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The Southwest United States is experiencing severe and persistent
drought, although uncertainties regarding the causes limit our ability to
predict changes in water availability. The severity of the current drought
has been attributed to a combination of warming and natural changes
inatmospheric circulation, suggesting that current rainfall deficits may
improve as natural oscillations reverse sign. Here we use new leaf-wax
stable isotope reconstructions and simulations for the mid-Holocene

(6 thousand years ago) and demonstrate that moderate warming of the
Northern Hemisphere can produce drought over the Southwest United
States through an ocean-atmosphere response originating in the North
Pacific. The patterns of ocean warming and rainfall change resemble the

negative phase of the Pacific Decadal Oscillation, indicating that this mode
can be excited by external forcings. A similar response to warming is evident
infuture projections, leading to sustained winter precipitation deficits
through the mid-twenty-first century. However, the magnitudes of past and
current precipitation deficits associated with this North Pacific response are
systematically underestimated in models, possibly due to a weak coupling
of ocean-atmosphere interactions. Projections may also underestimate the

magnitude of this precipitation response to changes in the North Pacific,
leading to greater droughtriskin this already water-poor region.

Semiarid regions around the world have been experiencing persistent
droughtover the past few decades'. Among them, the Southwest United
States is experiencing the worst megadroughtin the past1,200 years>.
Theleading explanation for persistent droughtinthisregionis natural
processes within the climate system, involving stochastic atmospheric
variability, ocean dynamics and coupled tropical ocean-atmosphere
interactions®>. Anthropogenic warming can also drive drought via
increased evaporative demand®’, but a human influence on precipita-
tionchanges has not beenestablished, mainly because the response of

atmospheric circulation patterns to warming patterns is uncertain®. The
influence of global temperatures on precipitation declines in semiarid
regions such asthe Southwest United States cannot be studied using his-
torical observations alone because observed trends could be explained
by natural variability in the climate system®°. This complicates the attri-
bution of the observed drought, and henceits prediction. Furthermore,
while the magnitude of the current drought appears to be exceeding
thelimits of simulated variability®’, the mechanisms driving externally
forced drought in models remain unclear’, hindering predictions.

A full list of affiliations appears at the end of the paper.
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Fig. 1| Proxy palaeoclimate changes in the Southwest United States.

a, High-resolution stable isotope records reflecting moisture source changes
over the past 14 kyr from Leviathan Cave, Nevada' (orange); Hunters Lake,
Colorado (green) (this study); and Stewart Bog, New Mexico (blue) (this study),
compared with July insolation at 65° N. b, Mean 30-90° N temperature syntheses
(N=73, gold shading = +t10; N=1,319, grey shading = +20; refs. 43,44).c, 6 ka
30-90° N temperature anomalies in CESM1.2 (1, circles), CCSM4-Toronto
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(2, diamonds), GISS-E2-G (3, triangles) and EC-Earth (4, pentagons) without
vegetation change (light green), with prescribed ‘Green Sahara’ (green), and
withboth high- and low-latitude prescribed vegetation (dark green), compared
with mean temperatures from M13 (ref. 43) (gold, shading = +10) and K20

(ref. 44) (grey, shading = +20) reconstructions. Black dotted lines emphasize the
prescribed vegetation simulations conducted with the same model.

Palaeoclimate archives can provide insights into the causes of
pastand future droughts by allowing us to investigate how the climate
system has responded in the past to external forcings". For exam-
ple, during the mid-Holocene (6 thousand years ago (ka)), the South-
west United States experienced widespread and prolonged aridity in
response to changes in solar insolation'>™*, Proxy data syntheses and
theory indicate that mid-Holocene drying could have been driven
by shifts in the position of the winter storm track directly forced by
summer insolation-driven changes in high-latitude temperature and
aweakening of the Equator-to-Pole temperature gradient'>'°, However,
models and proxy data disagree on the magnitudes and spatial patterns
of Holocene precipitation changes over western North America”. These
discrepancies may be partly due to the lack of quantitative proxy pre-
cipitation estimates; at many sites, the interpretation of precipitation
proxies is complicated by changes in seasonality, with mid-Holocene
reductions in winter precipitation accompanied by insolation-driven
increasesin the North American summer monsoon™'**, This makes our
understanding of the magnitude, spatial extent and causes of drought
inthis water-dependent area of the United States less certain.

To study the mechanisms of forced drought in the Southwest
United States, we combine new and existing palaeoclimate records
with climate model simulations and proxy data syntheses for the
mid-Holocene, a past interval with evidence of Northern Hemisphere
warming™"*. Seasonal precipitation changes were quantified using two
new leaf-wax isotoperecords (Stewart Bog (SB), New Mexico, and Hunt-
ersLake (HL), Colorado; Extended DataFig.1) providing new constraints
on mid-Holocene precipitation changes in the water-critical Rocky
Mountains. In this region, the isotopic composition of precipitation s
dominated by changes in the relative proportions of winter and sum-
mer moisture sources™?°?, Winter precipitation tends to have stable
isotope values that are significantly more negative (6Dgg: —116 +10%0;
8D,,,: —153 + 5%0) than summer monsoon precipitation®®* (8Dg:
=56 + 8%o; 6Dy, : —60 + 5%0; Extended Data Fig. 2). To quantify changes
in seasonal precipitation from the leaf-wax record, we developed a

Bayesian isotope-mixing model (Methods). The model assumes that
total precipitation was lower than today (mid-Holocene precipitation
(MH,,.;p) < preindustrial precipitation (Pl,..;,)) on the basis of existing
proxy data from across the Southwest United States'* and uses the
seasonal distributions of modern precipitation isotopes to estimate
the range of possible winter and summer precipitation contributions
consistent with the leaf-wax isotope records (Extended Data Fig. 3).
We compiled a new ensemble of 23 climate simulations using 17
different Earth systemmodels, forced by 6 kasolarinsolationand green-
house gas forcings from Phase 3 of the Paleoclimate Intercomparison
Project (PMIP)* to understand the drivers and forcing mechanisms of
mid-Holocene drought. In addition, we include ten simulations with
palaeoecologically realistic mid-Holocene vegetation changes prescribed
overnorthern Africa (Green Sahara) or northern Africaand Siberiabased
onpalaeovegetation proxy reconstructions (Supplementary Table1and
Methods). This expanded mid-Holocene ensemble allows us to explore
the robustness of the response to expanded vegetation, which a recent
study suggested may be a critical component of the mid-Holocene
climate response to orbitally driven insolation changes®. To evalu-
ate the large-scale ocean and atmosphere responses associated with
mid-Holocene drought, we performed a quantitative comparison of
simulated sea surface temperature (SST) and precipitation against a
synthesis of existing regional proxy reconstructions (Supplementary
Table2 and Methods). Finally, we performed acomplementary set of sen-
sitivity experiments using the atmosphere and land components of the
Community Earth System Model (CESM1) with prescribed SSTs derived
fromthe fully coupled simulations toisolate the atmospheric responses
driving simulated mid-Holocene precipitation deficitsin the Southwest
United States using prescribing regional temperature responses derived
fromthefully coupled simulations (Supplementary Table 3and Methods).

Quantifying mid-Holocene precipitation changes
The new leaf-wax isotoperecords reveal large, coherent shifts in winter
precipitation delivered to the southernmost Rockies during the late
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glacial and Holocene periods (Fig. 1a). Both leaf-wax reconstructions
display ashift to more positive 8D values at ~11.7 ka, reflecting the onset
of early to mid-Holocene winter drought. Mid-Holocene drought con-
tinues until -5.5 ka, albeit with a transient shift to more negative isotope
values between -8.5 and 6.5 ka. Near-modern conditions are reached
by -4 ka, suggesting a nonlinear response modulated by diminishing
regional feedbacks (for example, vegetation, soil moisture, ocean-
atmosphere circulation). The pattern and timing of the changes are
remarkably consistent withthe changesina published speleothemiso-
toperecord from Leviathan Cave in southern Nevada" (Fig. 1a, orange),
suggesting that they reflect a coherent, large-scale climate response
spanning the Southwest United States.

The magnitude of the peak early Holocene positive isotopic anom-
aly -9 ka (Fig. 1a) is also similar at Hunters Lake and Leviathan Cave
(ASD,yyniers = ~20%0 and ASD, qyizehan = 24%o0; converted from 880 using
global meteoric water line?® (56D = 860 +10%o)) but differs from Stew-
art Bog (A8D =47%.), which is located to the southeast of these sites.
Despite these differences, our Bayesianisotope-mixing modelindicates
that these changes can be explained by similar minimum estimates for
winter precipitation declines (Stewart Bog: —20%; Hunters Lake: -17%;
Fig. 2b,d). However, modelled estimates of seasonal precipitation
changes also depend on changesinsummer precipitation, and previous
studies have argued that mid-Holocene changes in summer insolation
may have increased the strength of the early to mid-Holocene North
American summer monsoon**'*">? In climate model simulations, the
summer precipitation response to insolation forcing is highly incon-
sistent outside the monsoon corein central-northern Mexico'® making
it difficult to estimate how much of an influence summer monsoon
changes might have had. If we assume that monsoon precipitation did
notincrease at these study sites, the magnitude of winter precipitation
decrease required to explain the leaf-wax records is even larger (SB:
>33%; HL: >24%), supporting our inference that the mid-Holocene
winter precipitation changes were large, regardless of changes in sum-
mer monsoon contributions. For the remainder of this paper, we use
the minimum possible reduction in winter precipitation signal (for
example, —17 to —20%; —41 to —43 mm yr~* (ref. 28)) as a conservative
estimate of these changes.

Warming drives winter precipitation changes

Standard PMIP3 (Fig. 2) and PMIP4" simulations with mid-Holocene
forcings show small changes in winter precipitation over the South-
west United States (approximately —3.5%; Fig. 2). The inclusion of pre-
scribed mid-Holocene vegetationresultsin muchlarger reductions (up
to12%), bringing the simulations closer to the palaeoclimatic evidence
(Fig. 2a,c). Previous work has demonstrated that mid-Holocene veg-
etation changes can lead to hemispheric warming in models® that is
consistent with temperature proxies. According to these studies, the
vegetation-induced warming arises due to reduced land surface albedo
andis propagated to the seasonal cycle through thereductioninseaice
and positive ice—albedo feedbacks (Supplementary Information and
Extended Data Fig. 4). We find that this is arobust response in all of our
mid-Holocene simulations with prescribed vegetation, with allmodels
showing Northern Hemisphere warming. This warming is also accom-
panied by large reductions in winter precipitation over the Southwest
United States, consistent with our proxy reconstructions, suggesting that
this hemispheric warming drives these precipitation changes (Fig. 2a,c).

PDO-like state drives mid-Holocene precipitation
changes

The simulations with prescribed vegetation show that mid-Holocene
reductions inwinter precipitation result fromacoupled ocean-atmos-
phere response centred in the Pacific Ocean excited by hemispheric
warming. This is evident in a distinct pattern of SST changes over the
North Pacific, withintense surface warming extending across the mid-
to high-latitude western Pacific surrounded by a‘horseshoe’ pattern of
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Fig. 2| Model and proxy estimates of mid-Holocene (6 ka) winter precipitation
anomalies. a,c, Simulated Northern Hemisphere (30-60° N) temperature

and winter (December-January-February (DJF)) precipitation anomalies at
Stewart Bog (a) and Hunters Lake (c) illustrate the systematic decrease in winter
precipitation with hemispheric warming in models with prescribed preindustrial
vegetation (light green), Green Sahara vegetation (green) and both high-and
low-latitude vegetation (dark green); proxy estimates (grey squares) show
median temperature + 20 from ref. 44 alongside the corresponding minimum
winter precipitation anomaly (from b and d). Black dotted lines emphasize

the prescribed vegetation simulations conducted with the same model.b,d,
Comparison of PMIP3 model estimates of winter and summer (July-August-
September (JAS)) precipitation changes at Stewart Bog (b) and Hunters Lake (d)
with Bayesian isotope-mixing model estimates of mid-Holocene leaf-wax isotope
values (blue shading). The range of estimates of mid-Holocene winter drying
based on[1] (for the estimate of winter precipitation declines from the pollen
synthesis of ref. 13) pollen data® is shown by black lines in b and d for comparison.

minimal surface warming or cooling to the east and aweak La Nifa-like
patterninthetropical Pacific (Fig. 3b). This ocean temperature pattern
isaccompanied by aregion of increased sea-level pressure over the
North Pacific, indicating a weakened Aleutian Low. The North Pacific
surface temperature and pressure patterns are reminiscent of the nega-
tive phase of the Pacific Decadal Oscillation (PDO; pattern correlation
r=0.5197, P<0.0001 between the simulated SST response in Fig. 3b
and historical PDO anomalies in Extended DataFig. 5), which hasbeen
implicatedin the length and severity of historical wintertime precipita-
tion deficits over the Southwest United States® 2. However, unlike the
observed PDO, whichis a decadal-scale mode of variability presumed
tobeinternally generated®, in the mid-Holocene this pattern emerges
asasustained state in the North Pacific that dominates the climate over
several millennia. Simulations without vegetation-driven hemispheric
warming do notshow this PDO-like pattern and instead cool over most
of the North Pacific with a muted atmospheric response (Fig. 3a)*.
Together, these results suggest that this negative PDO-like pattern
emergesas aforced response to hemispheric warming (Extended Data
Fig. 6 and Supplementary Discussion).

Support for this simulated ocean and atmospheric response
comes fromour proxy syntheses of changesin SSTsand North American
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hydroclimate during the mid-Holocene (Supplementary Table 2).
Althoughsparse, proxy SST data from the North Pacific show anomalies
that are spatially consistent with the patterns of ocean temperature
anomalies in the simulations with hemispheric warming (Fig. 3c). For
example, marine proxy records show localized, enhanced warming
(>2°C) off the coast of Japan and cooling along the coast of California
that are consistent with upwelling-induced SST patterns driven by a
weakening of the Aleutian Low during the negative phase of the PDO.

Similarly, patterns of change in rainfall-sensitive proxies across
western North America are in better agreement with simulated win-
ter precipitation in simulations with prescribed vegetation and the
PDO-like SST pattern (using the Gwet’s AC and Cohen’s Kappa metrics;
Fig.3, Extended Data Fig. 7, Supplementary Table 4 and Supplemen-
tary Discussion). Both proxies and winter precipitation anomalies
display atripole pattern, with widespread drying over the Southwest
United States, wetter conditions over the Pacific Northwest and dry-
ing along the coast of Alaska (Fig. 3b), a pattern that is similar to the
response seen ininstrumental data during the negative phase of the
PDO* when the Aleutian Low is also anomalously weak (Extended
Data Fig. 5). Furthermore, the vegetation models with stronger
proxy-model agreementin hydroclimate data are the ones that also
show stronger SST correlations, supporting the direct link between
North Pacific SST changes and precipitation changes over western
North America (Fig. 3c). In the simulations without prescribed veg-
etation, the Pacific Northwest gets wetter, but high-latitude drying
is too extensive and winter precipitation does not decrease over the
Southwest United States, leading to weaker model-data agreement
(Fig.3a).Inthe simulations with prescribed vegetation, discrepancies
occur in arelatively small subset of the data (4.3%), mostly in south-
western Alaska, where models show wetter conditions extending over
amuch broader area northwards and eastwards into the continent
thanindicated by the proxy data. We hypothesize that these regional
differences may reflect model biases; in observations, increases in

precipitation are highly localized along the coast due to topographic
barriers toinland moisture transport (Supplementary Discussion and
Extended DataFig. 4).

An alternative explanation for the precipitation changes over
North America during the mid-Holocene is changes in the tropical
Pacific. Existing simulations®**® and proxy data®* support decreased
EINifio/Southern Oscillation variability and amore La Nifia-like mean
state, which should weaken the Aleutian Low viaa Rossby wave telecon-
nection, modifying precipitation over the Southwest United States.
However, while both the PMIP simulations and those with prescribed
vegetation (veg) show similar tropical Pacific responses (change in
equatorial Pacific SST gradient MHp,,., = —0.23 K, MH,, = -0.27 K), only
the simulations with prescribed vegetation and the PDO-like pattern
of SST changes in the Pacific show drying over the Southwest United
States that is consistent with the proxy reconstructions (Fig. 3a,b).

Our sensitivity experiments (Methods and Supplementary Discus-
sion) provide additional confirmation that changes in the North Pacific
arethe primary driver of regional reductions in winter precipitation over
the Southwest United States. Inthe experiments forced with prescribed
tropical Pacific SSTs derived from the fully coupled vegetation simula-
tions, anatmospheric teleconnection typical of La Nifiaeventsis excited
by the SST anomalies, weakening the Aleutian Low and shifting the storm
tracks northwards. However, reductions in precipitation are restricted
to westernmost North America along the Pacific coast (Extended Data
Fig. 9). By contrast, prescribed changes in North Pacific SSTs drive an
atmospheric teleconnection that emanates from the Kuroshio-Oyashio
Extension, theregion of pronounced warmingin the North Pacific, pro-
ducing an eastward shiftinthe Aleutian Low, which manifests asalobe of
anomalously high pressure along the west coast of North America. The
development of this semi-permanent ‘blocking high’ deflects winter
storms northwards, producing a band of reduced large-scale rainfall
that spreads eastwards across the Southwest United States, consistent
withthe spatial extent of drought in proxy records (Extended DataFig.9).
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Fig. 4| Emergence of aPDO pattern and Southwest US drought in observations
and simulations. a,b, Winter (DJF) trends (1982-2019) in SST (shading),
precipitation (shading) and sea-level pressure (contours, hPa10 yr™) from
observations?***¢ (a) and simulated by the combined CMIP5 and CMIP6 large
ensembles (b; Supplementary Table 5). ¢,d, CMIPSLE (orange, N = 270), CMIP6LE
(light green, N =165) and CMIP6 historical (pink, N=337) are shown in both
panels. ¢, Normalized and 10-year running mean winter PDO index*’, compared
with observations*® (shading). d, Observed® (red line) and simulated Southwest

US winter precipitation anomalies relative to 1977-1995 for the historical
(2000-2020) and projected (2030-2050) periods (boxes represent 25th-75th
percentiles, whiskers represent range and the line represents the median).
Mid-Holocene winter precipitation anomalies relative to preindustrial from
proxy estimate Stewart Bog (red line) and PMIP3 (brown, N =15) and prescribed
vegetation (dark green, N = 8) ensembles, shown for comparison. Southwest US
areashownin Extended Data Fig. 1. Obs, observed.

Persistent PDO driven by greenhouse warming

Itis conventionally accepted that the observed PDO arises naturally
as aresponse to random atmospheric, oceanic and coupled tropi-
cal variability®~. Our results for the mid-Holocene indicate that this
paradigm needs to be reassessed and that persistent PDO states in the
the North Pacific ocean-atmosphere system can be induced by exter-
nal forcings associated with hemispheric warming. Anthropogenic
greenhouse warming—with its stronger signature in the Northern
Hemisphere due to polar and continentalamplification—could drive an
analogous response. We evaluated this possibility using large ensem-
bles from CMIP5 (CMIPSLE, n=270) and CMIP6 (CMIP6LE, n =165),
whichallowed us to accurately isolate the forced responses*** (J.M.K.
etal., manuscript in preparation) in North Pacific SSTs, atmospheric
circulation and drought (Methods and Supplementary Table 5). The
CMIP5 and CMIP6 large ensembles show forced changes in SST and
atmospheric circulation with a pattern characteristic of the nega-
tive phase of the PDO, suggesting a robust multimodel response to
warming of the Northern Hemisphere. Furthermore, this forced PDO
pattern persists well into 2050, driven by greenhouse warming and
the abatement of aerosol emissions (Fig. 4c;J.M.K. et al., manuscript
in preparation). This shiftin the North Pacific ocean-atmosphere sys-
tem has significantimplications for the drought-sensitive Southwest
United States®*%*,

Unexpectedly, while the CMIP ensembles all simulate a shift in
the North Pacific to a negative phase of the PDO and a decline in win-
ter precipitation, they underestimate the magnitude of precipitation
changes to a negative PDO. In simulations of precipitation changes
over the historical period (2000-2020), the precipitation response
during a shift to the negative phase of the PDO is underestimated by
97.3% of the CMIP6LE simulations, by an average of 14% in the ensem-
ble mean (-31.38 mm month™ (ref. 28) from 1977 to 1995; Fig. 4d).
This deficiency isrootedin twointerrelated model errors. First, mod-
els underestimate the magnitude of the forced PDO pattern (J.M.K.
et al., manuscript in preparation) that drives precipitation changes®.

Second, the atmospheric model produces precipitation changes that
are too small, even when forced with the observed PDO SST pattern®
(Extended DataFig.10).In our Holocene model-proxy comparison, the
atmospheric response to changes in the North Pacific SSTsis similarly
weak (Fig. 3b), with winter precipitation underestimated by at least
12% (Figs. 2 and 4d). While a small percentage (2%) of the historical
simulations produce precipitation deficits of similar magnitude to
observations, suggesting that the severity of the current drought
couldbe particularly unlucky®’, the similar deficiency in the Holocene
model-data comparison presented here raises the question of whether
models are underestimating the precipitation response to changesin
the North Pacific ocean-atmosphere system. These model discrepan-
cies could lead to much larger deficitsin winter rainfall than predicted.
Furthermore, our results suggest that these precipitation deficits will
be maintained by a shift to amore permanent negative PDO-like state
as long as hemispheric warming persists (see Supplementary Fig. 4
forlonger-term projections, noting that these are based on divergent
future forcings). Such sustained drying and intense reductionsin winter
precipitation would have catastrophic impacts across the Southwest
United States, particularly in the Colorado River Basin, where scaling
relationships pointtoreductionsin flow that are at least twice as large
as the change in precipitation*"*%,

Here we demonstrate that Northern Hemisphere warming can
lead to the emergence of a coupled ocean-atmosphere response in
the North Pacific resembling the negative phase of the PDO, result-
ing in widespread drought over the Southwest United States. Dur-
ing the mid-Holocene, warming induced by large-scale vegetation
changesinduced thisresponse, leading to significant, regional-scale
reductions in winter precipitation. Large ensembles of future
warming simulations indicate that greenhouse warming leads to
asimilar response, causing a shift to a persistent negative PDO and
a sustained drier climate state over the Southwest United States.
However, the proxy-model mismatch in the magnitude of past pre-
cipitation responses to this negative PDO-like state also implies
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that models may be underestimating the severity of future winter
precipitation changes and the future risk of drought in the Southwest
United States.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41561-025-01726-z.
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Methods

Study sites and age modelling

Stewart Bogis located in the Sangre de Cristo mountains of Northern
New Mexico (latitude 35.83° N, longitude 105.73° W, elevation 3,119 m;
Extended Data Fig. 1). It was formed in a depression in the landscape
created by glacial retreat -14.7 ka (ref. 48). The composite Stewart Bog
record is based on three sediment cores—B1-4, B1-5and B1-6—obtained
usingalLivingstonsquare-rod piston corer*®, Access to the site to obtain
these cores was granted by the Pecos District Forest Service*s. The
age model for this composite core is based on the radiocarbon dat-
ing* of bulk organic carbon (n=5), charcoal (n=2) and wood (n=4).
In this study, we updated the sediment age-depth model using the
IntCal20 calibration curve and the Bayesian age modelling programme
RBACON®’.

Hunters Lake is asubalpinelakein the Southern Rockies (latitude
37.36°N, longitude 106.50° W, elevation 3,516 m). A long sediment
core was retrieved using a modified Livingston piston corer, and a
short core capturing the surface sediments was obtained to provide
anuninterrupted lake record extending to the present. Access to the
site to obtain these cores was granted by the US Forest Service®". Six
radiocarbon dates were obtained from the long sediment core, and
37C and °Pb dating techniques were used to generate an age model for
the uppermost surface core to establish an age model®. The sediment
age-depth model was updated for this study using the IntCal20 cali-
bration curve and the Bayesian age modelling programme RBACON’.

Sampling and sample preparation

The 1 cc samples were taken every 4 cm from the Stewart Bog and
Hunters Lake cores™. At Hunters Lake, we were unable to sample the
uppermostshort core because insufficient material remained for analy-
sis. Lipids were extracted from freeze-dried sediments using MARS 5
Xpress microwave solvent extraction system using dichloromethane:
methanol (MeOH) (9/1, v/v). Lipid extraction was performed by ramp-
ing the temperature slowly to 100 °C and holding for 10 minwith con-
tinuous stirring. After extraction, samples were filtered and dried over
aNaSO, column and evaporated under N,. Total lipid fractions were
loaded onto aminopropyl columns for solid phase extraction using
Rapid Trace SPE stations and separated with hexane, isopropanol in
hexane, and 2% formic acid in dichloromethane to isolate the apolar
GDGT (glycerol dialkyl glycerol tetraether) and fatty acid fractions,
respectively. The fatty acid fractions were then methylated inan acidi-
fied methanol solution (12 h at 50 °C). The resultant fatty acid methyl
esters (FAMEs) were purified again over silica gel using dichlorometh-
ane before quantification and analysis.

Stable isotope analysis of FAMEs

Before stable isotope analysis, the fatty acid fraction of all samples
was analysed (as FAMES) by gas chromatography flame ionization
detection to assess purity and determine the concentrations of the
target compounds. Hydrogen isotope analysis was performed by gas
chromatography-pyrolysis—isotope ratio mass spectrometry on a
Thermo Finnigan DeltaV Plus mass spectrometer. Hydrogen reference
gas and an internal propane gas standard were calibrated against a
known n-alkane standard (the ‘B4’ mix, A. Schimmelmann, Indiana
University). An external FAME standard was analysed multiple times
during each run, and multiple injections of the propane gas stand-
ard were run with each sample and used to correct for sample drift
and offsets. Samples were run in duplicate or triplicate, and standard
deviations between injections were -2%o. versus VSMOW. A mass bal-
ance correction was applied to account for the added methyl group
during methylation. The 6D values of the methylation methanol were
determined by methylating a phthalic acid standard of knownisotopic
composition. In this study, we focus on the isotopic composition of
the long-chain fatty acids (C,s, C;,) because they are less likely to be
produced by aquatic or microbial sources.

Inferring 8D,,.;, from&D,,,,

Previous syntheses of modern leaf-wax samples have shown that
leaf-wax 6D (8D,,,,) can provide areliable archive of the past isotopic
composition of precipitation source water*’, However, a few compli-
cating factors relating 8D,,,, to 8D, need to be considered when
interpreting leaf-wax reconstructions. First, there is a strong biological
fractionation associated with the process of leaf-wax synthesis (&),
which has been shown to vary as a function of plant type and biosyn-
thetic pathway™. In proxy records, sedimentary 5D,,,, values reflect the
combined biosynthetic fractionation of all the plantsin the catchment,
potentially complicating the interpretation of leaf-wax records. To
quantitatively estimate the impact of these changes in our records,
we estimated the relative abundance of C;and C, plantsin this record
using existing pollen data***'. Between 6 ka and the preindustrial, there
may have been as large as a10% change in the abundance of C; plants
(arboreal trees)***". Previous studies have suggested that there may be
asmuchasal9% offsetinthe fractionation factors for plants with these
two photosynthetic pathways (&,,y.c; = ~113%o0; Eyax.ca = ~132%o0) (ref.53).
Given the changes in community plant composition indicated by the
pollendata, this would have resulted inashiftin the fractionation factor
of -3%. at Stewart Bog between the preindustrial and mid-Holocene*®”",
This difference is within the errors of the mixing model calculations
and probably the uncertainties in the estimates of endmember frac-
tionation factors, so we did not apply any correction to the 6D,,,, data
in this study. Evaporative fractionation can also cause offsets between
the 8D, and 8D,,,.;, values due to isotopic enrichment of the source
water at the locus of leaf-wax synthesis. While this effect can be large
inarid regions, studies of modern plants across the Southwest United
Statesindicate that the offsetbetween 6D,,,,and 6D,,,.;, is indistinguish-
able within uncertainties throughout the hydrologic year™*. Given the
uncertainties associated with any correction for plant water evapora-
tion, we did not make any adjustments for this effect in our analysis.

Bayesian isotope-mixing model

A Bayesian stable isotope-mixing model was developed to estimate
the proportion of seasonal moisture sources contributing to the stable
isotope composition of a sample. For the publicly available MixSIAR
Bayesian stable mixing model® used in this study, the following basic
equation applies:

Y= Zpkﬂ;k
3

where for each of thej tracers, the mixture tracer value, Y ; is equal to
the sum of the k source tracer means By multiplied by their propor-
tional contribution to the mixture (p,). Mixing models assume that
(1) the sources contributing to the mixture are known and quantified,
(2) tracers are conserved through the mixing process, (3) source mix-
tureand tracer values are fixed (known and invariant), (4) the p, terms
sumto unity and (5) source tracer values differ®. The isotopic composi-
tions of the modern precipitation sources for the Stewart Bog* and
the Hunters Lake? sites were obtained to implement the model
(Extended DataFig.1).

In this study, amajor assumption is that the dominant control on
past changesin theisotopic composition of precipitationbetween the
mid-Holocene and the preindustrial is changes in the proportions of
winter and summer precipitation. This assumption is based on previ-
ousstudies, whichindicated significant changesin the strength of the
mid-Holocene monsoon and the winter storm track>'**, For this rea-
son, these palaeoisotopic values are represented as atwo-endmember
mix between the monsoon and winter precipitation. The ‘raw’ lists of
stable isotope measurements from the winter and summer seasons
were used as priors in the model to preserve the uncertainty in the
estimates for the source means and variances. These winter and sum-
mer isotopic values were represented as uniform prior distributions:
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pL~ U(0,1) = p, = U(0,1)

n=2
Z pi=1
i=1

pr=1-p;

MixSIAR assumes multivariate normality and estimates the vari-
ance-covariance matrix associated with the tracers for each source.
Naive priors were used for winter and summer precipitation propor-
tions to reduce bias. The model was evaluated at two different times:
the mid-Holocene and the preindustrial. The raw lists of stableisotope
measurements from the mid-Holocene (6 + 0.2 ka) and the preindus-
trial (calendar years 1850 to 1950) were used to construct normal dis-
tributions for the isotopic values of the mixtures. Process and residual
error with covariance were incorporated into the model. Posterior
distributions of the proportion of summer to winter precipitation
during the mid-Holocene and preindustrial were used to calculate the
percentage change in winter and summer precipitation.

Seasonal preindustrial precipitationamount datawereretrieved
from the ERAS reanalysis dataset™. First, the distribution of the pro-
portions of summer to winter precipitation (Supplementary Fig. 2)
during the preindustrial calculated from the proxy records and the
distribution of preindustrial seasonal precipitation amounts (ERAS
reanalysis) were compared viabootstrapping to calculate the possible
combinations of winter and summer precipitation that would satisfy
the proxy calculated ratios. Next we assumed that the sum of winter
and summer precipitation during the mid-Holocene was less than that
during the preindustrial. Then, 10,000 times we solved the equation:

MHwinter + MHsummer < Pltotal

Where MHsummer = MHratio X MHwinter

MH,,, is a half-normal distribution centred around the P, with
the same standard deviation as the Pl,,;; the assumption of this para-
metric shape was derived from the climate models, which show a shift
in the mean precipitation during the mid-Holocene with the same
standard deviation as during the preindustrial. For each realization
of preindustrial and mid-Holocene seasonal precipitation amounts,
the percentage change in precipitation was calculated, leading to the
simulated range in possible values.

Synthesis of proxy precipitation and SST records

To assess the proxy-model agreement, we generated new syntheses
of proxy reconstructions of SST from the North Pacific and proxy
hydroclimate records from western North America, drawing from
existing compilations and the published literature (Supplementary
Table 2). For the SST synthesis (n = 88 records), we used existing pub-
lished reconstructions from the synthesis of ref. 44 and supplemented
it with additional key records from the North Pacific. In addition, we
assembled a new synthesis of proxy hydroclimate data from western
North Americafromthe published literature (n = 138 records'>'**’; Sup-
plementary Table 2). Our precipitation synthesis relies on a variety of
proxy indicators, including lake level and status, 5'*0 values of speleo-
thems and lake carbonates, pollen, and a variety of sedimentological
indicators (Supplementary Fig.1). For the pollen-inferred hydroclimate
changes, we deviated from the interpretations used in previous synthe-
sesandrelied onthe LegacyClimate 1.0 database of modern analogue
technique-based pollentransfer functions®. Only those sites showing a
statistically significant precipitation reconstruction (significance tests
from LegacyClimate 1.0 database) were included (P> 0.1; n = 52/341).
Because quantitative transfer functions are either unavailable or highly
uncertain for most precipitation proxies, and because our primary
focus was on reconstructing the large-scale patterns of precipitation

change, we categorized the records as wetter, drier or unchanged
(at 6 ka) relative to the late Holocene (0-1ka) and used the Cohen’s
Kappa and Gwet’s AC metrics®® ®° to assess proxy-model agreement
(Methods).

We used mean values for the mid-Holocene (6,000 + 500 yr BP)
and preindustrial (200 to 500 yr BP) to compute anomalies. To classify
the hydroclimatic and SST data from each site, a T test was used first
to determine whether the changes were statistically significant, given
the variability in the reconstructions. All sites were then classified as
wetter, drier, warmer, cooler or unchanged relative to the preindustrial.

Climate model experiments

To understand how the climate system changes under mid-Holocene
conditions in climate model simulations, we compiled 24 existing
mid-Holocene (6 ka) simulations (Supplementary Table 1) performed
with 17 general circulation models). Of these, 13 simulations were from
the PMIP3 project, including two that included dynamic vegetation
changes (HadGEM2-CC, HadGEM2-ES). We also included 11 additional
simulations, which allowed us to assess the influence of changes in
prescribed vegetation. In two cases (CESM1.2 and GISS-E2), models
were run with preindustrial vegetation, prescribed vegetation over
the Sahara (for example, Green Sahara runs), and prescribed vegeta-
tion over the Northern Hemisphere + Green Sahara. Mid-Holocene
simulations were forced by prescribing greenhouse gas concentrations
and astronomical parameters to their values at 6 ka. Anomalies were
calculated for each simulation by subtracting values from preindustrial
and mid-Holocene simulations. Implementation of the prescribed
vegetation changes varied slightly between these simulations but
are consistent with well-established palaeoecological evidence for
vegetation changes during the mid-Holocene. In the CESM1.2 simula-
tion, modern-day Sahelian land surface and vegetation at 11° N were
prescribed everywhere north of the latitude. In EC-Earth 3.1, Sahara
vegetation was prescribed as shrub. In the University of Texas CCSM4
simulation, the Sahara was covered by evergreen shrubs up to 25° N
and replaced by a steppe/savanna mix over the rest of North Africa.
In GISS-E2.1-G, grass and soil cover was replaced by shrub below 25° N
and by grassland over the rest of North Africa. In the simulations with
expanded Northern Hemisphere vegetation, areas with modern-day C,
grass cover werereplaced with deciduous forest. Although additional
mid-Holocene simulations are now available from the PMIP4* experi-
ment, we chose to examine simulations from the PMIP3 experiment
for consistency withthe generation of models used in the simulations
with prescribed vegetation.

The EC-Earth model (pentagons, Fig. 2a,c) shows relatively large
warming (0.9 °C) but relatively little additional reduction in winter
precipitation associated with prescribed vegetation (1.4%). This
appears to be because the model is already exceptionally sensitive to
mid-Holocene insolation forcing without vegetation changes, show-
ing warming and winter precipitation declines in simulations forced
only with insolation that are comparable to those in other models
where prescribed vegetation wasincluded. This finding suggests that
the added mid-Holocene warming is responsible for the wintertime
precipitation response and implies that wintertime precipitation
deficits may be induced by a range of forcings, provided they initiate
hemispheric warming.

Sensitivity simulations

Four additional simulations were run to establish how vegetation-
mediated changes in surface temperature and sea ice drive changes
in atmospheric circulation and rainfall over the North Pacific. These
simulations (Supplementary Table 1) were configured using the
atmosphere and land components of CESM1.2 forced with regional
SST and sea-ice variations derived from the MH and MHveg coupled
simulations performed with CESM1.2. Allatmosphere-land simulations
were run for 200 years with 6 ka insolation and 6 ka greenhouse gas
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concentrations and other boundary conditions as described in Sup-
plementary Table 3. The atmospheric circulation response to changes
intropical Pacific SSTs induced by expanded vegetation is quantified
by differencing 6kaNorthPacSSTVeg minus 6kaControl. Similarly,
theresponse to North Pacific SSTsis quantified by differencing 6kaN-
orthPacSSTVeg minus 6kaControl. The 6kaSSTVeg simulationis used
to confirm that the wintertime circulation responses over the North
Pacific are explained by the combination of the responses to tropical
and North Pacific SST changes with a minor role for sea-ice changes
(Supplementary Fig.1).

Ocean heat budget analysis

To analyse the underlying physical mechanisms influencing the promi-
nent characteristics of the North Pacific SST anomaly pattern discussed
in this study, we employ a mixed-layer heat budget analysis method
followingref. 61.Inthis analysis, the temperature-forcing contributions
from net surface shortwave radiation (Q,,), net surface longwave
radiation(Q,,,), sensible (Q;,,) andlatent (Q;,) heat fluxes, and the heat
flux due to ocean dynamics (0’) (calculated as aresidual) were consid-
ered.Inaddition, contributions from near-surface wind speed (Q;,, ),
near-surface relative humidity (Q[H,RH) and air-sea temperature con-
trasts (SST,, ar) towards total latent heat flux were considered. The
primes denote differences between the perturbed simulation (CESM
6 kaNH + GS,,) and the control simulation (CESM 6 kaPl,.,), and over-
bars denote the climatological mean. As described in ref. 61, the diag-
nostic equation to show how each forcing term contributes to SST
anomaliesis as follows:

SST' = SSTgy + SSTiw + SSTsy + SSTo + SSTi k. + SSTiwgm + SSTLHAT

Where:
SSTey = -2 g = L~ 0.06K™
sw aQuy R,T? '
SSTiw = ——=—
aQuy
SSTey = ——21
aQy
SSToen = — 0_
aQy
STy = — v _ W
aQuy aW
SST, _ Qyirn _ RH,
LHRH — ~—— — — — — —
aQy a(e?®T — RHy)
) Q RHoAT
SSTipar = ———2l = 00
aQuy e®AT — RH,

The results of this analysis, the contributions of the two largest
components (ocean dynamics and shortwave cloud forcing) to the
temperature anomaly are shown in Extended Data Fig. 8.

Proxy-model comparison

To evaluate which climate models most accurately reflect the pat-
terns of SST and hydroclimate changes evident in the proxy data, we
followed the approaches devised previously by DiNezio and Tierney*®

and Conroy et al.®? and computed the weighted Cohen’s kappa*® and
Gwet’s AC® statistics. These approaches categorize the proxy and
model data at each location (wet, dry, unchanged or warmer, cooler,
unchanged, relative to the preindustrial) and vary the threshold
used to determine this categorization to evaluate the robustness of
the results (Extended Data Fig. 6 and Supplementary Table 3). The
agreement is estimated using the weighted Cohen’s k and Gwet’s
AC statistics, which is the fractional agreement between the proxy
and model data at all sites compared with the probability of random
agreement. We calculate both statistics as the Gwet’s ACis considered
to be more robust for skewed datasets®. The weighting procedure
penalizes sites more when the Holocene-PI change is in the oppo-
site direction between the models and the proxy reconstructions.
Because the proxy data are not distributed evenly in space, and to
avoid overrepresenting some areas in the model where proxy data
density is higher, we applied a100 km search radius to each site and
combined all proxy data reconstructions within that area following
DiNezio and Tierney™.

Data availability

All data produced in our analyses are available in the main text, in
the Supplementary Information and via figshare at https://doi.
org/10.6084/m9.figshare.28947815 (ref. 52). CESM2 simulations are
available for download from http://www.cesm.ucar.edu/experiments/.
PMIP3 model outputis publicly available from https://pmip3.Isce.ipsl.
fr. The additional mid-Holocene simulations investigating vegetation
changes using EC-Earth, GISS-E2-G and CCSM4-Toronto, and CESM
are available from https://doi.org/10.5281/zenodo.7651155 (ref. 63)
and https://zenodo.org/record/6112019#.YhfNZOjMKUm (ref. 64),
respectively. All data processing and figures were produced in Python
3.9 using xarray®®, Matplotlib® and Cartopy®’.

Code availability

The MixSIAR model is available from https://brianstock.github.io/
MixSIAR/. Mixing model code produced during our analysisis available
viafigshareat https://doi.org/10.6084/m9.figshare.28947815 (ref. 52).
Code for model data analysis and figures is available on request.
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Extended Data Fig. 1| Proxy and Model Precipitation Changes in the Mid-
Holocene. Locations of sites from this study (stars: 1- Hunters Lake, 2- Stewart
Bog) and synthesized proxy hydroclimate data (symbols) compared against
simulated winter (DJF) precipitation (shading) from the ensemble of mid-
Holocene experiments with (a) preindustrial vegetation (from PMIP3) and
with (b) prescribed 6 ka vegetation (this study). Symbols indicate the proxy

6 ka Vegetation

120°W
other

150°W

lake level @ lake sediment ¢

-5 0 5 10

type: 80 (circles), pollen transfer functions (diamonds), lake level (triangles),
lake sediment (squares), and others (thin diamonds). The isotope record from
3-Leviathan Caveis indicated with ayellow circle. Stippling indicates where
the majority of models agree (a: 8/15; b: 5/8). The red box indicates the area
used to calculate changes in precipitation in the Southwest US, which is the
sameasinref. 8.
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Extended Data Fig. 2| Seasonal 6D Distribution and Modern Precipitation

at Study Sites. (a) Probability density plots of the seasonal distribution of
modern precipitation 8D for Stewart Bog, NM? and Hunters Lake, CO* from the
Online Isotopes in Precipitation Calculator (OIPC)* Winter (DJF) and summer
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(JAS) values are shown in blue and gold, respectively. The solid black line with
grey shading indicates the annual average and 95% Cl for each site. (b) Monthly
averaged precipitation (cm/month) between 1980 and 2019 ref. 28 for Stewart
Bog and Hunters Lake.
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Extended DataFig. 3 | Simulated Seasonal 8D Values Across Holocene Forcing PDFs are shown for simulations with boundary conditions and forcings for:
Scenarios. Probability density plots of simulated 8D seasonal precipitation preindustrial (PI), mid-Holocene with preindustrial vegetation (MHp,,),
for winter (DJF, blue-grey) and summer (JAS, orange-yellow) over the region mid-Holocene with prescribed “Green Sahara” (GS), mid-Holocene with

including our two study locations (-107°W, -105°W, 35°N, 38°N) from i-CESM1.2. prescribed “Green Sahara” and high latitude vegetation (MHGS+NH, ).
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Extended DataFig. 4 | Impact of Vegetation on Albedo and Surface Radiation. Hemisphere vegetation changes (right), fromref. 25. Compared with the
Surface albedo and net surface radiation (W/m?) anomalies (6 ka-preindustrial) simulation with insolation only (left), the prescribed vegetation simulation
for the CESM1simulation forced by preindustrial vegetation and insolation shows anincrease in surface radiation localized over regions with expanded
only (left) and 6ka conditions with prescribed “Green Sahara” and Northern vegetation due to the associated reductions in surface albedo (right).
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Extended Data Fig. 5| PDO Epoch Differences in North Pacific Hydroclimate. epochs with negative (1900:1924,1947:1995, and 2000:2021) and positive

Differences in winter precipitation over land (shading)®, sea surface temperature  (1925:1946 and 1977:1995) values of the Pacific Decadal Oscillation (PDO) index
(shading)*®, and sea level pressure (hPa10 yr™’; contours)* trends between (datafromref.33).
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Extended Data Fig. 6 | Vegetation-Driven Changes in the Aleutian Low and
JetStream. The role of prescribed vegetation (6kaVegetation — 6kaControl)
indriving the weakening of the Aleutian Low and the northward shift of the
Pacific jet stream in sensitivity experiments with prescribed 6ka Control SSTs
(Methods). Annual mean anomalies in a. surface temperature, b. sea level
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Sea Level Pressure (Pa)
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pressure, and c. zonal wind speed (m/s) at 200 hPa (shading), with control-run
contours (black lines) overlaid. b. Shows the weakening of the Aleutian Low and
c. the northward shift of the North Pacific jet stream resulting from vegetation-
drivena. land surface warming.
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Extended DataFig. 7| Model Agreement Metrics for Mid-Holocene
Precipitation Change. a. Cohen’sk and b. Gwet’s AC for the models as a function
of wetter/drier thresholds. Greater agreement is evident in the majority of

the models with dynamic or prescribed vegetation. The numbers refer to the
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following models: 1-GISS-E2-G, 2-CESML1.2, 3-Toronto-CCSM4, 4-EC-Earth,
5-HadGEM2-ES, 6-HadGEM2-CC, 7-CCSM4,8-MPI-ESM-P, 9-IPSL, 10-CSIRO-Mk3,
11-Fgoals-g2,12-bcc-csm-1,13-CGCM3, 14-CNRM-CMS, 15-MIROC-ESM, 16-
GISS-E2-R, 17-Fgoals-s2.
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Extended Data Fig. 8| Ocean Feedbacks Driving North Pacific SST Patterns. fully coupled CESM1 mid-Holocene simulation with prescribed ‘Green Sahara
Therole of b. Ocean Dynamical Adjustments and c. Shortwave cloud forcing in and Siberian vegetation changes ref. 25. Results from Heat Budget Analysis
driving the a. sea surface warming temperature patternin the North Pacificin the following ref. 61.

”,
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Extended DataFig. 9| Sensitivity to SST Boundary Conditions in Driving Mid- seaice (6kaSSTVeg) (top row), Only Tropical Pacific SSTs (6kaTropPacSSTVeg)
Holocene Climate. Sensitivity experiments (Methods, Supplementary Table 3) (middle row), and Only North Pacific SSTs (6kaNorthPacSSTVeg) (bottom row).
illustrating winter (DJF) anomalies in a) surface temperature (AT, °C), (b) sea level These distinctions highlight the critical role of extratropical ocean forcingin
pressure (Pa), and (c) large-scale precipitation (AP, %) relative to a 6 ka control shaping the mid-Holocene winter climate, beyond the tropical influences alone.

run (6kaControl). Each row shows results with different prescribed SSTboundary ~ Red boxes indicate the area used to calculate Southwest US drought anomalies.
conditions taken from the coupled vegetation experiment®: Global SSTs and
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Extended DataFig.10 | Observed-Model Comparison of Ocean Forcing on (TOGA) simulations asinref. 8. ¢) The difference between the GOGA and TOGA
North American Climate. Temperature trends (°C/decade) and precipitation experiments. The GOGA and TOGA simulations were completed by the NCAR
changes (%) from 1983 to 2019 in the simulations from the a) Global Ocean Climate Variability and Change Working Group. This data is available from the
Global Atmosphere (GOGA) and b) Tropical Ocean Global Atmosphere NCAR Climate Data Gateway.
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