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1. Supplementary Methods 8 
 9 
1.1 Site location 10 
Hall’s Cave is a small, open limestone cave located on the Edwards Plateau in central Texas 11 
(30.13°N, 99.53°W, 695 m, Supplementary Fig. 1). The cave consists of a single chamber (30 x 12 
55m) formed in the Segovia Member of the Lower Cretaceous Edwards limestone and contains 13 
3.7 meters of well-stratified, fossiliferous sediments 1. The cave sediments are comprised of 14 
clays, fine-grained sands and limestone clasts either washed into the cave from the entrance 15 
during large storm events or broken from cave walls. Organic matter in the cave is likely 16 
comprised of a combination of terrigenous organic matter washed into the cave, bat guano and 17 
owl pellets. The complete stratigraphy has previously been described in detail by Toomey 1 and 18 
updated recently by Cordova and Johnson 2. The sediments contained in the cave have been used 19 
to understand the regional changes in vegetation, faunal assemblage, and soil erosion of the past 20 
20,000 years e.g. 1-6. 21 
 22 
1.2 Sampling 23 
Previous sampling of the sediment record from Hall’s Cave was conducted by Toomey 1 via a 24 
series of sediment pits. To obtain high-resolution, continuous sediment records for this study, we 25 
collected additional samples by coring approximately 10 cm from the northwest edge of 26 
Toomey’s Pit 1 d/e In January 2012. Cores were taken in overlapping adjacent 20-25 cm 27 
segments because of the presence of limestone clasts that made penetration difficult. By taking 28 
short overlapping core sections, we were able to collect a continuous sediment record, despite the 29 
presence of limestone cobbles at some depths. During our first visit, large limestone clasts 30 
limited penetration to a depth of ~1 meter, so a second core, reaching a depth of ~3 meters, was 31 
collected during a subsequent trip in June 2012, approximately 10 cm away from the first coring 32 
location. To correlate between our sediment record, the record of Toomey 1, and the radiocarbon 33 
chronology of Cooke et al. 4, we traced distinct lithological changes in our sediment record to 34 
markers left in the side of the excavation pit by Cooke. Depth correlations were confirmed with a 35 
plumb line extended from a datum left by Toomey 1.   36 
 37 
1.3 Age model and uncertainty propagation 38 
Chronological control for the cave sediment record from Hall’s Cave is based on 37 previously 39 
published AMS 14C measurements made primarily on collagen extracted from fossil bones 40 
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preserved in the cave sediments (Supplementary Table 1). Age-depth modeling was performed 41 
using the Bayesian age-depth modeling program BACON 7 and the IntCal13 radiocarbon 42 
calibration curve 8. BACON models the age-depth relationship assuming a gamma probability 43 
distribution for accumulation rates and using the true (non-normal) calibrated 14C age 44 
distributions. The final product is a population of geologically realistic age-depth models, which 45 
reflects the uncertainties in the analytical radiocarbon age measurements as well as in the 46 
calibrated ages (Supplementary Fig. 2).   47 
 48 
1.4 Carbon isotope analysis of bulk organic matter (d13COM) 49 
Samples were taken continuously at 1 cm intervals (equivalent to ~59±49 years) over the entire 50 
record. Sediment samples were freeze-dried and homogenized with a mortar and pestle. 2-20 mg 51 
of sediment was then weighed into silver capsules and acidified with sulfurous acid to remove 52 
inorganic carbon 9. Prior to analysis, samples were dried at 70°C for 48 hours.  Carbon isotope 53 
analysis of bulk organic matter was performed by combustion in an elemental analyzer (Costech 54 
Instruments Elemental Combustion System 4010) coupled to an isotope ratio mass spectrometer 55 
(Thermo Scientific Delta V Plus). The analytical precision of these analyses was 0.24‰ based on 56 
repeated measurements of an in-house standard. 57 
 58 
1.5 Lipid extraction 59 
20-50 g of sediment was freeze-dried, ground and homogenized with a mortar and pestle, and 60 
extracted via microwave solvent extraction (CEM MARS) with dichloromethane : methanol 61 
(v/v: 9:1). Extracts were filtered and dried over sodium sulfate and then separated into neutral 62 
and polar fractions over deactivated silica gel using hexane and dichloromethane : methanol (v/v: 63 
9:1). The neutral fraction was additionally separated into adduct and non-adduct fractions by 64 
urea adduction in order to isolate the straight-chain compounds for further analysis. 65 
 66 
1.6 Hydrogen isotope analysis of leaf waxes (dDwax) 67 
Hydrogen isotope analysis of individual n-alkanes was performed using a TRACE gas 68 
chromatograph operated in splitless mode and equipped with a DB-5ms column 69 
(30m/0.25µm/0.25mm; length/film thickness/inner diameter), coupled to a Delta V isotope ratio 70 
mass spectrometer via a pyrolysis interface operated at 1430°C. H3+ factors were determined 71 
daily, and external isotope standards (either the B2 n-alkane or F8 FAME mix, Indiana University 72 
Biogeochemical Laboratories) were measured between every 5 samples.  The external standards 73 
had a precision of < ±5‰. Co-injection of propane during the analysis of the external standards 74 
allowed us to determine the isotope value of our propane reference tank and allowed us to use 75 
the propane as an internal standard within each unknown sample analysis. Between three and 76 
five propane injections were performed during each sample run. Within each run, the propane 77 
peaks had a precision of < ±5‰.  Most samples were run in either duplicate or triplicate, and the 78 
standard deviations based on replicate analysis of the same samples were < ±5‰. Here we report 79 
data from the C27 n-alkane, which was the most abundant compound in most of the samples and 80 
had the best chromatographic separation from interfering peaks.  81 
 82 
It has been shown previously that there is a significant negative hydrogen isotope fractionation 83 
during leaf wax synthesis, and that this fractionation is slightly different for C3 and C4 plants 10. 84 
Because the d13C record from Hall’s Cave indicates that there were substantial changes in the 85 
proportion of C3 and C4 plants, particularly during the mid- to late-Holocene, dDwax record needs 86 
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to be corrected for the influence of plant-specific hydrogen isotope fractionation. Therefore, 87 
following other workers 11, we used changes in C3/C4 plant abundances estimated from d13CTOC 88 
to make this correction. We assumed that d13CTOC reflects a linear mixing between C3 and C4 89 
plants with endmember d13C values of -27‰ and -9‰, respectively (see Supplementary Text 90 
S2). We then used reported values for the apparent hydrogen isotope fractionation (e) in C4 91 
grasses (-134±15‰) and C3 trees and shrubs (-113±5‰) 10 to compute the hydrogen isotope 92 
composition of source water (dDsw). 93 

𝛿Dsw = #$%&'()*+++
, -
.///0)*

1 − 1000  94 

Another significant influence on the hydrogen isotope composition of precipitation on millennial 95 
timescales is associated with changes in source water composition resulting from changes in 96 
global ice volume. In this study, we adjusted for the influence of these changes on our record by 97 
assuming a 1‰ increase in the d18O of the global ocean during the Last Glacial Maximum and 98 
generate a millennial resolution time series of changes in d18Oocean using the LR04 benthic 99 
oxygen isotope stack 12.  We converted the changes in d18O to a change in the dD of the glacial 100 
ocean, assuming that the deuterium excess of the ocean was zero 11,13, and subtracted the dDocean 101 
values from the from measured dDwax to produce an adjusted dDwax curve. 102 
 103 
1.7 In-situ XRF analysis of major and trace element concentrations 104 
A record of %Ti abundance was generated by energy-dispersive x-ray fluorescence (ED-XRF) 105 
using a Niton FXL 950 portable XRF analyzer equipped with an Ag x-ray tube. Prior to analysis, 106 
the sediment core was subsampled, samples were dried at 50°C, sieved to remove the >0.5 mm 107 
fraction and homogenized with an agate mortar and pestle. Sieving was necessary to remove the 108 
largest lithic fragments derived from within the cave as well as bone fragments and to focus on 109 
the fine fraction washed into the cave during storm events. After homogenization, all samples 110 
were hand-pressed to a uniform density prior to analysis. Each sample was analyzed for 60 111 
seconds in triplicate. Major element concentrations were corrected using a set of three sediment 112 
reference materials (SRM-2702, sdAR-M2, SRM-2709a) 14. The standard deviation on seven 113 
replicate analysis of the reference materials was <3% for the major elements including Ti.   114 
 115 
1.8 Climate model experiments  116 
To investigate the climate dynamics driving the observed changes in climate, we compared our 117 
proxy reconstruction to the model output of the Transient Climate Simulations of the Last 21,000 118 
Years experiment (TraCE-21ka) 15,16, performed with the fully coupled Community Climate 119 
System Model version 3 (CCSM3) at the National Center for Atmospheric Research (NCAR) 120 
available through the Climate Data Gateway at NCAR (https://www.earthsystemgrid.org/). 121 
TraCE-21ka was simulated with prescribed transient forcings including orbitally forced 122 
insolation changes, concentrations of greenhouse gases, continental ice sheets (ICE-5G) 17 and 123 
meltwater fluxes, allowing the TraCE-21ka simulation to realistically replicate many key climate 124 
events during the last deglaciation and the Holocene e.g., 11,15,18,19. Recently, it has also been 125 
utilized to understand the dynamical causes of hydroclimate changes across North America and 126 
the adjacent ocean basins 20-24. These studies show that the TraCE-21ka experiment agrees with 127 
key features represented in other general circulation models and is comparable with proxy data.  128 
 129 
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In order to quantify the changes in large-scale atmospheric circulation driving variabilities of 130 
MCS storms in the central US, we define a low-level jet index, calculated as the average 131 
meridional wind at 850 hPa in a box consisting of six grid cells within 95-103˚W, 22-34˚N 132 
(Supplementary Fig. 6a). The location of this box is chosen based on the maximum southerly 133 
flow in TraCE-21ka (Supplementary Fig. 6a), and it is similar to the LLJ indices defined in 134 
previous studies e.g., 25,26. Therefore, the selected box is representative of the LLJ strength and is 135 
able to catch its variabilities. Furthermore, this box covers an area mostly upstream of Hall’s 136 
Cave, which means that our site should be sensitive to the dynamical changes of the southerly 137 
flow defined in this box. We recognize that the LLJ is a meteorological term describing discrete 138 
synoptic events, whereas changes in the mean state values, such as the LLJ index utilized in this 139 
study, may indicate either changes in the intensity or frequency of the synoptic events 27. 140 
However, we think that using the LLJ index is adequate to describe climate change on longer 141 
time scales (i.e., millennial scale) discussed in this study. We also consider the thermodynamic 142 
effect of changing atmospheric moisture transport driven by temperature change. However, the 143 
changes in meridional moisture transport, calculated as specific humidity Q (same box as for the 144 
LLJ index) multiplied by the LLJ index, is highly similar to the evolution of the LLJ index 145 
(Supplementary Fig. 7g-h). This analysis indicates that the dynamic effect of the LLJ exerts the 146 
primary control on the southerly moisture transport, with thermodynamic effect playing a 147 
secondary role. Another important ingredient for the MCS development is the mid-latitude 148 
baroclinicity 28,29. We examine changes in the mid-latitude baroclinicity using the zonal flow at 149 
500 hPa within a longitudinal band between 95˚W and 103˚W.  150 
 151 
To assess the impacts of external forcing mechanisms on the model response during the 152 
deglaciation, we used a set of two single-forcing experiments of TraCE-21ka (i.e., freshwater 153 
flux-only and ice sheet-only single forcing) in addition to the full-TraCE available through the 154 
Climate Data Gateway at NCAR (https://www.earthsystemgrid.org/). In the freshwater single-155 
forcing simulation, only changes in the freshwater fluxes into oceans were prescribed to evolve, 156 
while the continental ice sheet configuration, orbital parameter, and greenhouse gas 157 
concentrations remained at their values at the LGM state. Similarly, in the ice sheet-only 158 
simulation, only the continental ice sheet configuration was prescribed to change based on a 159 
modified ice sheet reconstruction from ICE-5G 16,17.  160 
 161 
We calculated the mean values for the Last Glacial Maximum (LGM; 21-19 kyr BP), the Mid-162 
Holocene (MH; 6.5-5.5 kyr BP), and Pre-Industrial (PI; 0.5-0 kyr BP) as reference points. For 163 
analysis of spatial anomalies associated with the deglacial climate response following the ice 164 
sheet “saddle collapse”, we used the time window (11-13 kyr BP) when the simulated LLJ is at 165 
its peak intensity.  166 
 167 
We also analyzed 13 Mid-Holocene (6 ka) and pre-Industrial (0 ka) simulations available 168 
through the Paleoclimate Modeling Intercomparison Project (PMIP3; 30) to compare to the 169 
climate response during the mid-Holocene simulated in TraCE-21ka. These simulations include 170 
MRI-CGCM3, MPI-ESM-P, MIROC-ESM, IPSL-CM5A-LR, HadGEM2-ES, HadGEM2-CC, 171 
GISS-E2-R, FGOALS-s2, FGOALS-g2, CSIRO-Mk3-6-0, CNRM-CM5, CCSM4, bcc-csm1-1. 172 
They shared a common PMIP3 protocol, with the prescription of relevant orbital parameters and 173 
trace gases 30. They used interactive carbon cycles, and the vegetation and land surface were 174 
either computed using a dynamical vegetation module or prescribed as in pre-Industrial.   175 
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2. Supplementary Text 176 
 177 
2.1 Regional climate setting of the southern Great Plains 178 
The southern Great Plains is a broad region with low topography, bounded by the Southern 179 
Rockies in the west, and the Gulf of Mexico in the southeast. Mean annual air temperature 180 
ranges from 11˚C in northern Kansas to 24˚C in southern Texas. Mean annual precipitation 181 
exhibits a strong zonal gradient, ranging from approx. 1600 mm in the east to 300 mm in the 182 
west (Supplementary Fig. 1a). The majority of precipitation occurs during the warm season 183 
(March to October; Supplementary Fig. 1b). In these months, geostrophic southerly winds, in 184 
conjunction with the development of the Great Plains Low-Level Jet (LLJ), develop and 185 
transport moisture inland along the zonal pressure gradient created by the low-pressure system 186 
over the southern Rockies and the high-pressure system over the North Atlantic 25,31. The 187 
interaction between the LLJ and midlatitude baroclinic waves creates instability, producing 188 
mesoscale convective systems (MCSs), a type of large organized convective storms producing 189 
intense rainfall and thunderstorms 32,33. The MCSs in the Great Plains are among the world’s 190 
most intense, and they are responsible for nearly 70% of the warm-season rainfall in the southern 191 
Great Plains 28,34. In particular, spring has the most favorable large-scale conditions for MCS 192 
generation, including a low-level convergence, upper-level divergence, and a strong LLJ 28. 193 
Hence, MCS occurs most frequently during the spring, which also makes spring the wettest 194 
season of a year (Supplementary Fig. 1c). Though the LLJ also develops in summer, MCS and 195 
precipitation rarely occur because of the combined effect of persistent mid-tropospheric 196 
subsidence and northward retreat of the jet stream 28,35. Winter in the southern Great Plains is 197 
relatively dry because the LLJ is replaced by the moisture-depleted northwesterlies as the 198 
dominant surface flow, and infrequent and mild winter storms are generated in association with 199 
large-scale cold fronts 36. On interannual to decadal timescales, precipitation increases during El 200 
Niño years in the southern Great Plains due to a southward shift of the jet stream favoring MCS 201 
development, and it is the opposite during La Niña years 37-39. Wetter conditions are also 202 
associated with the warm phase of the Pacific Decadal Oscillation (PDO) and the cold phase of 203 
the Atlantic Multidecadal Oscillation (AMO) 40-43. These lower frequency variability modes act 204 
to modulate the climate response to ENSO, which strengthen (weaken) the response to ENSO 205 
when in (out-of-) phase. Over the past four decades, an increase of precipitation has been 206 
observed in the central United States, and it is linked to an increase in the magnitude and 207 
frequency of MCSs driven by a strengthened LLJ in response to the surface warming in the 208 
southern Rockies 31. 209 

 210 
The vegetation across the southern Great Plains reflects the strong temperature and precipitation 211 
gradients across the region (Supplementary Fig. 1d) 44-47. In the sub-humid eastern part of the 212 
southern Great Plains, vegetation is dominated by evergreen forests, which transition westward 213 
into dry forests, shrublands and then grasslands, following the zonal precipitation gradient. The 214 
grassland in the southern Great Plains is dominated by C4 grasses, which have higher tolerance 215 
towards heat and drought than plants using C3 photosynthesis (i.e., trees, shrubs, and some 216 
grasses) 46,48. The vegetation surrounding Hall’s Cave has been characterized by oak savanna and 217 
is composed mostly of a mixture of both C4 grasses and evergreen C3 shrubs and trees dominated 218 
by oak and juniper 44.  219 
 220 
 221 
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2.2 Interpretation of stable isotope records 222 
a) Carbon isotopes in bulk organic matter as a proxy for vegetation 223 
In this study, we interpret changes in the carbon isotopic composition of total organic carbon 224 
(d13CTOC) as reflecting changes in the relative proportions of C3 and C4 plants, following Wicks 225 
et al. 5. Although other factors such as water stress 49, temperature, d13CCO2 50, atmospheric pCO2 226 
51, irradiance 52,53 may also affect the fractionation of carbon isotope in plants, their impacts are 227 
relatively small compared to vegetation changes. The mean values for C3 (-27‰) and C4 (-13‰) 228 
plants are commonly used as endmembers to estimate the relative proportions of C3 and C4 229 
plants, assuming a linear mixture model 54,55. However, our d13C record shows values outside of -230 
13‰ in the glacial period and early Holocene part of the record, so we use -9‰, a value at the 231 
higher end of the observed d13C for C4 plants as an endmember for C4 plant 54, instead. Recent 232 
studies show that the ~100 ppm difference in pCO2 between Holocene and the LGM can cause 233 
up to ~2‰ of the changes in the carbon isotopic fractionation of C3 plants 56-58. In contrast, C4 234 
plants are less sensitive to changes in atmospheric pCO2 because C4 photosynthesis has the pre-235 
concentrating mechanism to maintain pCO2 in the vicinity of RuBisCO 51. Following the 236 
adjustment method described in Schubert and Jahren 51 and Breecker 57, we adjusted the 237 
endmembers for the varying pCO2 59 and d13CCO2 60 of the last 20 kyr. However, in the southern 238 
Great Plains, where C3 plants only comprise less than 10% of the vegetation during the glacial 239 
period, such adjustment results in very little difference compared to the unadjusted raw d13C 240 
record (not shown). Therefore, in this study, we report the unadjusted d13COM record as a proxy 241 
for vegetation, with -27‰ and -9‰ as endmembers for C3 and C4 photosynthesis, respectively. 242 
 243 
Based on these assumptions, the regional map of C4 plant fraction can be converted to a map of 244 
the carbon isotopic composition of terrestrial plants (Supplementary Fig. 1d). The map shows 245 
lower d13C values in the evergreen and deciduous forests in the east and higher values in the 246 
grassland of western Texas and Northern Mexico. This represents a zonal gradient of ~0.7‰ per 247 
100 km change at 30˚N. Our d13COM record suggests that vegetation changes associated with the 248 
climate shifts of the past 20 kyr were large (Fig. 1 in the main text). Assuming that the changes 249 
in d13C were due solely to vegetation, the high d13C values during the early part of the record 250 
reflects a grassland savanna with little appreciable woody plant biomass. Early Holocene drying 251 
was likely similar, with d13C values (10-12‰) close to the C4 endmember. More depleted d13COM 252 
values during the deglacial (15-11 kyr BP) and the late Holocene (< 6 kyr BP) ( Dd13C = 8-12‰) 253 
indicate woody plant expansions of 40 to 70%. This is equivalent to a shift in the modern zonal 254 
vegetation gradient across Texas of ~500 to 875 km over which modern-day rainfall changes by 255 
390 to 670 mm/yr.  Millennial-scale shifts between wet and dry conditions superimposed on 256 
these long term trends are associated with plant compositional changes of as much as 15 to 20% 257 
occurring over as little as a few hundred years. 258 
 259 
One caveat using bulk soil d13C values is that they are also potentially complicated by diagenesis 260 
and microbial activity, particularly in water-saturated cave environments. Compound specific 261 
d13C analysis of sedimentary leaf waxes offers a potentially more robust method for 262 
reconstructing changes in the d13C values of terrestrial vegetation in environments like Hall’s 263 
Cave, but given the large sample volumes needed to obtain reliable dDwax measurements, in most 264 
cases there was insufficient material remaining for d13Cwax analysis as well. In a subset of 265 
samples in which both d13CTOC and d13Cwax were measured, we found that the changes in d13C 266 
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recorded in the bulk organic matter were comparable to those in the leaf waxes albeit offset by ~ 267 
8-10‰, as expected from reported values for the apparent carbon isotope fractionation between 268 
leaf waxes and bulk organic matter respectively 61,62. 269 
 270 
b) dDwax as a proxy for dDprecipitation 271 
We use the hydrogen isotopic composition of sedimentary leaf waxes C27 n-alkane (dDwax) 272 
corrected for the effects of vegetation and ice-volume as a proxy for past variations in dD of 273 
precipitation (dDprecipitation). These long-chain n-alkanes comprise the epicuticular wax layer 274 
covering the leaves of terrestrial plants and can be preserved in sediments over millions of years 275 
63. The hydrogen contained in leaf wax compounds is derived from leaf water, which primarily 276 
originates from precipitation water 10. Numerous studies have demonstrated strong correlations 277 
between dDwax and dDprec across a variety of climate zones and vegetation types e.g., 10,64,65 and 278 
therefore, dDwax can be and used as a recorder of past isotopic variations in precipitation e.g., 279 
11,19,66,67.  280 
 281 
As with most hydroclimate proxies, we expect that dDwax may have a seasonal bias. Leaf waxes 282 
are rapidly synthesized during the leaf flush season 63,68, and according to lab-controlled and 283 
field-based experiments, dDwax remains largely unchanged throughout the rest of the growing 284 
season after leaf maturation 68-72. In the southern Great Plains, satellite-based Leaf Area Index 285 
(LAI) indicates that vegetations biomass increases dramatically between March and May, and 286 
remains relatively stable until September when the vast majority of leaves start to fall 73. While 287 
the LAI is dominated by the life cycles of the deciduous trees occupying the area, the C4 grasses 288 
of this region also exhibit rapid growth in spring 5. Therefore, it is likely that the dDwax retrieved 289 
from Hall’s Cave sediments primarily reflect the isotopic composition of precipitation during the 290 
spring. However, some studies have also reported that dDwax could change throughout the 291 
growing season, as a result of continued biosynthesis of leaf wax on mature leaves to replace 292 
wax loss from ablation 74-76. As such, dDprecipitation of summer and fall may also affect the growing 293 
season-integrated dDwax values to some degree. Nevertheless, since spring is the wettest season 294 
of a year, the variability of spring dDprecipitation would impose the largest weight on the integrated 295 
dD values.  296 
 297 
c) Stable isotope variations in modern precipitation as a proxy for MCS activity 298 
In our previous event-based rainwater stable isotope campaign based in Austin, TX 77, we found 299 
that rain type (i.e., stratiform or convective precipitation) has the strongest control on the isotopic 300 
composition of precipitation, amongst the various environmental parameters we assessed, 301 
including temperature, rainfall amount, relative humidity, moisture source and rain types 302 
(Supplementary Fig. 3a). This is consistent with previous studies showing a negative (positive) 303 
correlation between stratiform (convective) fraction and isotopic values 78-82. It is hypothesized 304 
that convective condensate is fed by uplifted boundary layer moisture, which has relatively 305 
positive isotopic values, whereas stratiform precipitation gains moisture via vapor deposition 306 
above the freezing level where water vapor is depleted in heavy isotopes 81-84. The MCS storms 307 
that prevail in the southern Great Plains consist of both convective and stratiform components. 308 
They typically have convective cells constantly forming in the frontal edge, with abundant 309 
moisture uplifted from the boundary layer that is replenished by the LLJ. Stratiform precipitation 310 
is made of decaying previously active convective cells, and they form a large region trailing 311 
behind the convective rain. Numerous studies have shown that the spatial size and rainfall 312 
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amount of an MCS is primarily determined by the development and expansion of the stratiform 313 
region 81,85-88. As such, larger MCSs tend to have a higher proportion of rainfall that is stratiform, 314 
which is manifested as more strongly depleted d18O and dD values in larger MCSs. Furthermore, 315 
the outgoing longwave radiation (OLR) and the isotopic composition of precipitation in this 316 
region shows a significant positive correlation over a large area that is typically affected by 317 
MCSs in the southern Great Plains (Supplementary Fig 3b) 77. Lower OLR indicates higher 318 
cloud top and stronger convection in this region, which corroborates that stronger MCSs are 319 
associated with more negative isotopic values.  320 
 321 
 322 
2.3 Synthesis of deglacial records 323 
To better understand spatiotemporal variation in North American hydroclimate, we synthesized 324 
available published records from the literature (Supplementary Fig. 5). The synthesis is 325 
comprised of records based on a wide variety of proxies, including stable isotopes, pollens, and 326 
changes in geochemistry. All reported uncalibrated radiocarbon ages were calibrated using 327 
BACON 7 and the IntCal13 radiocarbon calibration curve 8. The majority of the available records 328 
in the region are palynological reconstructions of vegetation, especially in the Midwest. For 329 
these records, we interpret the changes in the Fraxinus Nigra-type (black ash) as an indicator of 330 
moister conditions, since these trees prefer to live in poorly drained wet conditions. It has been 331 
recognized that the increase of these species across Bølling-Allerød and Younger Dryas 332 
contributes to regional vegetation assemblages that lack modern analogues 89, likely resulting 333 
from non-analog temperature seasonality and hydroclimate conditions. Nevertheless, empirical 334 
reconstruction of precipitation using pollen assemblages from Crystal Lake, Illinois (42.2˚N, 335 
88.4˚W) shows that this period is wet, with or without the consideration of black ash (Fig. 2b in 336 
the main text) 90. Wet conditions in the Midwest are further corroborated by dune reflectivity 91, 337 
isotope records 91, and lithostratigraphy 92,93. There are fewer records in the southern Great 338 
Plains, and available pollen records generally have lower temporal resolution and large age 339 
model uncertainties 94-97, but an increase in black ash fraction or replacement of grassland by 340 
arboreal species is still evident in these records 2,94,95,97. The speleothem record from Cave-341 
without-a-Name (29.9˚N, 98.6˚W, ca. 90 km southeast to our site) is discontinuous during the 342 
deglacial period, but a negative isotopic anomaly between 14.5 and 12 ka agrees strongly with 343 
the dDwax record from Hall’s Cave reported in this study 98. The d13C values of soil organic 344 
matter from the Medina River (29.5˚N, 98.5˚W) indicate an expansion of C3 plants during this 345 
interval in response to increased humidity 99. The %Ti record from el Potosí Basin (24.8˚N, 346 
100.3˚W) in Mexico is interpreted as increased terrestrial runoff to the basin in association with 347 
increased precipitation and shows a peak between 14 and 12 ka 100. Together these records show 348 
a regionally consistent signal of wetter conditions initiated between 16 and 14 ka. The spatial and 349 
temporal distribution of these record support our hypothesis of an intensified LLJ during the 350 
deglaciation, which transports more moisture from the Gulf of Mexico and produces more 351 
convective storms along its pathway in northeastern Mexico and the central United States. 352 
 353 
 354 
2.4 Timing of the Saddle Collapse   355 
During the deglaciation, the separation of the Laurentide and Cordilleran ice sheets accelerates 356 
the retreat of North American ice sheets through increasing temperature and positive feedbacks 357 
(the “saddle collapse”) 101. The estimated timing of this event is between 16 and 14 ka 101-105; 358 
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however, large uncertainties still remain due to a lack of affirmative evidence. Direct evidence 359 
for the opening of the corridor is based on geochronological dating on materials that were first 360 
exposed when it became ice-free. Available geochronology dates show a large range of 361 
variations, with the oldest radiocarbon and OSL dates as early as 19 ka 106,107, yet the majority of 362 
the dates are younger than 14 ka 102,107. The deglacial global sea level records provide additional 363 
implications. Models suggest that the saddle collapse of North American Ice Sheets could have 364 
produced 3-7 m equivalent sea level rise to a total of 12-22 m during the Meltwater Pulse 365 
1A101,103,108,109. Based on these geological constraints, a data-calibrated deglacial chronology 366 
estimate that  maximum melting rate of the North American ice sheets occurred between 14.6-367 
14.1 ka 110. This coincides with the changes observed from the Hall’s Cave record in this study. 368 
 369 
The saddle collapse is incorporated into the reconstruction of ice sheets in ICE-5G and ICE-6G-370 
C at 1 kyr interval 17,111. TraCE-21ka uses a modified ICE-5G in its prescribed ice sheet 371 
configuration, and the time slice which represents the largest rate of ice loss is inserted at 13.87 372 
ka 16 (Supplementary Fig. 7e), likely later than when the event actually occurred. In addition, 373 
ICE-5G has a much thicker Laurentide ice sheet over central Canada compared to ICE-6G-C for 374 
the period from the LGM to Bølling-Allerød 111. The representation of ice sheet elevation may be 375 
important for correctly simulating the atmospheric response to the ice sheet loss 22.  376 
  377 
 378 
2.5 Validation of climate models 379 
In order to assess how well TraCE-21ka simulates the climate of the southern Great Plains, we 380 
compare the model output for the 20th century with the modern climatology of this region 381 
(Supplementary Fig. 6). We first compare the last time slice (1981-1990) of the simulated 382 
precipitation to the long-term mean (1981-2010) precipitation from Global Precipitation Analysis 383 
(GPCP). The results indicate that the TraCE-21ka cannot correctly simulate the spatial and 384 
seasonal precipitation patterns of this region. Simulated springtime precipitation in the TraCE-385 
21ka is mostly confined along the Gulf Coast, whereas in reality, springtime precipitation is 386 
abundant over a large region across the central US (Supplementary Fig. 6b-c). Furthermore, 387 
TraCE-21ka cannot correctly reproduce the spring-fall bimodal pattern of the annual 388 
precipitation cycle of this region; it shows a very dry spring season followed by a substantially 389 
overestimated summer precipitation (Supplementary Fig. 6d). The discrepancy between the 390 
simulated precipitation and the observation is probably due to the coarse resolution and the 391 
parameterization of convection adopted in the model. In order to correctly simulate the dominant 392 
MCSs of this region, which has a typical spatial span of ~100 km, convection-permitting high-393 
resolution models are required 112, which is currently infeasible for simulating the transient 394 
climate of the past 21,000 years due to the expensive computation power. 395 
 396 
We then examine whether TraCE-21ka can simulate realistic large-scale atmospheric circulation 397 
that controls precipitation and MCS genesis in the southern Great Plains (i.e., the LLJ and 398 
baroclinicity) 28,29. To do so, we use the long-term mean (1981-2010) climate data from NCEP 399 
Reanalysis 1 113 (available through https://psl.noaa.gov/). We find that the springtime wind field 400 
over the central US is similar between the simulation and the observation, with southwesterly 401 
wind extending as far as 35˚N (Supplementary Fig. 6b-c). Both the observation and model show 402 
an annual cycle where the LLJ strengthens between spring and summer peaks in July, after 403 
which it gradually weakens (Supplementary Fig. 6e). Furthermore, the vertical structure of the 404 
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simulated meridional wind is similar to the observation, both showing a low-level southerly wind 405 
maximum at 850 hPa and another peak in the upper troposphere associated with the meandering 406 
jet stream (Supplementary Fig. 6f). The jet stream is also properly simulated in TraCE-21ka, 407 
showing similar intensity and position between the simulation and the observation 408 
(Supplementary Fig. 6g). Overall, the relatively accurate representation of the spatial structure of 409 
the wind field and its seasonal development suggests that these large-scale dynamics are 410 
adequately simulated by the model. Therefore, we will explore TraCE-21ka mechanistically by 411 
comparing changes in the large-scale dynamics driving the development of warm-season 412 
convective activity. 413 
 414 
 415 
2.6 Interpretation of climate model output  416 
a) Jet stream vs. LLJ 417 
Here, we examine the large-scale dynamics of TraCE-21ka that cause hydroclimate changes in 418 
the southern Great Plains (i.e., the LLJ and the upper jet stream). According to TraCE-21ka, both 419 
the jet stream and the LLJ show substantial variations during the past 20,000 years. At 13.9 ka, 420 
TraCE shows that the two branches of the split jet stream merge, forming a single jet with a 421 
northward displacement of the jet center around 40˚N (Supplementary Fig. 7f). This merge of the 422 
jet stream has previously been noted in model analyses focused on the western US and has been 423 
proposed to be associated with the saddle collapse of the North American ice sheets (Lora et al., 424 
2016). However, a northward displacement of the southern margin of the jet stream would 425 
weaken the baroclinic forcing, which is an unfavorable condition for MCS generation. Therefore, 426 
the changes in the jet stream is unlikely to be the cause of the sudden increase in MCS activity, 427 
storminess and C3 vegetation inferred from our multi-proxy record. After 13.9 ka, the merged jet 428 
stream is relatively stable, which is again in contrast to our records and a number of other records 429 
from the region showing extensive drought in the mid-Holocene 2,114. 430 
 431 
In contrast, the springtime LLJ shows striking similarities to our proxy records. A strengthened 432 
LLJ at 13.9 ka (Supplementary Fig. 7g) would dynamically transport more moisture into the 433 
region, increasing the boundary layer instability and promoting MCSs genesis. This is consistent 434 
with our dDwax-based reconstruction of MCS activity, as well as the increased storminess and 435 
humidity inferred from our %Ti and d13COM records, respectively. After approximately two 436 
millennia into the initial strengthening of the LLJ, the intensity of the LLJ shows a gradual 437 
weakening trend, with a minimum in the mid-Holocene between 7-5 ka, followed by a gradual 438 
re-intensification towards the present. This is again consistent with our proxy records. Based on 439 
these analyses, we think that the dynamical changes in the LLJ can best explain the variabilities 440 
in MCSs and hydroclimate inferred from our proxy record.  441 
  442 
 443 
b) Deglacial climate dynamics 444 
In order to understand whether the deglacial intensification of the LLJ is driven by the retreating 445 
North American ice sheets or abrupt changes in the Atlantic Meridional Overturning Circulation 446 
(AMOC), we compare the model outputs from the full-TraCE simulation against those from ice 447 
sheet-only and freshwater flux-only single-forcing simulations. The ice sheet-only simulation 448 
(Supplementary Fig. 8d) shows an intensification of the LLJ at 13.9 ka, consistent with that in 449 
the full simulation (Supplementary Fig. 8a), whereas the freshwater flux-only simulation shows a 450 
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weakened LLJ across 13.9 ka, inconsistent with the full-TraCE and proxy-inferred hydroclimate 451 
change (Supplementary Fig. 8g). Although the freshwater flux-only simulation shows an 452 
intensification of the LLJ during the Younger Dryas (12.7-11.7 ka), the timing is inconsistent 453 
with the change in the full simulation or in our proxy records. This comparison suggests that the 454 
deglacial hydroclimate change in the southern Great Plains is mainly driven by the ice sheet 455 
“saddle collapse”. Further evidence comes from the strong similarity between the ice sheet-only 456 
and the full simulations’ large-scale atmospheric responses (Supplementary Fig. 8d). In contrast, 457 
the freshwater-only simulation shows different patterns of upper and lower atmospheric 458 
circulation from those in the full simulation, indicating that the impact of AMOC variation 459 
during the deglaciation is only secondary.  460 
 461 
Both the full and ice sheet-only simulations show large changes in the midlatitude stationary 462 
wave patterns driven by the “saddle collapse” (Supplementary Fig. 8b, e). The retreat of the ice 463 
sheet slows down the jet stream, and the slowdown of the zonal jet stream flow results in a less 464 
elongated and shallower downstream trough, resulting in a positive anomaly in the 200 hPa 465 
geopotential height leeward of the Laurentide Ice Sheet extending further downstream over the 466 
North Atlantic (Supplementary Fig. 8b, e). This is a robust climate response according to 467 
previous modeling studies e.g., 21,115-118. This anomaly over the North Atlantic shows a barotropic 468 
structure, which strengthens the North Atlantic Subtropical High (NASH) at the sea-level 469 
(Supplementary Fig. 8b-c, e-f).   470 
 471 
The “saddle collapse” also drives substantial changes in the land surface temperature and 472 
pressure (Supplementary Fig. 8c, f). There is a strong surface warming in the northern Great 473 
Plains and the Great Lakes region. This warming is driven by the reduced surface albedo 474 
(Supplementary Fig. 9c shown as changes in reflected solar flux) in association with the 475 
exposure of bare land in the saddle region of the northern Great Plains and reduced snow cover 476 
caused by the northward shift of the winter snowstorm track in the Great Lake region, south of 477 
the ice sheet margin (Supplementary Fig. 9b, d). The surface warming in the central US results in 478 
a negative sea-level pressure anomaly, which, combined with a strengthened NASH, steepens the 479 
zonal pressure gradient and lead to the intensification of the LLJ (Supplementary Fig. 8c, f).  480 
 481 
c) Mid-Holocene climate dynamics  482 
In this study, we show that the drying trend during the early to mid-Holocene and the subsequent 483 
return to wetter conditions in the late Holocene is driven by the evolution of springtime 484 
insolation. Spring insolation drives changes in springtime land-sea temperature contrast, 485 
controlling the intensity of the springtime LLJ. This mechanism is supported by the PMIP3 mid-486 
Holocene model simulations, which consistently show pronounced cooling over the Southern 487 
Rockies during the mid-Holocene relative to the present (Supplementary Fig. 10). Despite the 488 
varying magnitude, all except one show a weaker LLJ in response to a reduced zonal pressure 489 
gradient driven by temperature changes, with MRI-CGCM3 being the only exception. In fact, in 490 
MRI-CGCM3, the biggest change in pressure gradient is located over the western North Atlantic 491 
instead of over the southern Great Plains, leading to a misplaced anomalous low-level flow. The 492 
robust models’ response to spring insolation change thus supports our hypothesis. 493 

 494 
  495 
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 496 

 497 
 498 
Supplementary Fig. 1.  499 
Modern climatology and vegetation distribution in the southern Great Plains. (a) Long-term 500 
(1981-2010) mean annual precipitation (MAP; mm/year). The circle indicates the location of 501 
Hall’s Cave. (b) The proportion of warm-season (March – October) precipitation relative to the 502 
annual total. Contours indicate March-October sea-level pressure, and vectors indicate March-503 
October 850 hPa wind. (c) Monthly mean precipitation at the location of Hall’s Cave. 504 
Precipitation data is from Global Precipitation Analysis (GPCP). All other climatological data 505 
are from NCEP-NCAR Reanalysis 1 113. (d) Distribution of C4 vegetation across the region. Data 506 
from the International Satellite Land-Surface Climatology Project, Initiative II 119. Secondary 507 
axis describes the distribution of d13C values of terrestrial vegetation, calculated using a linear 508 
mixture model between C3 and C4 plants with endmember values of -27‰ and -9‰, 509 
respectively. Contours indicate elevation (meter).  510 

511 
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 512 
Supplementary Fig. 2.  513 
Age-depth model for Hall’s Cave sediment core. Modeled age-depth relationship based on 37 514 
AMS radiocarbon dates made primarily on bone collagen. The age-depth model is made using 515 
the Bayesian age-depth modeling program BACON 7. Purple violin plots show the probability-516 
density function for each calibrated radiocarbon age-estimate. The solid red line indicates the 517 
weighted mean of all possible chronologies. The grey-scale shading indicates uncertainties in 518 
modeled age depth relationships, and the dotted black lines indicate 95% confidence intervals. 519 
  520 
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 521 

 522 
Supplementary Fig. 3.  523 
Controls on the isotopic composition of rainwater observed in modern precipitation. (a) 524 
Correlation between d18O and convective fraction (data from North American Land Data 525 
Assimilation System Phase 2 120). Orange and blue colors indicate warm (March-November) and 526 
cold season (December-February), respectively. Circles indicate event-based data collected in 527 
Austin, Texas (30.3˚N, 97.78˚W) and crosses indicate monthly GNIP data from the Waco, Texas 528 
station (31.6˚N, 97.2˚W), squares indicate events associated with tropical cyclones. Modified from 529 
Sun et al. 77 Figure 4. (b) Spatial correlation between event-based warm season d18O of 530 
precipitation vs. daily OLR (data from NOAA Interpolated Outgoing Longwave Radiation; 121). 531 
The star indicates Austin, Texas. Stippling indicates p values less than 0.05. Modified from Sun et 532 
al. 77 Figure 8. 533 
  534 
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 535 
Supplementary Fig. 4. 536 
Holocene centennial to millennial events in comparison with other regional records. (a) 537 
Stacked ice rafted drift (IRD) record of hematite-stained glass in North Atlantic 122. (b) dDwax 538 
record from this study, detrended using a high-pass filter to remove low frequency (<1/2500 539 
years) variability in the record. (c) Hydroclimate record based on isothermal remanent 540 
magnetization (IRM) from White Lake, New Jersey (41˚N, 74.8˚W) 123. (d) Reconstruction of 541 
July temperature based on 752 pollen records distributed across North America 124.  542 
  543 
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 544 
Supplementary Fig. 5. 545 
Synthesis of deglacial hydroclimate records in the central United States and northeastern 546 
Mexico showing an excursion to wetter conditions. (a) Map showing the sites of the records 547 
plotted in (b), which are labeled from (1) to (16). Star indicates the location of Hall’s Cave. (b) 548 
Hydroclimate records from the central U.S. showing wetter conditions during the last 549 
deglaciation. From north to south: (1) Zuehl Farm site 125; (2) Crystal Lake 89; (3) Colo Marsh 550 
125; (4) Brewster Creek 126; (5) Nelson Lake 127; (6) Appleman Lake 128; (7) Chatsworth Bog 127; 551 
(8) Illinois River Valley 91; (9) Silver Lake 129; (10) Muscotah Marsh 130; (11) Cupola Pond 95; 552 
(12) Aubrey Clovis site 131; (13) Boriack Bog 96; (14) Cave without a Name 98; (15) Medina 553 
River 99; (16) El Potosi 100. 554 
 555 
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 556 
Supplementary Fig. 6. 557 
Comparison between observed and TraCE-21ka climatology of central U.S. (a) The LLJ 558 
index defined in this study. Shading indicates simulated pre-Industrial springtime (March to 559 
May) 850 hPa meridional wind speed, and vectors indicate springtime 850 hPa wind. The box 560 
(95-103˚W, 22-34˚N) indicates the location of LLJ index defined in this study. The dot indicates 561 
the location of Hall’s Cave. (b) Springtime hydroclimate of North America from the TraCE-21ka 562 
output (average of 1981-1990). Shading indicates precipitation, and vectors indicate 850 hPa 563 
wind.  (c) Same as (b) but for observation (long-term mean of 1981-2010). (d) Annual cycle of 564 
precipitation at the location of Hall’s Cave in TraCE-21ka (blue) and observation (orange). (e) 565 
Annual cycle of the LLJ index. (f) Vertical profiles of springtime meridional wind in the box 566 
defined for the LLJ index. (g) Vertical cross section of springtime westerly wind averaged 567 
between 95-103˚W in the Northern Hemisphere. Precipitation data is from Global Precipitation 568 
Analysis (GPCP). All other climatological data are from NCEP-NCAR Reanalysis 1 113. 569 
  570 
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 571 
 572 
 573 
Supplementary Fig. 7.  574 
Evolution of springtime North American climate of the last 20,000 years in TraCE-21ka. 575 
(a-d) Simulated springtime climatology during (a) the Last Glacial Maximum with the southern 576 
Great Plains dominated by westerly wind, (b) post-saddle collapse, (c) mid-Holocene, and (d) 577 
pre-Industrial with a more southerly-oriented LLJ in the southern Great Plains. Color shading 578 
indicates surface temperature. Contours indicate sea-level pressure. Vectors indicate 850 hPa 579 
wind. (e) The evolution of the North American Ice Sheets volume prescribed in TraCE, based on 580 
a modified ICE-5G reconstruction (Peltier, 2004). (f) Springtime 500 hPa zonal wind speed 581 
averaged within a longitudinal band (95˚-103˚W). (g) The springtime Low-Level Jet index. (h) 582 
Springtime meridional moisture transport by the LLJ, calculated as the mean specific humidity in 583 
the same box shown in (a) multiplied by the LLJ index. 584 
 585 
  586 
 587 
 588 

589 
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 590 
Supplementary Fig. 8. 591 
Comparison of deglacial climate change simulated by TraCE full, ice sheet-only, and 592 
Freshwater forcing-only runs. (a) Evolution of the springtime LLJ in the TraCE-21ka Full 593 
simulation. Light blue line is the decadal mean LLJ index calculated from the model output. 594 
Dark blue line is 500-yr moving average values of the LLJ index. The dashed line indicates the 595 
timing of the ice sheet “saddle collapse” at 13.9 ka in the TraCE-21ka experiments.  (b) Changes 596 
(11-13ka minus LGM) in the springtime 200 hPa (shadings) and 850 hPa (contours) eddy 597 
geopotential height in the TraCE full simulation. (d-f) Same as (a-c) but for the ice sheet-only 598 
single forcing simulation. (g-i) Same as (a-c) but for the freshwater forcing-only single forcing 599 
simulation.  600 
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 601 
Supplementary Fig. 9. 602 
Changes in land surface conditions over North America induced by the “saddle collapse” 603 
(11-13ka minus LGM). (a) Changes in springtime surface temperature. (b) Changes in ice sheet 604 
thickness. (c) Changes in springtime reflected solar radiation (d) Changes in snow cover.  605 
 606 

607 
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 608 
Supplementary Fig. 10 609 
Mid-Holocene climate change relative to the pre-Industrial in simulations from PMIP3 610 
experiments (6 ka minus 0 ka). Color shading indicates changes in surface temperature (˚C). 611 
Contours indicate changes in sea-level pressure. Vectors indicate changes in 850 hPa winds.  612 

613 
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Supplementary Table 1 614 
AMS 14C dates used to construct the age model in this study 615 

Avg depth (cm) Material 14C age (yBP)  s Source 
5.5 gelatin 420 60 6 
17.5 gelatin 1500 60 4 
17.5 gelatin 1470 60 6 
27.5 gelatin 2330 60 4 
27.5 gelatin 2280 60 6 
42.5 gelatin 2860 60 6 
51 charcoal 3190 70 4 

52.5 gelatin 3250 60 6 
62.5 gelatin 4000 60 4 
72.5 gelatin 4550 80 6 
77 humins 5400 70 4 

82.5 gelatin 4670 60 6 
92.5 gelatin 5320 60 4 

102.5 gelatin 6110 60 6 
107.5 gelatin 7700 80 4 
122.5 gelatin 8630 60 4 
132.5 gelatin 8730 60 6 
147.5 gelatin 10310 70 4 
147.5 gelatin 10340 70 6 
157.5 gelatin 11310 60 4 
157.5 gelatin 11290 60 6 
167.5 gelatin 11410 70 4 
177.5 gelatin 11460 60 6 
187.5 gelatin 11550 70 4 
197.5 gelatin 12110 90 4 
197.5 gelatin 12110 90 6 
212.5 gelatin 14400 80 4 
222.5 gelatin 12570 80 4 
222.5 gelatin 12540 80 6 
232.5 gelatin 12680 100 6 
237.5 gelatin 14700 90 4 
260 humic acid 15290 90 4 

297.5 gelatin 16240 100 4 
302.5 gelatin 16620 110 4 
317.5 gelatin 16510 100 4 
340.5 humic acid 16610 110 4 
347.5 gelatin 16770 100 4 

 616 
  617 
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