 2002; Kaufman, 2003; Benson and others, 2011; McGee and others, 2012).
Likewise, mass balance modeling of glaciers in the Wasatch Range and Uinta Mountains to the east of Lake Bonneville also
point to an LGM that was either unchanged or slightly wetter (Munroe and Mickelson, 2002; Laabs and others, 2006; Refsnid-
er and others, 2008; Quirk and others, 2018). The climate models with the highest Kw values place the transition from wet to
dry LGM precipitation anomalies at or near the location of Lake Bonneville (figures 2 and 3), further suggesting that reduced
evaporation in combination with small precipitation increases likely drove moderate to high lake levels in the northern Great
Basin during the LGM (e.g., Reheis and others, 2014; Ibarra and others, 2014; 2018).
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Importantly, the PMIP models do not include Lake Bonneville or other pluvial lakes in their land surface boundary conditions,
omitting potentially important moisture sources for regional mountain glacier growth. However, it is apparent from the comput-
ed EM anomalies, and indicated in the model set-up variables, that the present Great Salt Lake is included in the model bound-
ary conditions for at least two of the models with higher Kw values, IPSL-CM5A and NCAR CCSM4 (figure 3). Interestingly,
both of these models display a zone of higher LGM P anomalies just to the east of the Bonneville basin, downwind of Great Salt
Lake, which is included in the model parameterization. These models display agreement to weak disagreement with the proxy
records in the Bonneville basin, suggesting a narrow margin of small, positive P anomalies fueled by locally recycled vapor
from Lake Bonneville is the most likely hydroclimate scenario for this region at the LGM. This observation underscores the
influence that large pluvial lakes such as Bonneville and Lahontan must have had on their local hydroclimate (e.g., Hostetler
and others, 1994; Galewsky, 2013), and the potential improvement to the simulation of vapor recycling effects and model-proxy
agreement should these lakes be included in model boundary conditions (i.e., Pound and others, 2014) in the future.
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CONCLUSIONS

We have expanded the network of hydroclimatically sensitive paleoclimate proxy records from the LGM to include all of North
America and northern Central America and to provide more detailed coverage of the western United States. We compare this
updated proxy network to output of precipitation and effective moisture anomalies for the LGM (21 ka) simulations associated
with PMIP3, as well as with an ensemble average. We find five models that have relatively high Kw for precipitation, all at
low (5-10%) precipitation change thresholds. Only one model, MPI-ESM-P, has a higher Kw than the model ensemble. The
ensemble Kw is highest at a larger (20%) change threshold, meaning it designates a larger part of the study area as experiencing
no significant precipitation change relative to modern. Similar to our previous work, we find that proxy-model agreement is
closely tied to the location and orientation of the boundary between wetter and drier conditions in the western United States.
Lastly, although these models do not include pluvial lakes in their boundary conditions, EM anomalies indicate that at least two
of the models that best agree with the proxy network likely do include Great Salt Lake. These two models show weak positive
P anomalies downwind of the modern lake area, and are in general good agreement with Bonneville basin proxy records. This
observation provides further evidence that modeling of vapor recycling and proxy-model agreement in the western United
States could be improved with the inclusion of pluvial lakes in model boundary conditions for the LGM.
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