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Paleoclimate proxies indicate that changes in insolation since the mid-Holocene have driven widespread
hydrologic changes across the midlatitudes. It is unclear how atmospheric rivers (ARs), which are
fundamental to global moisture transport today, may have contributed to these Holocene hydroclimate
changes. Here, we use a set of climate model simulations with the Community Earth System Model
(CESM), and introduce an AR algorithm optimized to identify ARs within different climate states,
to show that changes to the location and intensity of landfalling ARs explain the majority of the
precipitation difference between the mid-Holocene and the preindustrial period in several midlatitude
regions. During the mid-Holocene, enhanced seasonality increased summer season AR vapor content and
displaced ARs poleward of their preindustrial period trajectories, especially in the Northern Hemisphere.
Consequently, in high midlatitude coastal areas of western North America and East Asia, ARs account
for greater than 10% more of total precipitation during the mid-Holocene, and nearly 100% of the
simulated change in precipitation between the two climates. The simulated AR changes are consistent
with moisture-sensitive proxy records and with present-day relationships between ARs and regional
circulation, enhancing confidence that ARs served as the underlying synoptic mechanism responsible for
mid-Holocene hydroclimate anomalies in several coastal mid-latitude areas. The results indicate that ARs
are sensitive to background climate state, and suggest that changes in ARs may have contributed to

hydroclimate changes throughout Earth’s past.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The mid-latitude atmosphere is punctuated by fast-moving con-
duits of highly concentrated water vapor transport known as at-
mospheric rivers (ARs). These relatively narrow synoptic features,
commonly less than 1,000 km in width, form over oceans often
within the warm sectors of extratropical cyclones (Ralph et al,
2004) and serve as key pathways for the transport of moisture and
latent heat from low to mid latitudes and from oceans to land (Zhu
and Newell, 1998). The moisture transport in an AR is often dis-
rupted when the AR makes landfall. Aided by near-moist neutral
stratification within the AR, AR landfalls can lead to exceptionally
high precipitation totals, particularly in regions of elevated terrain
(Neiman et al., 2008; Rutz et al., 2014). In the present climate, ARs
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contribute between 30% - 50% of annual water supply along mid-
latitude western continental boundaries, including western North
America, Europe, Chile, and South Africa (Guan and Waliser, 2015;
Lavers and Villarini, 2015; Blamey et al., 2017; Viale et al., 2018),
most of which occurs in just a handful of AR events each year
(Guan et al,, 2010). Consequently, even small changes in the fre-
quency and location of ARs have implications for regional climate
and ecosystem vitality (Albano et al., 2017). While the majority of
AR research to date has focused on understanding how these AR
changes shape modern and future hydroclimate (e.g., Payne and
Magnusdottir, 2015; Shields and Kiehl, 2016), it is highly likely ARs
also contributed to hydroclimate changes in Earth’s recent and dis-
tant past (Lora et al., 2017; Kiehl et al., 2018).

Although direct evidence for past AR activity within pale-
oclimate proxy records is generally not available, there is an
abundance of moisture sensitive proxies that suggest widespread
hydrologic changes during the Holocene (~115 ka B.P. to the
present) in regions that currently experience ARs. Lake sediments,
speleothems, and pollen records from the mid-Holocene indicate
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Table 1

CESM boundary forcings.
Simulation CO, CHy N,O Solar Ecc Obliq Prec
CESM-PI 284 ppm 760 ppb 270 ppb 1365 Wm™2 0.016724 23.446° 102.04°
CESM-MH 280 ppm 650 ppb 270 ppb 1365 Wm™2 0.018682 24.105° 0.87°
CESM-EH 266 ppm 688 ppb 263 ppb 1365 Wm™2 0.019419 24.227° 294.82°

drier than present conditions along the U.S. west coast from Cali-
fornia to Washington (Bartlein et al., 2011; Hermann et al., 2018),
and wetter than present conditions along western Canada and por-
tions of Alaska (Viau and Gajewski, 2009; Steinman et al., 2016),
regions that receive between 20% - 40% of their total annual rain-
fall from ARs today (Guan and Waliser, 2015). Proxies indicate a
similar equatorward shift in precipitation since the mid-Holocene
in East Asia (Herzschuh et al.,, 2019), a region that currently ex-
periences frequent AR landfalls during summer months (Kamae et
al,, 2017), and in central and southern Chile (Lamy et al., 2010),
which average 35 - 40 days of AR landfalls per year (Viale et al.,
2018). Additionally, the Northeast U.S. and southeastern Canada,
which receive an estimated 20% - 30% of present-day total annual
rainfall from ARs (Lavers and Villarini, 2015), were considerably
drier during the mid-Holocene (Bartlein et al., 2011). Several of
these past mid-latitude hydrologic responses have been attributed
to orbital insolation-driven changes in the strength and position of
the Northern Hemisphere jet stream and semi-permanent pressure
systems (Hermann et al., 2018; Herzschuh et al., 2019; Routson et
al., 2019), pointing to a potential key role of ARs as the underly-
ing synoptic mechanism. However, to date, an explicit evaluation
of ARs within a Holocene paleoclimate context has not been un-
dertaken, limiting our interpretation of climate signals recorded in
various paleoclimate proxies from this time.

Relationships between the large-scale controls on ARs and ra-
diative forcing suggest that AR characteristics likely differ based
on background climate state. Indeed, model simulations of pro-
jected future high-CO; climates exhibit regional shifts in AR land-
fall locations in response to extratropical storm track changes and
increased AR vapor content due to warmer air and sea surface
temperatures (Gao et al, 2015; Payne and Magnusdottir, 2015;
Shields and Kiehl, 2016). Altered insolation seasonality during the
Holocene has also been shown to influence temperatures and at-
mospheric circulation at regional and global scales (Wanner et al.,
2008; Routson et al., 2019), and is therefore a likely driver of AR
variability on millennial time scales.

To test the hypothesis that changes in ARs shaped millennial-
scale hydrologic change during the Holocene, and to quantify the
sensitivity of ARs to orbital forcing, we introduce and apply a new
AR identification and tracking algorithm designed to facilitate com-
parison of AR characteristics across different climate states to a set
of Holocene climate model simulations. The details of the model
simulations and AR algorithm are presented in section 2, the re-
sponse of ARs to Holocene forcings is presented in section 3, and a
discussion of the findings within the context of paleoclimate proxy
records and previous climate modeling experiments is presented
in section 4.

2. Data and methods
2.1. Climate model simulations

We use the Community Earth System Model version 1.2
(CESM1.2) (Hurrell et al., 2013) to simulate mid-Holocene CESM-
MH (6 ka B.P.) and preindustrial CESM-PI (year 1850) climates.
Our configuration of CESM1.2 uses the Community Atmosphere
Model version 5 (CAM5), the Community Land Model version 4.5
(CLM4.5), the Community Ice Code version 4 (CICE4), and the Par-
allel Ocean Program version 2 (POP2). The atmosphere and land

models are run on a 0.9° x 1.25° finite volume grid. The ocean
and sea ice models are run at a nominal 1° resolution.

The ocean model in each simulation is initialized from the
same equilibrated ocean state. Each simulation is then run un-
til climate equilibration is reached under orbital and greenhouse
gas conditions consistent with each time period (Table 1) (Berger
et al., 1993; Monnin et al., 2001). The major difference between
CESM-MH and CESM-PI is the orbital precession, which alters the
timing of perihelion and therefore the seasonality of solar insola-
tion. During the mid-Holocene, perihelion coincided with Northern
Hemisphere summer, intensifying summer insolation in the North-
ern Hemisphere relative to the preindustrial period. We analyze
the final 50 years of data after equilibration in each simulation.

To account for the presence of widespread vegetation in north-
ern Africa and the Arabian Peninsula during the mid-Holocene
(Hoelzmann et al., 1998)—which has been shown to exert a
global-scale influence on temperature, circulation, and precipita-
tion (Davies et al., 2015; Claussen et al., 2017)—a mix of tropical
grasses, broadleaf deciduous trees and broadleaf deciduous shrubs,
as well as a darker soil color (with dry and saturated soil albe-
dos of 0.18 and 0.09, respectively) is prescribed over 6°N-36°N,
20°W-65°E in CESM-MH. Outside of northern Africa and the Ara-
bian Peninsula, the distribution of plant functional types in the two
simulations is identical and set to modern day values. The carbon
and nitrogen cycle model, which regulates leaf and stem area in-
dex, is active in CESM-PI, but is inactive in CESM-MH (leaf and
stem area index are prescribed) to prevent vegetation mortality in
northern Africa and the Arabian Peninsula, a common problem in
mid-Holocene simulations with dynamic vegetation or carbon and
nitrogen cycling turned on (Hopcroft et al., 2017).

To further test the sensitivity of AR changes to the seasonality
of Holocene insolation, we run an additional simulation, CESM-EH,
which is identical to CESM-MH, except that orbital parameters and
greenhouse gas concentrations are set to early Holocene conditions
(10 ka B.P.) (Table 1). CESM-EH utilizes the same present-day ice
sheet distributions used in CESM-PI and CESM-MH and therefore
does not reflect the full set of environmental conditions that likely
shaped ARs during the early Holocene. As such, CESM-EH is used
simply to assess the robustness of the AR responses to insolation
forcing. We use the permutation test to assess the statistical signif-
icance of the differences between CESM-PI and the CESM-MH and
CESM-EH simulations at the 95% confidence level.

2.2. Atmospheric river identification and tracking algorithm

We identify and characterize ARs in the model data using an
automated identification algorithm based on that of Lora et al.
(2017). In accordance with the AMS Glossary definition (Ralph et
al,, 2018), ARs are detected based on the column integrated vapor
transport (IVT), which is computed as

0
1

IVT = —fuqdp
gp

where u, g, and p are the horizontal winds, specific humidity,
and pressure at each vertical model level, respectively, and g and
ps are the acceleration due to gravity and the surface pressure.
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ARs are defined as contiguous regions, exceeding 2000 km in
length, within which IVT exceeds a latitudinally-dependent thresh-
old value that depends on the background zonal-mean integrated
water vapor (IWV). Specifically, ARs occur where

wWv >1

- ”“"( max(IWV)

where WV is the 30-day running mean of the zonally-averaged
IWV, and VT, is 225 kgm~! s~1. This formulation ensures that,
at high mid-latitudes in the modern climate, the threshold IVT
approximates the threshold values used in various prior AR stud-
ies and in the recent AR category scale (Rutz et al., 2014; Ralph
et al, 2019), while at the same time allowing the algorithm to
both disregard high-moisture tropical regions and identify high
latitude ARs associated with zonally-anomalous but relatively low-
magnitude IVT (Gorodetskaya et al., 2014).

Importantly, our AR detection algorithm incorporates advanta-
geous features of both absolute and relative AR detection methods
(see Shields et al., 2018; Rutz et al,, 2019), and takes into con-
sideration characteristics of the background climate state. First,
ARs of comparable magnitudes in the mid-latitudes are identi-
fied similarly regardless of background climate, so application of,
for instance, the AR category scale (Ralph et al., 2019) is mean-
ingful, and average AR properties like size and duration can be
compared across climates. At the same time, climate-dependent—
and, indeed, seasonally-dependent—features like the position and
width of the intertropical convergence zone are inherently incor-
porated, so a warmer atmosphere does not simplistically translate
to higher rates of detection at low latitudes. These attributes en-
able the use of a single algorithm across various climate states,
ensuring the objectivity of the resulting comparison.

The AR algorithm is run on 6-hourly output from the CESM
simulations. AR frequencies at each grid box (Fig. 1) are calcu-
lated based on the number of 6-hourly time steps in which an
AR is detected during a specified time period divided by the total
number of time steps during that time period (note, this is dif-
ferent from the number of individual AR events at each grid box).
AR precipitation is calculated by summing the precipitation that
occurred during the 6-hour time period in which the AR was de-
tected. We evaluate the simulation of atmospheric rivers in CESM
by comparing the CESM-PI simulation with data from years 1980
- 2016 in the Modern-Era Retrospective analysis for Research and
Applications, version 2 (MERRA-2) reanalysis (Gelaro et al., 2017).
MERRA-2 data is archived at a 3-hourly resolution on a 0.5° x
0.625° grid.

3. Results
3.1. Simulated preindustrial and reanalysis ARs

Application of the AR algorithm to the CESM-PI simulation and
MERRA-2 reanalysis data reveals five distinct global hotspots of AR
activity (Figs. 1a, 1b, and S1). On an annual timescale, ARs are
most frequently present between 35°N/S and 55°N/S in the Pa-
cific, Atlantic, and Indian Ocean basins. These areas of heightened
AR activity extend east and west from the oceans to western and
eastern North America, Western Europe, East Asia, southern South
America, southern Australia, and New Zealand. Annual mean AR
detection frequencies (percentage of total time steps per year in
which an AR is detected within a grid cell) peak at just over 30%
in the North Atlantic and between 20% and 30% in other ocean
basins. Over land, ARs are detected in 0% - 12% of total timesteps,
with the highest totals found in eastern North America and North-
western Europe, consistent with the findings of Guan and Waliser
(2015). Seasonally, ARs peak during the winter season in coastal

Annual AR Frequency

eanalysis

<

(a) MERRA2 R

(@] CESM_MH - CESM_PI

Fig. 1. (a-b) Annual mean AR frequency (percentage of timesteps with an AR) in
(a) MERRA2 Reanalysis (years 1980 - 2016) and (b) CESM_PL. (c) Change in the an-
nual mean AR frequency between CESM_MH and CESM_PI (shading). AR frequency
contours from (b) are overlain on (c). Grid cells that do not exhibit statistically sig-
nificant changes in (c) are shaded white. (For interpretation of the colors in the
figure(s), the reader is referred to the web version of this article.)

areas of the Western and Eastern U.S., Western Canada, Western
Europe, and subtropical South America, and during the summer
season in portions of coastal Alaska, East Asia, and far south-
ern Chile (Fig. S1). In general, the frequency of AR detections is
slightly lower in CESM-PI than in MERRA-2, especially over land
areas, though differences in the background climate state between
the preindustrial CESM-PI and late 20th century MERRA-2 datasets
likely contribute to the discrepancy.

3.2. AR response to Holocene insolation forcing
A comparison of zonal-mean AR characteristics in CESM-PI and

CESM-MH reveals that maximum zonal-mean AR meridional IVT is
greater during the mid-Holocene than in the preindustrial period
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Fig. 2. (a) Annual mean net meridional transport of moisture by ARs. (b) Annual mean percent of total meridional moisture transported by ARs. Latitudes between 15°S and
15°N, and latitudes poleward of 80°N/S are masked. Statistically significant differences between CESM_PI and the CESM_EH (red) and CESM_MH (orange) simulations are

marked by the colored lines at the top of each panel.

(Fig. 2a). In CESM-PI, zonal mean IVT peaks at a value of —0.97 x
102 kgs~! in the Southern Hemisphere (note a negative value indi-
cates southward transport) and 0.72 x 10° kgs~! in the Northern
Hemisphere. In CESM-MH, peak values are —1.03 x 102 kgs~! in
the Southern Hemisphere and 0.75 x 10° kgs~! in the Northern
Hemisphere, representing 6.2% and 4.2% increases in each hemi-
sphere respectively. These AR moisture transport changes are con-
sistent with an overall increase in atmospheric moisture content
during the mid-Holocene, particularly in the Northern Hemisphere
(Fig. S2). However, the maximum percent contribution of ARs to
total zonally-integrated meridional IVT also increases slightly, indi-
cating that ARs account for a proportionally higher amount of total
water vapor transport during the mid-Holocene (Fig. 2b). In CESM-
PI the maximum AR contribution to total zonally-integrated merid-
ional IVT peaks at 40.8% in the Southern Hemisphere, and 32.3% in
the Northern Hemisphere. In CESM-MH, peak values are 42.2% in
the Southern Hemisphere and 33.5% in the Northern Hemisphere.
The zonal-mean plots also reveal that the mid-Holocene increases
in peak zonally-integrated AR moisture transport are accompanied
by meridional shifts in AR activity.

In the mid-Holocene CESM-MH simulation, Northern Hemi-
sphere ARs are displaced poleward (Figs. 1c and 2a and 2b). In the
Northern Hemisphere, the latitude of maximum zonally-integrated
meridional IVT from ARs moves from 38°N in CESM-PI to 41°N in
CESM-MH (Fig. 2a). The poleward shift is most pronounced in the
North Pacific where 4% reductions in the annual mean frequency
of AR occurrence between 30°N and 40°N are more than compen-
sated by increases in the annual mean frequency of AR occurrence
of up to 8% at 50°N (Fig. 1c). The greatest reductions in mid-
Holocene North Pacific AR frequency are located directly within
the region of maximum AR activity in the preindustrial climate.
Meanwhile, the greatest increases in mid-Holocene North Pacific
AR frequency are located nearly 20° north of the core of preindus-
trial AR activity. In the North Atlantic, South Atlantic, and South
Pacific, mid-Holocene AR frequency is enhanced along and just
poleward of the preindustrial climate core of maximum AR activity
and reduced along its equatorward flank. The shift in AR activity
is consistent with a poleward shift in the Northern Hemisphere
mid-latitude westerlies, especially in the Pacific, and a strength-
ening and displacement of boreal summer and fall mid-latitude
semi-permanent anticyclones, both of which help to steer extra-
tropical cyclones and the associated ARs (Fig. 3). Similar patterns
of annual AR frequency change are found in response to the early

Holocene insolation forcing in CESM-EH, though reduced AR ac-
tivity in portions of the Southern Ocean are unique to the early
Holocene insolation simulation (Fig. S3).

Over land, mid-Holocene changes in AR frequency are more
pronounced and widespread at the seasonal scale (Figs. 3a-d). Dur-
ing boreal winter, increases in AR frequency of up to 4% are located
in British Columbia, the U.S. Pacific Northwest, the U.S. east coast,
and southern Chile and Argentina (Fig. 3a). In boreal spring, AR
changes are greatest in East Asia, where frequency decreases by
as much as 8% over southern China and increases by as much as
4% over Japan (Fig. 3b). Increases in AR frequency of 4% to 10%
are present during boreal summer and fall across Alaska, British
Columbia, eastern North America, East Asia, and southern Chile
and Argentina (Figs. 3¢ and 3d). Given the impact variations in AR
frequency have on precipitation totals, these terrestrial AR changes
have the potential to exert a key influence on simulated precipita-
tion differences between CESM-MH and CESM-PI.

3.3. AR driven changes in precipitation

Differences in annual mean precipitation between CESM-MH
and CESM-PI are widespread (Fig. 4a) and largely agree with those
inferred from various paleoclimate proxies. In the tropics, precipi-
tation is enhanced in the northern hemisphere summer monsoon
regions of northern Africa and India by as much as 900 mmyr~—!,
and reduced in the Amazon by as much as 300 mmyr~!, con-
sistent with the orbital monsoon hypothesis (Kutzbach, 1981) and
paleobotanic and paleohydrologic data (Mayle and Power, 2008;
Dallmeyer et al., 2013). Drier than present conditions through-
out much of the central and western United States, western Eu-
rope, subtropical South America, and southern China and wet-
ter conditions along western Canada, the Aleutian Islands, south-
ern Chile, and northern China also match climate reconstructions
from the mid-Holocene, suggesting that CESM-MH can be used
to study mid-Holocene precipitation processes (Lamy et al., 2010;
Viau and Gajewski, 2009; Bailey et al., 2018; Hermann et al., 2018;
Herzschuh et al., 2019).

An analysis of AR-derived precipitation in each simulation re-
veals that changes in ARs are key contributors to mid-latitude pre-
cipitation change since the mid-Holocene (Figs. 4b and 4c). Con-
sistent with changes in AR frequency, AR precipitation increases
across northwestern North America, the US. Great Lakes, east-
ern Canada, the Eastern Mediterranean, northern China, northern
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Fig. 3. (a-d) Seasonal mean AR frequency (percentage of timesteps with an AR) in CESM_PI (contours) and change in AR frequency between CESM_MH and CESM_PI (shading).
(e-h) Seasonal mean 250 hPa zonal winds (contours) and change in 250 hPa zonal winds between CESM_MH and CESM_PI (shading). (i-1) Sea level pressure in CESM_PI
(shading) and change in sea level pressure between CESM_MH and CESM_PI (contours). Negative contours are marked with dashed lines in (e-1). The zero contour is marked
by the thick white line in (e-1). Grid cells that do not exhibit statistically significant changes in (a-d) are shaded white.

Japan, northeast Russia, southern Chile, and New Zealand during
the mid-Holocene (Fig. 4b). The greatest absolute increases, in ex-
cess of 200 mmyr~!, are located along coastal British Columbia,
Alaska, and eastern China. In these regions, ARs account for greater
than 10% more of total annual precipitation during the mid-
Holocene than in the preindustrial period and are responsible for
nearly the entirety of simulated precipitation differences between
CESM-MH and CESM-PI (Fig. 4c). Annual mean precipitation from
ARs decreases by up to 80 mmyr~! in portions of the Iberian
Peninsula, and by as much as 160 mmyr~! in southeast China,
and southern Japan, where ARs contribute about 6% less to total
annual precipitation during the mid-Holocene and are responsible

for the majority of the simulated precipitation difference between
the simulations (Figs. 4b and 4c).

Seasonal precipitation analysis reveals that much of the AR-
derived precipitation changes in Alaska, northern British Columbia,
and East Asia occur during the boreal summer and fall (Fig. 5).
In the Southern Andes, AR precipitation changes most during aus-
tral spring and summer, though notable decreases in mid-Holocene
AR precipitation occur during austral winter in subtropical Chile.
Along the Western U.S., AR precipitation changes are greatest in
boreal winter, forming a north-south precipitation anomaly dipole:
in the coastal southwest, decreases in mid-Holocene AR precipita-
tion contribute to winter drying, while in the coastal northwest,
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Fig. 4. (a) Change in annual total precipitation between CESM_MH and CESM_PI.
(b) Change in annual AR-derived precipitation between CESM_MH and CESM_PI. (c)
Change in the percent of annual total precipitation from ARs between CESM_MH
and CESM_PL. Grid cells that do not exhibit statistically significant changes are
shaded white.

ARs increase mid-Holocene winter precipitation (Fig. 5). Similar
AR-driven precipitation changes are found in CESM-EH, highlight-
ing the robust AR response to early and mid-Holocene insolation
forcing (Fig. S4).

4. Discussion and conclusions

The differences in AR characteristics between the preindus-
trial and mid-Holocene climate simulations highlight the sensi-
tivity of ARs to insolation forcing and point to the key role of
ARs in shaping Holocene coastal mid-latitude hydroclimate change.
The simulations indicate that, between the mid-Holocene and the
preindustrial period, the intensity of ARs collectively weakened in
the Northern and Southern Hemispheres (with regards to IVT),
and shifted equatorward, especially in the Northern Hemisphere
(Figs. 1c, 2, and 3a-d). These changes reduced average annual AR-
derived precipitation in the high midlatitudes (poleward of ~45°)
and increased precipitation at lower midlatitudes (Figs. 4 and 5).

The AR changes account for the majority of the annual mean
precipitation difference between the simulations in several mid-
latitude regions, including northwest North America, East Asia, and
southern Chile (Figs. 4a and 4b), and provide a plausible explana-
tion for the mid to late Holocene hydroclimate changes recorded
in climate proxies from these areas.

Differences in AR frequency, AR vapor transport, and AR pre-
cipitation between the CESM simulations are driven by enhanced
atmospheric moisture content and regional changes in semi-
permanent atmospheric pressure systems and mid-latitude storm
tracks between the mid-Holocene and preindustrial period. The
AR changes are most pronounced in boreal summer and fall when
greater mid-Holocene insolation preferentially warms the Northern
Hemisphere (Wanner et al., 2008), shifting the Intertropical Con-
vergence Zone, Hadley Cell, and monsoon circulations poleward
relative to the preindustrial (Schneider et al., 2014). The warmer
mid-Holocene temperatures enhance saturation vapor pressure in
the mid latitudes, increasing the moisture available to Northern
Hemisphere ARs (Figs. 2 and S2). Meanwhile, intensified Southeast
Asian and African monsoons during the mid-Holocene (Kutzbach,
1981) strengthen and displace the semi-permanent summer North
Pacific and Bermuda High pressure systems northwestward via re-
mote diabatic heating (Figs. 3k and 31) (Mantsis et al., 2013). The
poleward displaced Hadley cell likely helps to drive a poleward
shift in the North Pacific mid-latitude storm track (Figs. 3g and
3h) (e.g. Mbengue and Schneider, 2018), and the associated in-
tensification of the southern branch of the Hadley cell contributes
to a strengthened South Pacific High during austral winter and
spring (June - November), consistent with enhanced upwelling
and cooler SSTs recorded in mid-Holocene isotopic data along the
Chilean and Peruvian coasts (Figs. 3k and 3l) (Carré et al., 2012).
In the Northern Pacific basin, these circulation changes drive a
northward displacement of mid-Holocene boreal summer and fall
ARs (Figs. 3c and 3d). In the Southern Pacific and Northern At-
lantic basins, mid-Holocene boreal summer and fall AR frequency
increases along the poleward-directed winds of the strengthened
South Pacific High (southwest quadrant) and Bermuda High (north-
west quadrant) (Figs. 3¢, 3d, 3k, and 3l).

Though AR differences in boreal winter and spring are less
widespread, these changes have important implications for hydro-
climate in regions dominated by cool season precipitation such as
the Western U.S. (see discussion below). The Northern Hemisphere
cool season AR changes primarily consist of northward shifts in AR
frequency in the northeast Pacific and northwest Atlantic (Figs. 3a
and 3b). In the Pacific, these AR changes are driven by a weakened
mid-Holocene Aleutian Low and a northward displaced Pacific jet
stream (Figs. 3e, 3f, 3i, and 3j), which are consistent with a more
La-Nifia-like climate state at the time (Barron and Anderson, 2011).
The Atlantic AR changes are the result of a stronger Azores High
and Icelandic Low dipole, consistent with pollen and alkenone-
based temperature and SST reconstructions that indicate a slightly
more positive North Atlantic Oscillation regime during the mid-
Holocene (Figs. 3i and 3j) (Rimbu et al., 2003).

These AR responses to Holocene forcing resemble modern ob-
served relationships between regional circulation and AR activity.
In East Asia, present-day ARs are associated with an enhanced East
Asian summer monsoon and strong southwesterly flow along the
northwestern flank of an intensified seasonal Pacific anticyclone
(Kamae et al., 2017), similar to the anomalous climate conditions
in CESM-MH. Likewise, enhanced AR activity in Alaska today co-
incides with broad positive geopotential height anomalies in the
North Pacific and occurs at the expense of AR landfalls farther
south along the U.S. West Coast (Mundhenk et al., 2016), consistent
with the northward displacement of ARs around the strengthened
North Pacific High in CESM-MH. Similarly, just as the landfall lo-
cation of ARs in Chile are controlled by variations in the strength
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Seasonal Total Precipitation

Seasonal AR Precipitation

mm season”

-40

Fig. 5. (a-d) Mean change in total seasonal precipitation, and (e-h) mean change in AR-derived precipitation between CESM_MH and CESM_PI. Note, the colorbar spans —100

to 100 mm season-1 to highlight precipitation changes in the mid-latitudes.

and position of the South Pacific High today (Viale et al., 2018),
a strengthened and polewards-displaced South Pacific High dur-
ing the mid-Holocene enhances AR frequency in far southern Chile
(south of 40°S) relative to the preindustrial climate. Likewise, en-
hanced mid-Holocene summer AR activity on the northwest flank
of the strengthened Bermuda High resembles the primary synoptic
configuration that favors most present-day ARs in the Central and
Southeast U.S. (Lavers and Villarini, 2015).

The identification of ARs as an underlying synoptic mecha-
nism responsible for past mid-latitude hydroclimate changes is

consistent with and expands upon previous analyses of proxy
and modeling studies of mid-Holocene climate. For example, the
simulated poleward shift and increase in mid-Holocene AR fre-
quency in East Asia (Fig. 1c) supports recent hypotheses that iden-
tify a key role for monsoon-extratropical interactions in shaping
millennial-scale East Asian precipitation variability (e.g., Chiang et
al,, 2015). In modern-day East Asia, the insolation-driven seasonal
poleward progression of the mid-latitude westerly jet promotes
the northward advance of East Asian summer monsoon moisture
from southern China in late spring to northern China, Korea, and
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Japan in mid-to-late summer. Much of this low-latitude moisture
is transported northwards in extratropic-forced atmospheric rivers
(Kamae et al., 2017). Drawing an analogy to the present-day East
Asian seasonal cycle, the paleo East Asian monsoon-extratropical jet
hypothesis posits that a weakened and poleward displaced sum-
mer westerly jet during the early and mid-Holocene lengthened
the monsoon rainy season in northern East Asia at the expense of
regions further south (Chiang et al., 2015). Enhanced and poleward
displaced AR activity is a plausible synoptic mechanism for this
anomalous northward moisture transport and is consistent with a
mid-Holocene wet north-dry south dipole anomaly inferred from
East Asian pollen and lake records (Liu et al., 2014).

Likewise, greater AR frequency and AR-derived precipitation
over the southern Andes in CESM-EH and CESM-MH relative to
CESM-PI agrees with proxy-based inferences that extreme precipi-
tation and flooding events have become less frequent in the region
since the early Holocene (Figs. 1, 4, and S3). Geologic evidence
for increased early to mid-Holocene extreme precipitation events
in the southern Andes comes from a lacustrine core in southern
Chile (52°S) (Lamy et al., 2010). The lacustrine core contains sev-
eral terrestrial mass flow layers dated to the early/mid-Holocene
which have been interpreted as evidence for heavy precipitation-
driven runoff and erosion. Given that ARs account for the majority
of present-day extreme precipitation events in the region (Viale et
al., 2018), it is likely that increased AR activity lead to enhanced
erosion and runoff during the early to mid-Holocene, consistent
with the proxy interpretation.

The simulated AR responses are also consistent with and ex-
pand upon hypotheses regarding past atmospheric circulation and
moisture sourcing changes in western North America. For exam-
ple, mid-Holocene maxima in lake diatom oxygen isotope values
(8'80giatoms) from the Aleutian Islands have been interpreted as
evidence for the enhanced southerly advection of '80-enriched
moisture (Bailey et al., 2018), which is consistent with the strong
southerly moisture transport found in ARs. Indeed, atmospheric
rivers exhibit distinct isotopic signatures from other precipitat-
ing systems and in some instances can conserve isotopic signals
from their source (Bonne et al., 2015). Similarly, §'80 records from
lake sediments, glacier ice, and peat across multiple sites in main-
land Alaska all exhibit their highest Holocene isotope values during
the mid-Holocene (though several of these records do not extend
beyond 9 ka B.P.) (Kaufman et al., 2016). While the climatic in-
terpretations of these mainland Alaska records vary due to the
complex set of processes that shape §'80, enhanced transport of
180-enriched Pacific moisture from greater AR activity is a plausi-
ble explanation for the mid-Holocene §'80 spike, especially given
that ARs account for greater than 10% more of total Alaskan an-
nual precipitation in the mid-Holocene simulation compared with
the preindustrial simulation (Fig. 4c).

In California, simulated reductions in mid-Holocene winter AR
activity are an important contributor to lower annual precipitation
totals, consistent with the hypothesis of Hermann et al. (2018)
(Fig. 5). In the US. Pacific Northwest and far southern British
Columbia, the model results support the hypothesis that mid-
Holocene annual precipitation totals in the region were lower, but
that mid-Holocene hydroclimate seasonality was more intense (e.g.
Steinman et al., 2016). Winter season AR frequency, AR precipi-
tation, and therefore total winter precipitation in the region are
greater in CESM_MH relative to CESM_PI despite overall slightly
drier mid-Holocene conditions (Figs. 4 and 5). The simulated AR
increases are consistent with the interpretation that relatively low
mid-Holocene 5180 values in closed-basin lake sediment records
in the region, which are particularly sensitive to winter hydrocli-
mate changes, reflect greater mid-Holocene winter season precip-
itation (Steinman et al., 2016). The result also highlights the fact
that annual mean drier conditions do not necessarily reflect fewer

or less intense storm systems in all seasons. Indeed, because cli-
mate proxies often have seasonal biases (for example, the proxy
is especially sensitive to environmental conditions in a particular
season), environmental changes in other seasons may be masked
in proxy records. The simulations here suggest that overall drier
mid-Holocene conditions across the Western U.S. were driven by
spatially heterogenous mechanisms, with winter AR precipitation
deficits contributing to drying in California and spring and summer
precipitation reductions unrelated to ARs contributing to drying
in portions of Oregon and Washington. This result is consistent
with the large number of proxies that suggest annual mean dry-
ing in the mid-Holocene (Hermann et al., 2018), and with the set
of proxies with known winter season hydroclimate sensitivity (see
discussion in Steinman et al., 2016).

The sensitivity of ARs to insolation forcing suggests that AR
characteristics have likely varied throughout Earth’s past (e.g. Skin-
ner and Poulsen, 2016; Lora et al,, 2017), and that new insights
into past hydroclimate changes may be gained by bringing AR sci-
ence to bear on future paleoclimate studies. In this context, it will
be important to apply a suite of AR identification and tracking
algorithms to paleoclimate model data to quantify uncertainties
due to algorithm design and to ensure the robustness of the AR
findings (Shields et al., 2018). Additionally, these AR studies will
benefit from higher model spatial resolution which may reduce
AR detection biases such as the underestimation of AR frequency
found in CESM (Figs. 1a and 1b) (Hagos et al., 2015). In addi-
tion to refining our understanding of past hydroclimate change,
the results also place modern day AR variability into much needed
context. The Holocene climate simulations indicate that AR charac-
teristics, including frequency, moisture transport, and precipitation
have all varied beyond their present-day distributions in the past.
This not only highlights the sensitivity of ARs to climate forcing,
but also portends future AR changes and associated impacts in re-
sponse to rising future CO,. Indeed, since the preindustrial period,
several dynamic and thermodynamic changes to the climate sys-
tem in response to elevated greenhouse gas warming, including
greater atmospheric moisture content and poleward expansion of
the Hadley Cells (IPCC, 2007), suggest that aspects of AR climatol-
ogy such as track and integrated vapor transport may already be
transitioning towards conditions that resemble those in the mid-
Holocene.
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