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Abstract

Rainfall-related hazards are growing in southeastern North America (SENA) but
well-documented climate-model biases cast doubt on projected rainfall changes. Using leaf-wax
biomarkers (dD,,,) at White Pond, SC and Hall’s Cave, TX, we reconstruct North Atlantic
Subtropical High (NASH) variability across the last deglaciation (21 to 10 ka) to assess model
fidelity. During the Younger Dryas, when Atlantic Ocean heat transport weakened, the NASH
expanded westward, increasing rainfall in SENA. In contrast, the NASH gradually contracted
eastward and weakened as deglacial greenhouse-gas concentrations increased, likely decreasing
rainfall in SENA. An isotope-enabled simulation captures the first NASH response but severely
underestimates the second. Because the NASH delivers moisture that drives extreme rainfall in
SENA, this underestimation suggests that models cannot yet produce confident projections of
regional rainfall extremes, or that those extremes will exceed current projections. Rainfall
hazards facing SENA may be larger or less certain than current models suggest.

Plain Language Summary

The tools used to predict long-term changes in rainfall, climate models, struggle to accurately
simulate observed rainfall changes in southeastern North America (SENA), suggesting that
future rainfall predictions are uncertain in the region. To address this limitation, we examine
rainfall variability using the ratio of the two stable isotopes of hydrogen in precipitation (8D,) to
one another in modern and paleoclimate settings. Modern observations indicate that 8D, in
SENA responds to changes in the North Atlantic Subtropical High (NASH), an atmospheric
circulation cell that transports moisture into SENA. We apply this relationship across the end of



the last ice age using leaf wax molecules stored in lake sediments, whose hydrogen isotopes
(0D,,.y) record past precipitation. The NASH and associated moisture transport was strong at the
end of the last ice age and weakened gradually as global temperatures increased, likely
decreasing rainfall in the Atlantic Coastal Plain. Meanwhile, change in Atlantic Ocean
circulation abruptly strengthened and expanded the NASH westward, and likely increased
rainfall in the southern Great Plains. Climate models reproduce this abrupt response but cannot
yet simulate the gradual weakening we observe, which suggests that future changes in extreme
rainfall may be larger or less certain than previously thought.

Key Points

e Precipitation isotopes track North Atlantic Subtropical High (NASH) variability in
eastern North America

e The NASH gradually weakened across the last deglaciation and strengthened abruptly
during the Younger Dryas

e [sotope enabled climate models fail to capture deglacial NASH weakening, implying
underestimated or uncertain extreme rainfall projections

1. Introduction

Subtropical high pressure systems are a prominent feature of global atmospheric circulation and
influence hydroclimate globally (Rodwell & Hoskins, 2001). Northward moisture transport along
the western edge of the North Atlantic Subtropical High (NASH) is the largest moisture source
in southeastern North America (SENA) (Benton & Estoque, 1954; Rasmusson, 1967) where
intensifying rainfall over the coming century (Easterling et al., 2017; Zhao et al., 2023) threatens
life, property, and economic activity. Although the largest changes are expected over coming
decades, their early consequences are already evident. The cumulative cost of rainfall damages
from flooding was between $39 and $91 billion from 1988 to 2017 across the United States
(Davenport et al., 2021), with the greatest rainfall increases expected in SENA (Easterling et al.,
2017). Accurate climate projections are necessary to address these accelerating challenges but
coupled land-atmosphere-ocean models pose challenges for simulating precipitation in SENA.
For instance, the NASH is coupled to regional and North Atlantic sea surface temperature
(Hasanean, 2004; Rodwell & Hoskins, 2001) and the configuration of the Northern Hemisphere
Hadley Cell (Grotjahn, 1993; Qiu et al., 2023). Substantial internal variability (e.g., North
Atlantic Oscillation and Atlantic Multidecadal Variability) within each coupled component
makes it difficult to isolate and identify the specific processes governing SENA hydroclimate.
Constraining hydroclimate responses to different forcing mechanisms is needed to disentangle
these controls and improve hydroclimate projections, which in turn requires longer-term
perspectives that the instrumental record cannot provide. Disentangling these controls in SENA
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has implications for hydroclimate projections in other subtropical regions because subtropical
highs are governed by similar ocean-atmosphere couplings globally (Rodwell & Hoskins, 2001).

The most recent deglaciation is well-suited to constrain SENA hydroclimate response to forced
changes in greenhouse gases, ice sheet configuration, and ocean circulation. Following the Last
Glacial Maximum, atmospheric carbon dioxide increased by ~80 ppm (Marcott et al., 2014)
which caused ice sheet loss (Clark et al., 2012; Dalton et al., 2020) and subsequent ocean heat
transport variability (McManus et al., 2004). These forcings evolved asynchronously, and
included both gradual and abrupt transitions, enabling isolation of their individual effects on
SENA hydroclimate. However, a lack of unambiguous hydroclimate proxies has meant that few
constraints exist for deglacial hydroclimate evolution in SENA. Fossil-pollen reconstructions
have been among the few empirical approaches to understanding deglacial rainfall changes in
SENA (Fastovich et al., 2022; J. Sakari Salonen et al., 2025; Shuman et al., 2019), but both
traditional (Chevalier et al., 2020) and machine-learning approaches (J. S. Salonen et al., 2019)
are limited by precipitation's secondary role in determining temperate forest composition
(Juggins, 2013).

Leaf wax biomarkers can constrain the patterns and drivers of SENA hydroclimate. These
long-chain n-alkanes are readily preserved in sediments across SENA and are significantly
correlated to the hydrogen isotopic signature of precipitation (8D,) (Sachse et al., 2012). This
proxy fidelity allows the application of leaf-wax stable isotope hydroclimate reconstructions to
identify changes in atmospheric circulation, moisture sources, and precipitation amount across
diverse environments (Bhattacharya et al., 2017; Fastovich et al., 2024; Feakins, 2013; Tierney et
al., 2008). We examine hydroclimate dynamics across the last deglaciation in SENA using the
hydrogen-isotope composition of leaf-wax biomarkers from White Pond, South Carolina (34.168
°N, 80.777 °W) and Hall’s Cave, Texas (30.136 °N, -99.535 °W) (Sun et al., 2021). Together,
these two records are used to reconstruct the spatial extent and intensity of the NASH across the
last deglaciation. The processes controlling deglacial evolution of the NASH are constrained
with a suite of isotope-enabled climate models that provide insights into future rainfall extremes
in SENA.

2. Methods
2.1 Leaf wax analyses and 6D,,,, measurements

White Pond, SC was cored in April 2015 (Krause et al., 2019) and sediments were processed
using standard organic geochemical approaches to extract, purify, quantify, and measure leaf wax
biomarkers. Sediments were first freeze-dried, homogenized, and all lipid compounds were
extracted using a Dionex ASE 350 and a 9:1 mixture of dichloromethane:methanol. The total
lipid extract was separated into apolar and polar fractions using alumina columns with 9:1
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hexane:dichloromethane and 1:1 dichloromethane:methanol as eluents, respectively (Krause et
al., 2019). The apolar fraction was further processed to isolate n-alkane leaf waxes. We first
added a known quantity of Sa-androstane to aid in quantifying leaf wax biomarkers. We then
performed a polarity-based separation using 5% deactivated silica gel columns and eluted with
hexane to separate leaf wax n-alkanes (apolar alkyl lipids) from mildly polar compounds (e.g.
ketone compounds).

The isolated n-alkane leaf waxes were quantified using a Thermo TRACE-1310 gas
chromatograph with a programmable temperature vaporization inlet and a flame ionization
detector. Once quantified, we measured the hydrogen and carbon isotopic composition of C;; and
C,, leaf-waxes using a Delta V Plus isotope ratio mass spectrometer in continuous flow mode
(Conflo IV) coupled to a Thermo TRACE-1310 through a GC-Isolink II. All samples were
measured in duplicate to achieve a precision better than 2%o for C;, 0D,,,, and 0.2%o for C;,
8"3Cyx. A synthetic n-alkane mix (A7 mix from Arndt Schimmelmann at Indiana University)
was measured at regular intervals in between samples to monitor instrument drift and correct for
any apparent offsets.

0Dy« measurements from Hall’s Cave, TX were downloaded from the original publication
(Supplementary Data 1 in (Sun et al., 2021)) in February 2026. Only C,, 6D,,,, measurements are
available for Hall’s Cave; therefore, we replicate our analyses using C,, 6D,,,, measurements
from White Pond and find high agreement (Figure S1) suggesting our conclusions are insensitive
to this analytical choice.

2.2 Climate simulations and contemporary climate data products

We examine the transient, deglacial isotope-enabled iTRACE experiments (He, 2021) to identify
the dynamics of hydroclimate variability in SENA. The iTRACE experiments attempt to
simulate climate evolution during the last deglaciation with the isotope-enabled Community
Earth System Model v1.2 (iCESM). These simulations include transient changes in greenhouse
gas concentrations, orbital configuration, ice sheets, and meltwater from 20,000 years before
present (ka) to 11 ka. Simulations were performed at a nominal 2° horizontal resolution for the
atmosphere and land model and 1° horizontal resolution for the ocean and sea ice models, with
30 vertical layers in the atmosphere.

The transient iTRACE experiments are compared against the iCESM simulations from Water
Isotope Model Intercomparison Project iICESM v1.3, WisoMIP) (Bong et al., 2026)
experiments and the isotope-enabled Last Millennium Ensemble (iICESM v1, iLME) (Bong et
al., 2026; Otto-Bliesner et al., 2016; Stevenson et al., 2019) to examine the sensitivity of the
zonal 8D, gradient in southeastern North American to the North Atlantic Subtropical High. The
WisoMIP simulations span 1979-2023 and are performed with only the atmosphere component
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of iICESM1.3 (i.e. iCAMS). Sea ice, sea surface temperatures, zonal and meridional winds, and
atmospheric temperature were prescribed from ERAS reanalysis (Hersbach et al., 2020)
throughout the simulation. This nudging corrects model biases and isolates the representation of
isotope systematics within iCESM1.3 (Bong et al., 2026). iLME spans the last 1,000 years (850
to 2006 CE) with transient solar intensity, volcanic emissions, greenhouse gases, aerosols, land
use conditions, and orbital parameters as forcings (Otto-Bliesner et al., 2016; Stevenson et al.,
2019). Unlike WisoMIP, iLME is coupled to an ocean model and not nudged to correct for model
biases. Both simulations were performed with a horizontal and vertical resolution comparable to
iTRACE (Otto-Bliesner et al., 2016; Stevenson et al., 2019). Alongside iCESM model
simulations, we examine ERAS reanalysis from 1940 to 2024 to investigate SENA hydroclimate
coupling to the NASH (Hersbach et al., 2020). Together, this suite of simulations lets us assess
whether mean-state biases or the response to forcings drive misrepresentation of the zonal 8D,
gradient—North Atlantic Subtropical High relationship.

iLME and iTRACE do not include simulated integrated vapor transport, which we calculate as:
1 Psfc
IVT = - / qVdp
Ptop

Where V is horizontal winds, ¢ is specific humidity, g is gravitational acceleration, p is pressure,
D 1s surface pressure, and p,,, is top of the atmosphere pressure.

2.3 Bermuda High Index

In iTRACE and ERAS, we examine variability in the North Atlantic Subtropical High using a
modified version of the Bermuda High Index (BHI) from Zhu and Liang (2013). The BHI is
defined as the area weighted difference in mean sea level pressure between the Gulf of Mexico
(25.38 - 29.38 °N, 95 - 90 °W) and the southern Great Plains (35 - 39 °N, 105.5 - 100 °W) and is
designed, in part, to capture westward expansions in the North Atlantic Subtropical High (Zhu &
Liang, 2013). To account for climate model mean-state biases in north Atlantic sea surface
temperatures and corresponding mean sea level pressure across our different iCESM experiments
and ERAS, we shift the Gulf of Mexico region five degrees east. That is, we define the Gulf of
Mexico mean sea level pressures as the area weighted average between 25.38 - 29.38 °N, 85 - 80
°W (Figure 1). In addition, we standardize mean sea level pressure before taking the difference
between the Gulf of Mexico and Great Plains to put both locations on a common scale, allowing
both to equally contribute to the BHI.

3. Results and Discussion

3.1 Contemporary Climatology of the North Atlantic Subtropical High and 8D, as a Tracer
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Contemporary climatology indicates a close link between hydrogen isotopes in precipitation
(6D,) and upstream variability in the NASH (Figure 1). Moisture from the Gulf of Mexico is the
largest source of water vapor into SENA (Rasmusson, 1967) (Figure 1A). Zonal pressure
gradients between SENA and the NASH are responsible for northward flow that delivers this
moisture into SENA (Figure S2). Therefore, these northward winds and corresponding moisture
advection into SENA are directly tied to the NASH.

Water vapor enriched in deuterium over the Gulf of Mexico (Figure S3) makes this moisture
transport traceable in the water isotopes of precipitation (8D,). As this water vapor is advected
into SENA, the deuterium-enriched vapor produces rainfall with a distinct deuterium-enriched
fingerprint across SENA (Figure 1A). Meanwhile, low meridional moisture transport in the Great
Lakes, New England, and Canada indicates deuterium-depleted 8D, (Figure 1A).

The relationship between D, and meridional moisture transport in SENA (Figure 2B) suggests
that northward transport of moisture from the Gulf of Mexico by the NASH is a primary control
on SENA 6D, overwhelming processes like distillation from continentality. For example, along
a meridional transect at 88.5°W between 30-37.5°N, oD, decreases 7%o across 830 km of inland
transport (Figure 1B). This decrease is far less than observed in other midlatitude regions such as
the western United States, where 6D, decreases by 40%o to 80%o over 80 to 500 km (Ingraham &
Taylor, 1991; Welker, 2000) and in Europe, where 6D, decreases by 16%o over 1,000 km
(Rozanski et al., 1993) (here, we convert reported 'O, values to 8D,, assuming equilibrium
Rayleigh distillation).

3.2 A Regional Approach and Index for Reconstructing the North Atlantic Subtropical
High Intensity and Extent

Compositing BHI values reveals two distinct hydroclimate responses across SENA to variability
in the intensity and spatial extent of the NASH (Figure 1C, D). Under a westward-expanded
(BHI > 90th percentile) or eastern-contracted (BHI < 10th percentile) NASH, meridional
moisture transport anomalies are small along the Atlantic Coastal Plain (Figure 1C, 1D). In other
words, the Atlantic Coastal Plain sits within the typical spatial footprint of the NASH. Therefore,
we posit that northward moisture flux into the Atlantic Coastal Plain records the intensity of
meridional moisture transport along the western edge of the NASH. An increase in meridional
moisture transport along the Atlantic Coastal Plain would increase 6D, from enhanced transport
of deuterium-enriched vapor from the Gulf of Mexico (Figure S3). Meanwhile, prior analyses of
0D, in the southern Great Plains attribute decreases in 8D, to increases in stratiform rainfall from
mesoscale convective systems fueled by moisture transport from the Great Plains Low Level Jet
(Sun et al., 2019). The Great Plains Low Level Jet is coupled to the NASH through a geostrophic
response to the zonal pressure gradient across the Great Plains (Song et al., 2018, 2019; Sun et
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al., 2021; W. Zhou et al., 2021). In this way, a westward expansion in the NASH leads to a large
increase in northward moisture transport in the southern Great Plains (Figure 1C, 1D) and
corresponding increase in the likelihood of mesoscale convective activity and decrease in 8D,
(Sun et al., 2019). Therefore, unlike the positive relationship between the NASH, meridional
moisture transport, and 8D, along the Atlantic Coastal Plain, a negative relationship is expected
in the southern Great Plains. This suggests that unlike the Atlantic Coastal Plain, 6D, in the
southern Great Plains is sensitive to the spatial extent of the NASH.

Asymmetric moisture flux responses in SENA to variability in the spatial extent and intensity of
the NASH indicate that observations from both the Atlantic Coastal Plain and the southern Great
Plains are needed to completely characterize the NASH, as either region alone conflates NASH
intensity and spatial extent. We resolve this by taking the difference in 6D,,,, from a site in the
Atlantic Coastal Plain (White Pond) and southern Great Plains (Hall’s Cave) (Sun et al., 2021)
after standardizing both records (Figure 1C, 1D, 2A, 2B), to define a leaf-wax-based
reconstruction of NASH variability, AOD NASH, ¢ .« (Supplemental Information). The resulting
zonal 0D, gradient reconstructs the intensity (White Pond) and spatial extent (Hall’s Cave) of
the NASH in a way that a single-site reconstruction cannot (Figure 1C, 1D). We reproduce AoD
NASH,..sw.x Using ERAS meteorological variables in place of 6D,,,,: meridional vapor transport
and average rainfall rate. Both correlate significantly with mean sea level pressure over the Gulf
of Mexico (reflecting NASH spatial extent) and over the western Atlantic (reflecting NASH
intensity), supporting our use of zonal 6D,,,, gradients in SENA to reconstruct the spatial extent
and intensity of the NASH (Figure S4).

3.3 Asymmetric North Atlantic Subtropical High response across the last deglaciation

At White Pond, 6D,,,, remains high until ~15 to 14 ka, indicating elevated transport of
deuterium-enriched 6D, moisture from the Gulf of Mexico into the southeastern United States,
driven by a stronger NASH. A subsequent gradual decrease in dD,,,, at White Pond closely
tracks ice sheet loss, suggesting a gradual decrease in northward moisture from a weakening of
the NASH in response to increasing temperatures (Figure 2A). In contrast, 0D,,,, at Hall’s Cave,
TX demonstrates high millennial-scale variability (Figure 2B). Deglacial millennial-scale
variability in the NASH wind speed has previously been shown to be inversely related to north
Atlantic sea surface temperatures (Brauer et al., 2008). The similarity between Hall’s Cave 8D,
and north Atlantic sea surface temperatures (Figure 2B) supports this interpretation that a
westward expansion of the NASH from decreased temperatures would increase stratiform
rainfall and decrease 0D,,,,.

Combining White Pond and Hall’s Cave dD,,,, into a reconstruction of the intensity and spatial
extent of NASH (AdD NASH, ¢y Figure 3C) identifies two distinct modes of behavior. The
first mode i1s a weakening and contraction of the NASH in response to deglacial warming
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between 15.4 and 10.5 ka (Figure 2C). The second mode is an abrupt intensification and
expansion in response to a weakening of the Atlantic Meridional Overturning Circulation
(AMOOC) that operates at millennial timescales and is particularly evident between 13.7 ka and
12 ka (Figure 2C).

Gradual weakening and contraction of the NASH in the first mode is indicated by the decrease in
ASD NASH, ¢ vax from ~1 at 15.4 ka to ~-2 at 10.5 ka. Positive AOD NASH,.,s...x between 18 ka
and 15 ka reflect above-average 6D,,,, at White Pond, driven by a stronger NASH that increases
the flux of deuterium-enriched Gulf of Mexico water vapor into the site (Figure 2, S5A). During
this same interval Hall’s Cave dD,,,, is below average from increased stratiform rainfall, fueled
by elevated Gulf of Mexico moisture transport, thereby increasing the zonal 8D, gradient
across SENA (Figure 2, S5G). Collectively, these site-level changes, summarized in ASD
NASH ;¢ wax» SUggest that the late-glacial (18 ka to 15 ka) NASH was stronger and larger relative
to the Holocene (11 ka to 10 ka). The NASH weakened after ~15 ka as White Pond oD,
decreased below mean values and contracted eastward as Hall’s Cave 8D,,,, increased above
mean values (Figure S5). High moisture flux between 18 ka and 15 ka suggests elevated
late-glacial precipitation that declined into the Holocene.

Large Northern Hemisphere ice loss at ~15 ka may explain the long-term NASH weakening and
contraction inferred from ASD NASH,,¢y.x (Figure 2A, 2B, 2C). Northern Hemisphere ice loss
would have decreased albedo and reduced the Northern Hemisphere meridional temperature
gradient, weakening Hadley Cell subsidence in the subtropics and the NASH. This proposed
mechanism is consistent with Last Glacial Maximum climate model experiments, in which high
albedo produces an intensified NASH (Pausata et al., 2011).

An abrupt increase in the ASD NASH, .., to ~1 near the Younger Dryas suggests a westward
expansion of the NASH caused by cooling of north Atlantic sea surface temperatures from a
reduction in the AMOC (Figure 2B, 2C, 2D). A westward expansion decreases 6D,,,, at Hall’s
Cave below mean values from increased stratiform rainfall fueled by concentrated moisture
transport toward Hall’s Cave from an expanded NASH, increasing ASD NASH ;.. (Figure 2C,
S5G). Notably, White Pond dD,,,, shows no abrupt deviation across the Younger Dryas,
suggesting NASH intensity did not change appreciably during this interval, only its spatial extent
(Figure 2C, S5A). This NASH configuration would have driven enhanced northward moisture
transport along an expanded western flank of the NASH and increased precipitation in the Great
Plains consistent with increased hydroclimate-sensitive tree taxa abundance at Cupola Pond, MO
between ~13 and ~11 ka (Sun et al., 2021).

The North Atlantic Oscillation has long served as analogue for interpreting patterns of Atlantic
temperature and atmospheric circulation change during reductions of AMOC strength (Baldini et
al., 2015; Brauer et al., 2008; Fastovich et al., 2020), in part because direct proxy evidence of
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changes in the NASH or the Icelandic Low has been lacking. ASD NASH,.,¢.x directly probes
the intensity and spatial extent of NASH and clarifies that the NASH may not only have
intensified as previously inferred (Baldini et al., 2015; Brauer et al., 2008; Fastovich et al.,
2020), but also expanded westward (Figure 2). Alternatively, the NASH may have expanded
westward without intensification.

An intensification and expansion, or a westward expansion alone, of the NASH is likely linked
to changes in the Northern Hemisphere meridional temperature gradient, the same mechanism
proposed for the greenhouse-gas-driven weakening of the NASH. The two responses differ in
pace because deglacial AMOC perturbations were abrupt (Figure 2D), while ice sheet loss was
gradual and monotonic (Figure 2A). During the Younger Dryas, a weakening of the AMOC
abruptly cooled sea surface temperatures in the north Atlantic from reduced ocean heat transport
(Figure 2B) which would have increased the Northern Hemisphere meridional temperature
gradient, Hadley circulation subsidence (McGee et al., 2018), and the NASH. In addition, lower
sea surface temperatures may have directly increased NASH intensity and spatial extent by
increasing air density and mean sea level pressure. However, Heinrich Event 1 likely had a larger
reduction in the AMOC (McManus et al., 2004), yet AOD NASH,.,sw.x Suggests little change to
the NASH (Figure 2C, 2D). We propose that the sensitivity of NASH extent to AMOC
perturbations depends on background climate state. Under nearly full-glacial boundary
conditions (as during Heinrich Event 1), the NASH response is muted, whereas under
intermediate conditions (as during the Younger Dryas), the NASH response is pronounced. This
may be because sea ice extent was already extensive before Heinrich event cooling initiated (El
bani Altuna et al., 2024).

3.4 Simulations of the North Atlantic Subtropical High and Proxy-Model Comparisons

To assess our proxy-inferred NASH reconstruction (ASD NASH, ¢ ..) and its causal
mechanisms, we examine a suite of isotope-enabled Community Earth System Model (iCESM)
experiments. Within these experiments we reproduce ASD NASH, ;¢ .. With simulated 6D, by
taking the standardized difference between simulated 6D, for the four grid cells surrounding
White Pond and Hall’s Cave, to define AOD NASH;qpgq. We distinguish the proxy reconstruction
(ASD NASH, ¢ wax) from its model analogue (ASD NASH,ggv) using subscripts. For each iCESM
experiment we take the difference between high (> 90th percentile) and low A6D NASH;cpsum
years (< 10th percentile), which demonstrate that the zonal 8D, gradient across SENA appears
closely coupled with the NASH (Figure 3).

In a simulation from 1979-2023 nudged to ERAS reanalysis (WisoMIP) (Bong et al., 2026) and
an un-nudged simulation of the last millennium (iLME, 850 to 2006) (Otto-Bliesner et al., 2016;
Stevenson et al., 2019), the zonal 6D, gradient increases as expected when the NASH expands
westward, in agreement with our contemporary 6D, analyses and 6D, proxy inferences (Figure
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3A, 3B). However, in a transient, deglacial simulation (iTRACE) with greenhouse gas, ice sheet
extent, ocean heat transport, and orbital forcings derived from proxy observations (He, 2021), the
simulated zonal 6D, gradient across SENA increases when the NASH weakens and contracts
eastward: an opposite relationship to our proxy records (Figure 3D). These findings indicate that
iICESM1 accurately simulates the relationship between the zonal 8D, gradient in SENA and the
NASH, but that the model struggles when forcings beyond those of the last millennium or
historical period are introduced. This modeling challenge is caused, in part, by the response of
the Intertropical Convergence Zone to the AMOC which is erroneously linked to meridional
moisture flux and corresponding 6D, at Hall’s Cave in iTRACE (Supplemental Information).

Despite these modeling challenges, iTRACE partly simulates the response of the NASH to a
weakening of the AMOC. Applying the same BHI defined from reanalysis (Section 2.2) to
iTRACE's simulated pressure fields, enables comparing the simulated NASH to ASD NASH, ¢
wax- 1he simulated NASH matches the millennial-scale variability in AOD NASH,.¢.x (Figure 4),
which propagates to simulated integrated vapor transport and 6D,. High BHI values between 18
ka and 14 ka demonstrates that the NASH intensified and expanded westward, which increased
simulated moisture flux at White Pond (Figure 4C, 4D). These coupled changes between
simulated meridional vapor transport at White Pond and BHI appear linked to simulated sea
surface temperatures in the North Atlantic (Figure 4E), and therefore the AMOC. Low North
Atlantic sea surface temperatures force an intensification and expansion of the NASH, indicated
by high BHI values, with downstream increases in meridional vapor transport at White Pond
(Figure 4C, 4D, 4E). Critically, however, iTRACE fails to simulate a gradual weakening of the
NASH, because BHI values for the Holocene (12 ka to 11 ka) are nearly identical to the
late-glacial (20 ka to 19 ka) (Figure 4D).

This failure carries a troubling implication when extended to future extreme rainfall projections.
Current projections indicate that the extreme rainfall is likely to become more common in SENA
(Easterling et al., 2017), with increases in SENA fall rainfall already linked to variability in the
NASH (Bishop et al., 2019). Yet, iTRACE reveals that models dramatically underestimate the
NASH response to greenhouse gas increases, and therefore the moisture flux that supplies
rainfall (Figure S5C, S5D, S5E). Since extreme rainfall scales with mean rainfall rates
(Pendergrass & Hartmann, 2014) and meridional moisture flux is a key ingredient for extreme
rainfall in SENA (Teale & Robinson, 2022), iTRACE is likely also underestimating past extreme
rainfall. When placed alongside current extreme rainfall projections, our results support two
conclusions. In the best case, ESMs may not produce confident projections of regional extreme
rainfall. In the worst case, extreme rainfall in SENA may exceed latest ESM projections because
these very models underestimate the NASH response in the past.

4. Conclusions
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Our results demonstrate that the zonal 6D, and 3D, gradient across SENA records changes in
moisture delivered by the NASH to the region. Using this regional gradient, we show that the
NASH weakened and contracted in response to gradual warming across the last deglaciation,
which likely drove gradual drying in SENA. However, the NASH intensified in response to a
weakening in Atlantic Ocean heat transport, increasing precipitation in SENA. A transient,
isotope-enabled climate model experiment (iTRACE) accurately simulates the responses of the
NASH to a weakening of ocean heat transport, but underestimates responses to gradual deglacial
warming. Because Northern Hemisphere subtropical highs are expected to strengthen into the
future (Li et al., 2012), leading to increases in projected rainfall extremes in SENA (Easterling et
al., 2017), the inability of iTRACE to accurately simulate the response of the NASH to
greenhouse-gas induced warming suggests that past and future simulations of extreme rainfall
are poorly constrained and possibly underestimated. Future rainfall hazards may be less certain,
and substantially larger, than currently projected.
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4.1 AdoD NASH, ;¢ wv.x Uncertainty Propagation

We reconstructed variability in the North Atlantic Subtropical High across the last deglaciation
using 8D,,,, measurements from White Pond, SC and Hall's Cave, TX and propagated temporal
and measurement uncertainties using a Monte Carlo approach. We first generated new Bayesian
age models for both sites using Bacon (Blaauw & Christen, 2011) and the chronological controls
reported in each publication (Krause et al., 2019; Sun et al., 2021). For White Pond, we used the
parameters in the original publication (Krause et al., 2019). These parameters were not recorded
for Hall’s Cave, so we use the default recommendations from Bacon. All Bacon parameters and
corresponding code are freely available for review (Fastovich et al., 2026). We then defined a
common temporal grid for interpolating 6D,,,,, spanning the overlapping age range of both
records with a time step equal to the median temporal resolution across both sites.

To generate an ensemble of interpolated 6D,,,, records, we first propagated measurement

Uwax
N <,uwaxv —>
uncertainty by randomly resampling 6D,,, from VN /, where N = 2, reflecting

duplicate measurements at both sites. At White Pond, Hwax and Owax were estimated from the
duplicate measurements directly. Individual Owax values were not reported for Hall's Cave, so
we assigned Owax = O based on measurement uncertainties described in the original publication
and assume that reported 6D,,,, values estimate Hwax (Sun et al., 2021). Each resampled 8D,
record was then interpolated to the common temporal grid using age estimates drawn randomly
from the posterior ensemble of the Bacon age models. Repeating this process 1,000 times
produced an ensemble of interpolated 6D,,,, records that incorporate both age and measurement
uncertainties. We standardized each ensemble member and subtracted the Hall's Cave ensemble
from the White Pond ensemble, yielding 1,000 estimates of ASD NASH,,¢ .y, from which we
report the median and 95% confidence interval.

4.2 Core-top 6D, Estimate at White Pond

We assessed the fidelity of our dD,,,, measurements at White Pond, SC to record 6D, with a
core-top sample. For this core-top sample, we also measured '°C,,, to correct for biosynthetic
fractionation. We applied a two-end-member Bayesian mixing model to correct for leaf wax
biosynthesis fractionation processes (Tierney et al., 2017), yielding an estimate of 3D,,. For C;,
alkanes, the reconstructed 6D, median estimate is -34.57%o (95% CI: -40.12, -28.28) while the
Online Isotopes in Precipitation Calculator (OIPC) (Bowen, 2025) estimates an annual value of
-28.43%o (p = 0.058, Figure S6). In contrast, C,; the 6D, reconstruction has a median estimate of
-37.36%o0 (95% CI: -42.73, -31.31). We perform all analyses on C;, leaf waxes because the
core-top 0D, estimate more closely matches OIPC (Figure S6).
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4.3 Reconciling the inverse 6D, gradient-North Atlantic Subtropical High relationship in
iTRACE

Unlike evidence from our proxy records, WisoMIP, and iLME, which demonstrate that an
intensification and expansion of the North Atlantic Subtropical High increases the zonal
0D,/6D,,,, gradient in southeastern North America (Figure 4), the simulated D, gradient in
1TRACE (Figure 3) has an antiphase relationship to the North Atlantic Subtropical High. That is,
an increase in the simulated zonal 6D, gradient in southeastern North America occurs when the
North Atlantic Subtropical High has weakened and contracted (Figure 4C, S9). Composites
comparing intervals of high (> 90th percentile) and low (< 10th percentile) ASD NASH,cggy in
1TRACE reinforce that the 6D, gradient in southeastern North America is still tied to a
large-scale atmospheric reorganization centered on the North Atlantic (Figure 4C, S9). However,
periods with a high zonal 6D, gradient in southeastern North America represent time intervals
with a northward shift in the Intertropical Convergence Zone (e.g. Bolling-Allered and
Holocene) in response to a resumption of the Atlantic Meridional Overturning Circulation and a
subsequent increase in North Atlantic temperature (Figure S7, S8). As the Intertropical
Convergence Zone shifts northward following anomalously high temperatures in the North
Atlantic (Figure S7, S8), positive precipitation anomalies in the subtropics decrease dDp through
the 'amount effect' (Figure S8)(Hu et al., 2018). A northward shift in the Intertropical
Convergence Zone also produces easterly integrated vapor transport anomalies in the tropics.
These anomalies transmit the negative 8D, signal to Hall's Cave, increasing the zonal 6Dp
gradient in southeastern North America (Figure 4D, S8). Since the Bolling-Allered and Holocene
represent increases in northern subtropical Atlantic temperatures (Figure S7), the North Atlantic
Subtropical High weakens, likely from enhanced atmospheric column thickness over the
northern subtropical Atlantic relative to subpolar North Atlantic (Figure S8). Hence, the
erroneous connection between the Intertropical Convergence Zone and Hall's Cave forces an
increase in the zonal 8D, gradient in southeastern North America despite a weakening and
contraction of the North Atlantic Subtropical High (Figure S9, S11).

Figures


https://www.zotero.org/google-docs/?Q7gDnP

ERA5 Meridional IVT

(kg m~1s71)
-100 -90 -80 -70 -60 =50 -40 0 10 20 30 40 50 60

60 T TEERIRT60 500
® Hall's Cave :
H =7 O [ -]
50 B White Pnd ;/,/4_ >

B s

401

Meridional

301
IVT
20 L) A
-180-160—140—120-100 —80 —60 —40 —20 —90 —-80 -70 —-60 —-50 —40 -30 -20
OIPC 6D, (%o VSMOW) OIPC 6D, (%0 VSMOW)
-100 —-90 -80 -70 —-60 -50 —40 -100 -90 -80 -70 —-60 -50 —40
60 | e B} X < c 60 60 7 1 X ~—e D 60

o HaII's'Cave
B White Pond

® Hall'sCave

501 B White Pond 50 50 1

401, 40 401.... 40
301 : 30 301 30
4
20 T N 20 201 = 20
-100 -90 -80 -70 —60 -50 —40 —~100 -90 -80 -70 -60 -50 -—40

-12 -9 -6 -3 0 3 6 9 12 -12 -9 -6 -3 0 3 6 9 12
ERA5 Meridional IVT Anomaly (%) ERA5 Meridional IVT Anomaly (%)
(BHI = 10th percentile - Climatology) (BHI = 90th percentile - Climatology)

Figure 1. The relationship between meridional moisture transport, 6D, and the North
Atlantic Subtropical High in southeastern North America, and the contrasting signals
recorded by Hall’s Cave and White Pond during shifts in North Atlantic Subtropical High
spatial extent. (A) The contemporary climatology of 6D, in SENA, where the filled contours
correspond to 8D, and the black contours correspond to meridional integrated vapor transport
from ERAS with the 0 contour omitted. The black vertical line shows the transect presented in B.
(B) A latitudinal transect at 88.5°W of integrated vapor transport (black line) and 3D, (blue line)
between 30°and 50°N. 3D, values are from the Online Isotopes in Precipitation Calculator
(Bowen, 2025). (C) Map of meridional integrated vapor transport anomalies (filled contours) for
an eastward contraction (BHI < 10th percentile) of the North Atlantic Subtropical High relative
to the 1940 to 2024 average. The black contour corresponds to the climatological position of the
1019 hPa isobar, while the gray contour corresponds to the 1019 hPa isobar under an eastward
contraction of the North Atlantic Subtropical High. D) As in C but for an westward expansion
with the pink contour corresponding to the 1019 hPa isobar under an westward expansion of the
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North Atlantic Subtropical High (BHI > 90th percentile) of the North Atlantic Subtropical High.
Black dashed boxes in (C) and (D) correspond to the regions used to calculate BHI. In all
mapped panels, the circle indicates Hall’s Cave and the square indicates White Pond; these sites

record contrasting signals during shifts in North Atlantic Subtropical High intensity and spatial
extent.
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Figure 2. North
Atlantic
Subtropical High
evolution during
the last
deglaciation. (A)
Median White Pond
0D, (green line,
green shading
represents the 95%
CI) from a
resampling approach
that propagates
measurement and
temporal uncertainty
compared benthic
foraminifera §'°0, a
proxy for global ice
volume (purple line,
purple shading
represents 1-o
measurement and
temporal
uncertainty) (Y.
Zhou et al., 2026).
(B) As in (A), but for
Hall’s Cave 8D,
plus reconstructed
north Atlantic sea
surface temperatures
from MD95 2042
(Davtian & Bard,

2023) (shading representing the 95% CI). (C) Median ASD NASH, ., values calculated as the
standardized difference in 6D,,,, between White Pond and Hall’s Cave (black line, gray shading
represents the 95% CI), with temporal and measurement uncertainty propagated. (D)
Reconstructed AMOC variability based on Pa/Th ratios in sediment cores from Bermuda Rise
(McManus et al., 2004), with larger values representing a weaker AMOC (dark and light shading
represent the 1-0 and 2-6 measurement uncertainty, respectively). A map of all site is present in
the Supplemental Information (Figure S10).
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Figure 3. Isotopic fingerprint of the North Atlantic Subtropical High. Composites of mean
sea level pressure (contours), integrated vapor transport (vectors), and 8D, (filled contours) from
three iCESM experiments for high (> 90th percentile) - low (< 10th percentile) ASD NASH;cggum
years (Bong et al., 2026; He, 2021; Otto-Bliesner et al., 2016; Stevenson et al., 2019). AoD
NASH,cggum 1s defined identically to AOD NASH, ¢ wa: the standardized difference between the
four grid cells bounding White Pond and Hall's Cave simulated 6D, (dashed boxes around each
site). For each experiment, the integrated vapor transport vectors and 6D, filled contours show
the anomaly between high-ASD NASH;cggy and low-AdD NASH; gy years. In contrast, the pink
contour shows mean sea level pressure during high-AdD NASH;ggy years, while the gray
contour shows mean sea level pressure during low-AdD NASH;q:sy years, so the two contours
together reveal how the simulated North Atlantic Subtropical High shifts in spatial extent and
intensity. Note, given the different underlying boundary conditions we present the 1020 hPa
contour in (A) and (B), but the 1030 hPa contour in (C).
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Figure 4. iITRACE
deglacial hydroclimate
dynamics. (A) Median
ASD NASH, ,¢.x Values
calculated as the
standardized difference in
0D, between White Pond
and Hall’s Cave (black line,
gray shading represents the
95% CI), with temporal and
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propagated. (B) ASD
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simulated 6D, for the four
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Pond and Hall’s Cave from
iTRACE. (C) Simulated
meridional integrated vapor
transport at White Pond
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Figure S1. (A) A comparison of North Atlantic Subtropical High reconstructions using Cs,
(pink) and C,; (blue) chain length alkanes from White Pond and C,, alkanes from Hall’s Cave.
(B) A crossplot of paired North Atlantic Subtropical High reconstructions from (A). Note the
high similarity between reconstructions and high correlation. This suggests that our North
Atlantic Subtropical High reconstruction is not sensitive to our analytical decision to focus on
C;, alkanes at White Pond.
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Figure S2. (A) The 1940 to
2024 climatology of meridional
integrated vapor transport in
southeastern North America and
the 1019 hPa isobar (black
contour) from ERAS . (B) The
Pearson correlation between
meridional integrated vapor
transport into southeastern
North America (black dashed
box) and mean sea level
pressure. Regions with
significant correlations are
denoted with hashing.
Significant correlations over the
Atlantic suggest that the
geostrophic balance between the
North Atlantic Subtropical High
and low pressure over eastern
North America drive meridional
moisture flux into southeastern
North America.
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Figure S3. Seasonal and annual climatology of D, from the tropospheric emission
spectrometer. Estimates are pressure-weighted and averaged between 825 and 450 hPa. The
square and circle points correspond to White Pond and Hall’s Cave, respectively. Post-processed
data is from (Fastovich et al., 2024).
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Figure S4. (A, B) The
filled contours
correspond to the
Pearson correlation
between indices that
replicate AOD NASH,
but with meteorological
fields from ERAS. (A)
The standardized
difference between
meridional integrated
vapor transport at White
Pond and Hall’s Cave is
compared to mean sea
level pressure. Regions
with significant
correlations are denoted
with hashing. Significant
correlations over the
Gulf of Mexico suggest
that westward
expansions in the North
Atlantic Subtropical
High are correlated with
the difference in
meridional integrated
vapor transport between
our two sites. (B) The
standardized difference
between average
precipitation rate at
White Pond and Hall’s

Cave is compared to mean sea level pressure. Regions with significant correlations are denoted
with hashing. Significant correlations over the Atlantic suggest that the intensity of the North
Atlantic Subtropical High is correlated with the difference in average precipitation rate between

our two sites.
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Figure S5. Measured dD,,,, from (A) White Pond and (G) Hall’s Cave with temporal and
measurement uncertainty propagated through a resampling approach compared to simulated,
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Figure S6. The posterior distribution of predicted 6D, for core top sediment from White Pond
where predictions are from a two-end member Bayesian mixing model (Tierney et al., 2017). 8D,
was reconstructed for C;, and C,, leaf waxes, with C;, showing a closer agreement to
observations from the Online Isotopes in Precipitation Calculator. The colored dashed lines
correspond to the 95% confidence interval for reconstructed 8D,,. The second dashed line near
-28%o for C;; is near the black dashed line. The black dashed line corresponds to D, for the
closet grid cell to White Pond from the Online Isotopes in Precipitation Calculator (Bowen,
2025).
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Figure S7. Millennial averages of surface temperature and mean sea level pressure relative to a
Last Glacial Maximum baseline (20 to 19 ka). The square and circle points correspond to White
Pond and Hall’s Cave, respectively.
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Figure S8. Anomaly fields of simulated (A, C) precipitation rate (filled contours), (B, D) 6D,
(A-D) integrated vapor transport, and (A-D) mean sea level pressure diagnosing the causes of the
inverse southeastern North American 6D, gradient-North Atlantic Subtropical High relationship
in iTRACE. (A, B) The Heinrich event 1 (temporal average from 17 ka to 15 ka) is subtracted
from the Bolling-Allerad (temporal average from 14 ka to 13 ka). Large positive precipitation
anomalies in the subtropical and tropical Atlantic from a northward shift in the Intertropical
Convergence Zone correspond with decreases in 8D, from the ‘amount effect’. Low subtropical
and tropical Atlantic 6D, is transmitted to Hall’s Cave through easterly anomalies in integrated
vapor transport despite decreases in mean sea level pressure. (C, D) The Younger Dryas
(temporal average from 12.9 ka to 11.7 ka) is subtracted from the Holocene (temporal average
from 11.7 ka to 11 ka, when the iTRACE experiment ends). The spatial patterns in (C, D) mirror
(A, B).
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Figure S9. (B, D, F) As in Figure 4, but with the corresponding simulated North Atlantic ASD
NASH,cggum time series (A, C, E). The pink points correspond to time periods when AdD
NASH;cpsm > 90th percentile. The gray points correspond to time periods when ASD NASH;cggu-
The anomaly fields in B, D, and F represent the difference in the average of the pink and gray
points from A, C, and E and are identical to Figure 3.
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Figure S10. A map of all sites used for analyses in Figures 2 and 4.
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Figure S11. (B, D, F) As in Figure S9 but for simulated precipitation rate anomalies.



