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Abstract Atmospheric rivers (ARs) are an important driver of surface mass balance over today's Greenland
and Antarctic ice sheets. Using paleoclimate simulations with the Community Earth System Model, we find
ARs also had a key influence on the extensive ice sheets of the Last Glacial Maximum (LGM). ARs provide

up to 53% of total precipitation along the margins of the eastern Laurentide ice sheet and up to 22%-27% of
precipitation along the margins of the Patagonian, western Cordilleran, and western Fennoscandian ice sheets.
Despite overall cold conditions at the LGM, surface temperatures during AR events are often above freezing,
resulting in more rain than snow along ice sheet margins and conditions that promote surface melt. The results
suggest ARs may have had an important role in ice sheet growth and melt during previous glacial periods and
may have accelerated ice sheet retreat following the LGM.

Plain Language Summary During the Last Glacial Maximum (~21,000 years ago), ice sheets covered
much of northern North America, Fennoscandia, and the Patagonian Andes. Using climate model simulations,
we find that much of the precipitation that fell on the margins of these ice sheets came from transient, narrow
corridors of atmospheric moisture known as atmospheric rivers. The atmospheric rivers were important in
driving ice sheet accumulation during cold seasons, and ice sheet melt during warm seasons. The results suggest
that atmospheric rivers may have had a role in driving the movement of ice sheets during Earth's past.

1. Introduction

Atmospheric rivers (ARs) are transient, narrow corridors of concentrated moisture and heat transport (Shields
et al., 2019; Zhu & Newell, 1998). They often form near the cold fronts of marine extratropical cyclones where
evaporation is high and poleward flow is strong (Dacre et al., 2015; Zhang et al., 2019). Though usually confined
to the mid latitudes, ARs occasionally extend toward Earth's poles, making landfall along the Greenland and
Antarctic ice sheets (Gorodetskaya et al., 2014; Neff et al., 2014; Wille et al., 2021). Upon landfall, air within the
AR is forced upward along the orographic barrier of the ice sheets, resulting in condensation and precipitation.
During the winter, spring, and fall seasons, AR precipitation primarily falls as snow, adding more than 10 mm
water equivalent per day to surface mass balance (SMB; the difference between accumulation and ablation)
in portions of Greenland (Mattingly et al., 2018), and contributing up to 20% of climatological snowfall in
coastal portions of Antarctica (Wille et al., 2021). In summer, AR precipitation sometimes falls as rain, particu-
larly within the ablation zone (Mattingly et al., 2018). Combined with increased temperatures from enhanced
cloud downward longwave radiation, condensational heating, and warm air advection, AR rain can drive extreme
surface melt (Box et al., 2022; Bozkurt et al., 2021; Guan et al., 2016; Mattingly et al., 2020; Wille et al., 2019)
and destabilization of ice shelves (Wille et al., 2022). Given their outsized influence on the SMB of modern-day
ice sheets, it is possible ARs have had an important role in shaping ice sheet behavior throughout Earth's history.

At the Last Glacial Maximum (LGM; ~21,000 years ago), ice sheets covered much of northern North Amer-
ica poleward of ~40°N, Fennoscandia, the Patagonian Andes, and Greenland and Antarctica. The equatorward
position of the ice sheets in North America, Europe, and South America relative to the high-latitude ice sheets
of today suggests the LGM ice sheets may have interacted with ARs at a higher frequency than the modern-day
ice sheets on Greenland and Antarctica. However, changes to the location of extratropical storm tracks at the
LGM (Kutzbach & Wright, 1985; Lainé et al., 2009; Lora et al., 2017; Oster et al., 2015; Tabor et al., 2021),
in part driven by the ice sheets themselves (Lofverstrom et al., 2014), may have limited ice sheet AR landfalls.
Similarly, stationary wave patterns, baroclinicity, Rossby wave breaking, and ocean evaporation, all of which
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have been linked to AR characteristics today (Algarra et al., 2020; Baggett et al., 2016; Michel et al., 2021;
Payne et al., 2020; Payne & Magnusdottir, 2014), were different at the LGM (Amaya et al., 2022; Bush &
Philander, 1999; Kageyama & Valdes, 2000; Li & Battisti, 2008; Lofverstrom, 2020; Lora et al., 2016; Merz
et al., 2015; Roberts et al., 2019), likely altering AR behavior.

Changes to ARs have been put forth as a driving mechanism behind mid-latitude LGM hydroclimate changes
(Lofverstrom, 2020; Lora, 2018; Lora et al., 2017; Tabor et al., 2021). In particular, ARs have been implicated
in the relatively wet (southwest U.S.) and dry (northwest U.S.) LGM conditions inferred from speleothem (Oster
& Kelley, 2016), lacustrine (Kirby et al., 2013), and pollen records (Bartlein et al., 2011; Cleator et al., 2020).
While these studies point to an important role for ARs in LGM mid-latitude hydroclimate, an examination of AR
influence on LGM ice sheets has not been explored. Here we use a simulation of LGM climate and an automated
AR detection algorithm to examine AR characteristics and their contribution to ice sheet precipitation to better
understand the role of ARs in past climate and the atmospheric processes that influence long-term ice sheet
accumulation and melt.

2. Methods
2.1. Model Simulations

We use the Community Earth System Model version 2 (CESM2) (Danabasoglu et al., 2020) to simulate LGM
and preindustrial climates. The configuration of CESM2 employed here uses the Community Atmosphere Model
version 5 (CAMS) (Neale et al., 2012), the Community Land Model version 5 (CLMS5) with satellite phenology
(Lawrence et al., 2019), the Parallel Ocean Program version 2 (POP2) (Smith et al., 2010), and the Los Alamos
Sea Ice Model version 5.1.2 (CICES.1.2) (Hunke et al., 2015). The land and atmosphere models have a horizontal
resolution of 0.9° x 1.25°, and the ocean and sea ice models have a nominal 1° horizontal resolution.

The LGM simulation uses boundary conditions consistent with known LGM climate forcings following PMIP4
protocol (Kageyama et al., 2017), including LGM greenhouse gas concentrations and insolation values. Land ice
sheets for the LGM simulation are prescribed using the ICE-6G reconstruction at 21 ka (Peltier et al., 2015), and
include changes to surface albedo and elevation. Coastlines are also modified to account for ice sheet-induced
changes in global sea level (Figure S1 in Supporting Information S1). The preindustrial simulation uses boundary
conditions consistent with known climate forcings from the year 1850. Both simulations use aerosol emissions
from the preindustrial period and prescribed climatological monthly varying satellite-derived vegetation distri-
butions from the modern day. The LGM (preindustrial) simulation is initialized from year 500 (year 300) of the
identical CESM2 LGM (preindustrial) simulation described in Zhu et al. (2021) and spun up for an additional
70 (125) years. After spin-up, the preindustrial and LGM simulations are run for an additional 100 years. The
analysis presented here is based on these final 100 years from each simulation.

Equilibrium climate sensitivity within this configuration of CESM2 (with CAMS5) is lower than that of the stand-
ard CESM2 with CAM6 (4.0 vs. 5.6°C, calculated in a slab ocean configuration) (Zhu et al., 2021). Global mean
surface temperature in the LGM simulation is 8.98°C, 6.7°C colder than the preindustrial simulation (Figure S2
in Supporting Information S1), consistent with estimates from proxy-constrained reanalysis (Osman et al., 2021)
and situated at the cooler end of estimates from the ensemble of PMIP4 models (PMIP4 min = —7.17°C;
max = —3.26°C) (Kageyama et al., 2021).

2.2. Atmospheric River Identification

ARs are identified using an automated algorithm based on that of Lora et al. (2017), and used in previous climate
change studies (Baek & Lora, 2021; Menemenlis et al., 2021; Skinner et al., 2020). ARs are defined as contig-
uous regions, at least 2,000 km in length, in which 6-hourly column integrated vapor transport (IVT) exceeds a
threshold value. IVT is calculated as

1[0
IVT = —— / uqdp
& Jp

s
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where u, g, p are the horizontal winds, specific humidity, and pressure at each vertical model level, respec-
tively, and g and p, are the acceleration due to gravity and the surface pressure. The threshold value is based on
zonal-mean integrated water vapor (IWV), and ARs are detected when

-1
IWV

IVT > IVTonf 1 = — Y
max(lwv)

where IWV is the 30-day running mean of the zonally-averaged IWV, max( IWV ) is its latitudinal maximum, and
IVT i is equal to 225 kg m~! s~!. The algorithm incorporates aspects of both absolute threshold-based (IVTpin)
and relative (use of background IWV) detection methodologies (see Lora et al., 2020; Rutz et al., 2019).

Following Skinner et al. (2020), AR frequencies are calculated as the percentage of 6-hourly time steps in which
an AR is detected divided by the total number of 6-hourly time steps in the specified analysis period. Precipitation
from ARs is calculated as the sum of precipitation during the 6-hr time period in which the AR is detected. The
same method is used to calculate AR-derived rain and snow. Temperature during ARs is calculated as the daily
average temperature on days in which an AR is detected.

2.3. Ice Sheet Surface Mass Balance

We use a basic positive degree-day (PDD) scheme based on Pollard and DeConto (2012) to get a first order
estimate of the change in ice sheet SMB induced by ARs. Daily mean 2-m temperature values on AR days are
used to calculate an annual sum of daily temperatures above 0°C (positive degree day sum). Following Pollard
and DeConto (2012), the degree day sum is multiplied by a melt coefficient of 0.005 m°C~! day~!, representing
0.005 m of melt per positive degree day. The calculated annual melt is then subtracted from the total AR-derived
annual accumulated snowfall to quantify the change in ice sheet surface mass from ARs. The simplified scheme
does not account for spatial variations in the melt coefficient or for the refreezing of meltwater. It also does not
explicitly account for the melt induced by liquid precipitation associated with ARs.

3. Results
3.1. LGM AR Frequency and Relationship to the Large-Scale Environment

Annual AR frequency increases from the LGM to the preindustrial across much of the midlatitudes (Figure 1).
Compared with PI, LGM ARs are 6%—14% less frequent across most of the North and South Pacific and Atlantic
basins, and upwards of 16% less frequent across portions of the Southern Ocean (Figure 1b). The only region
with greater AR activity during the LGM is the midlatitude North Atlantic (~35°N) south of the preindustrial
period AR frequency maximum. Reductions in AR activity at the LGM extend from the ocean basins onto land,
including across western and eastern North America, Europe, Southeast Asia, southern South America, and New
Zealand. Despite reduced frequency, ARs do make landfall across each of these terrestrial regions during the
LGM, and often impact the margins of the contemporaneous ice sheets (Figure 1a).

In North America, ARs are located over the coastal Cordilleran ice sheet 2%—6% of the time (percent of 6-hourly
timesteps; see Methods) and over the eastern Laurentide ice sheet 2%—18% of the time. In Europe, South Amer-
ica, and New Zealand, ARs impact the coastal Fennoscandian, Patagonian, and Southern Alps ice sheets 2%—10%
of the time. ARs are infrequent along the coastal Antarctic and Greenland ice sheets during the LGM, occurring
less than 2% of the time. Equatorward of the ice sheets, ARs impact western North America 2%—6% of timesteps,
eastern North America 2%—12% of timesteps, western Europe 2%—14% of timesteps, east Asia 2%—10% of time-
steps, and New Zealand 2%—6% of timesteps. Apart from the Iberian Peninsula, all these AR frequency values are
lower than those in the preindustrial period (Figure 1b).

AR frequency changes since the LGM are consistent with changes in large-scale circulation and atmospheric
moisture. In the Southern Hemisphere and North Pacific, changes to the eddy-driven jets are small with no clear
latitudinal shift in the location of the jet core (Figures 2a and 2b). The relatively small changes to zonal flow in
the Pacific and Southern Hemisphere in CESM are robust across most PMIP4 models (Kageyama et al., 2021).
The reduction in AR frequency in these regions is likely driven in large part by a drier atmosphere during the cold
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LGM AR Frequency
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Figure 1. Last Glacial Maximum (LGM) atmospheric river (AR) frequency and change. (a) Annual AR frequency during the
LGM. (b) Change in annual AR frequency (colors) between the LGM and preindustrial periods (LGM—Preindustrial), and
preindustrial period AR frequency (gray contours; spacing from 0 to 30 percent). Frequency is defined as the percentage of
all 6-hourly timesteps in which an AR is detected. The thick black contour lines indicate the edges of the LGM ice sheets.

LGM (Figure 2c). In the North Atlantic, the eddy-driven jet narrows and increases in strength, consistent with an
enhanced surface temperature gradient (Figure S2 in Supporting Information S1) and enhanced stationary wave
momentum flux convergence associated with the Laurentide ice sheet (Kageyama & Valdes, 2000; Lofverstrom
et al., 2016; Merz et al., 2015). AR frequency increases in this region of the North Atlantic despite reductions in
atmospheric moisture, pointing to the important role of the enhanced stationary wave pattern and baroclinicity
for increased AR development (e.g., Lofverstrom, 2020; Menemenlis et al., 2021).

3.2. LGM AR Precipitation, Temperature, and Impact on Surface Mass Balance

Simulated precipitation change between the LGM and preindustrial in CESM (Figure S3a in Supporting Infor-
mation S1) resembles that of the PMIP4 multi-model mean (Kageyama et al., 2021) and is largely consistent with
pollen-based proxy records of LGM hydroclimate (Bartlein et al., 2011; Cleator et al., 2020). Greatest precipi-
tation reductions at the LGM are located over the ice sheets, where anticyclonic circulation is common (Bush &
Philander, 1999; Lora, 2018), and over the Indo-Pacific warm pool in response to continental shelf exposure and
a weaker Walker Circulation (DiNezio et al., 2018). With some exceptions, drier LGM conditions are also present
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LGM 850 hPa Zonal Winds
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Figure 2. Atmospheric conditions relevant for Last Glacial Maximum (LGM) atmospheric rivers. (a) LGM annual mean
850 hPa zonal wind. (b) Change in the annual mean 850 hPa zonal wind between the LGM and preindustrial (LGM—
Preindustrial). (c) Change in the annual mean total integrated water vapor between the LGM and preindustrial.

on unglaciated continental areas. Overall agreement between the simulated total precipitation change in CESM
and other climate models (Kageyama et al., 2021) suggests that the AR-driven precipitation changes discussed
next are robust.

ARs are responsible for a considerable portion of total LGM precipitation along the margins of the Northern and
Southern Hemisphere ice sheets (Figures 3a—3c). ARs are particularly instrumental in supplying precipitation
along the eastern Laurentide ice sheet, where they deposit as much as 1,300 mm/year and contribute up to 53%
of all precipitation (interquartile range (IQR) of 10%-27%). Along the western Fennoscandian and Cordilleran
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Figure 3. Last Glacial Maximum (LGM) precipitation from atmospheric rivers (ARs). (a) LGM total annual precipitation
from ARs. (b, d, ) Percentage of all (b) precipitation, (d) rain, and (e) snow from ARs. (c, f) Boxplots (min, IQR, max) of the
percentage of all (c) precipitation, and (f) rain (blue) and snow (gray) from ARs over the ice sheet areas marked in orange in
(b, d, e).

ice sheets, ARs are responsible for as much as 350 mm/year and 400 mm/year, respectively, corresponding to
a maximum of 27% and 22% of all precipitation (IQR of 7%—15% and 3%-15%) (Figure 3c). In Patagonia, AR
precipitation reaches 700 mm/year and contributes up to 22% of all precipitation (IQR of 4%—12%). In contrast,
AR contributions to LGM Antarctic and Greenland precipitation are minimal, accounting for less than 5% of
annual precipitation.

Though not the focus here, ARs are also important contributors to precipitation in non-glaciated regions of western
and eastern North America, western Europe, east Asia, and New Zealand during the LGM (Figures 3a and 3b). A
comparison between the simulated change in AR-based precipitation (Figure S3b in Supporting Information S1)
and total precipitation (Figure S3a in Supporting Information S1) indicates that ARs are largely responsible
for the increase in total LGM precipitation in the Iberian Peninsula (e.g., Beghin et al., 2016; Lofverstrom &
Lora, 2017), but not responsible for the increase in LGM precipitation in the Southwestern U.S. (counter to our
expectations; e.g., Kirby et al., 2013; Lora et al., 2017). We note that the difference between the AR response to
LGM forcings over the Southwestern U.S. presented here and in prior studies with PMIP3 models is not the result
of different AR algorithms, and reflects differences in simulated climate that will be explored in future work.
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LGM Temperature During ARs

Figure 4. Temperature during Last Glacial Maximum (LGM) atmospheric rivers (ARs). (a) Average 2-m temperature during
LGM AR events in each season. (b) Average anomaly in 2-m temperature during LGM AR events in each season. Gray/white
grid cells indicate no AR events over land/ocean, respectively.

AR precipitation falls as both rain and snow along the LGM ice sheets (Figures 3d—3f). Annually, ARs provide
up to 44% of all snow and 69% of all rain along the eastern Laurentide ice sheet (IQR of 9-24% and 13-50%),
22% of all snow and 39% of all rain along the western Fennoscandian ice sheet (IQR of 6-14% and 7-22%), 19%
of all snow and 29% of all rain along the western Cordilleran ice sheet (IQR of 2%—13% and 2%-20%), and 16%
of all snow and 36% of all rain along the Andes ice sheet (IQR of 3%—10% and 5%—-22%) (Figure 3f). In winter
and spring, nearly all AR-derived precipitation on the ice sheets is in the form of snow (Figure S4 in Supporting
Information S1). In summer and fall, ARs supply a considerable amount of rainfall, particularly along coastal
stretches of the eastern Laurentide and western Cordilleran ice sheets (Figure S4 in Supporting Information S1).

ARs are associated with flow from lower latitudes and anomalously warm temperatures over ice sheets (Figure 4).
In winter, spring, and fall, near-surface temperatures on days with an AR are often 10-20°C above average over
the eastern Laurentide and Fennoscandian ice sheets (Figure 4b). During summer, AR temperature anomalies are
smaller, ranging from just below 0—7°C. Despite anomalously warm conditions, temperatures near the surface
during AR events in winter and spring remain below freezing, and therefore support snowfall and ice sheet
accumulation (Figure S4 in Supporting Information S1, Figure 4a). During fall, AR temperatures along coastal
stretches of all ice sheets as well as interior portions of the southern Laurentide ice sheet exceed the freezing
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LGM Annual Average Surface Mass Balance Due to ARs
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Figure 5. Annual average surface mass balance induced by atmospheric rivers (see Methods) at the Last Glacial Maximum.

point. Similarly, in summer, AR temperatures often exceed the freezing point across large portions of ice sheets
in both hemispheres. These relatively warm temperatures allow for liquid precipitation (Figure S4 in Supporting
Information S1), and the potential for substantial surface melt during AR events. Indeed, calculations of SMB
induced by ARs (see Methods) suggest that melting from ARs exceeds snowfall accumulation across most ice
sheet areas (Figure 5). This is especially the case along coastal regions of each ice sheet, where AR temperatures
are often near or above freezing outside of winter.

4. Discussion and Conclusion

The simulations presented here indicate ARs were important contributors to ice sheet surface mass and energy
fluxes at the LGM. The substantial equatorward extension of the ice sheets into the high middle latitudes
combined with only minor displacement of the mid-latitude storm tracks from today promotes frequent AR
landfalls along the ice sheet margins. Though increasingly recognized as important divers of accumulation and
melt in modern day Antarctica and Greenland, the results suggest ARs have had an even greater role in ice sheet
hydroclimate in Earth's past.

The net annual SMB at the LGM is expected to be relatively small (Pollard & Thompson, 1997), and the coun-
teracting contributions from ARs in the cold seasons (snow accumulation) and warm seasons (rain and above
freezing temperatures), is consistent with this expectation. Our use of a simplified PDD SMB scheme indicates
ARs drove more melt than accumulation along LGM ice sheet margins. It is possible that the melt associated
with ARs, along with other processes, served to limit further equatorward movement of the ice sheet margins
in some locations at the LGM. While greater AR-induced melt along the edges of the ice sheets is plausible
given the expected warmer temperatures within the poleward directed flow of ARs, it is worth noting that the
PDD scheme is a simplified representation of SMB, and because the position of the ice sheets is fixed in the
simulation, the ice sheet is not necessarily in equilibrium with the simulated climate. With regards to the latter
point, this means that the atmospheric state simulated in CESM may be too warm to support ice sheets at the
prescribed margins, which may artificially skew the contribution of ARs toward melting in our analysis. Climate-
ice sheet mismatches are a potential issue with all PMIP simulations (Alder & Hostetler, 2019; Pollard, 2000),
and to fully assess the impact of ARs on ice sheet mass balance and subsequent ice sheet movement will require
use of a dynamic ice sheet model.

During periods of ice sheet growth and retreat, ARs may have had a more pronounced role in positive and nega-
tive ice sheet SMB, respectively. For example, it is plausible that the relatively rapid Laurentide ice sheet advance
during the Late Wisconsin period preceding the LGM (Dyke et al., 2002) was aided along the southwest and
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southeast margins by AR-driven snow. Northern Hemisphere (NH) summer insolation was weaker in the years
prior to the LGM, which likely would have increased the fraction of warm season AR precipitation that fell as snow
relative to the LGM. Similarly, the progression to greater NH summer insolation following the LGM likely led to
more AR-induced ice sheet melt events, which may have created the conditions necessary for accelerated ice sheet
flow. During surface melt events, meltwater from the ablation zone can drain to the base of the ice sheet, increas-
ing basal sliding and the retreat of ice sheet margins (Doyle et al., 2015; Zwally et al., 2002). Zwally et al. (2002)
and Bromwich et al. (2005) have suggested that surface melt may have accelerated Laurentide ice movement. ARs
may have served as a key atmospheric mechanism driving this ice sheet retreat following the LGM.

Differences in AR characteristics between the LGM and preindustrial highlight the sensitivity of ARs to back-
ground climate state, consistent with previous AR studies of past (Lora et al., 2017; Menemenlis et al., 2021;
Shields et al., 2021; Skinner & Poulsen, 2016; Skinner et al., 2020; Tabor et al., 2021) and projected future
climates (Baek & Lora, 2021; O'Brien et al., 2022; Payne et al., 2020). Cold temperatures and the associated
reduction in evaporation and atmospheric moisture at the LGM result in fewer ARs in our simulations, and less
AR-derived precipitation across most of the Northern and Southern extratropics compared with the modern day.
Interestingly, despite a drier atmosphere in the North Atlantic (Figure 2¢), AR frequency and AR precipitation
is greater along a large portion of the mid-latitude North Atlantic and coastal Iberian Peninsula in response to
enhanced regional baroclinicity during the LGM (Kageyama & Valdes, 2000), highlighting the possibility of
enhanced AR activity during cooler climates given sufficient dynamical forcing.

While direct evidence for AR influence on LGM ice sheet precipitation, for example, in ice cores, is limited or
unavailable, proxies from near the ice margins, combined with the AR analysis presented here provide insights
into the atmospheric mechanisms that shaped hydroclimate in these areas. For example, pollen records from
marine sediments west of the Patagonian ice sheet suggest considerably wetter conditions at the LGM (Berman
et al., 2016). CESM simulates an increase in overall LGM precipitation in this area, but a decrease in AR-derived
precipitation (Figure S3 in Supporting Information S1), suggesting that, while ARs were an important contributor
to Patagonian ice sheet precipitation, other atmospheric systems were responsible for the substantial increase in
regional precipitation. In Europe, speleothems from the Alps suggest southerly moisture transport at the LGM
(Luetscher et al., 2015; Spotl et al., 2021), consistent with a considerable role for ARs in the Alps and just to the
north along the margin of the Fennoscandian ice sheet, as simulated here.

Agreement between mid-latitude LGM precipitation in CESM and other models from PMIP4 (Kageyama
et al., 2021) suggests that the response of ARs to LGM climate forcings may be robust across models. However,
explicitly examining ARs across the PMIP4 ensemble is not feasible due to limited availability of the necessary
high frequency, three-dimensional variables. As noted earlier, simulated LGM climate in CESM is relatively cold
compared with other models (and some reconstructions (e.g., Annan et al., 2022)), and it is possible that AR
detection would be higher in those other LGM simulations. Additional uncertainty in our results derives from the
use of a single AR detection algorithm (Rutz et al., 2019), though detection algorithms tend to identify medium-
and high-intensity ARs similarly (Lora et al., 2020). Future planned work will examine the robustness of paleo
AR changes to a suite of AR detection algorithms (Shields et al., 2018).

Data Availability Statement

CESM2 model code is available at https://www.cesm.ucar.edu/models/cesm2/release_download.html. Relevant
data, including the AR catalogs and CESM output from the simulations, is archived on Zenodo at the following
DOIL: https://doi.org/10.5281/zenodo.7339985.
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