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Abstract:  17 

 18 

The climate of the Great Plains is dominated by mesoscale convective systems (MCS), which 19 

supply a significant portion of warm season rainfall and are responsible for severe weather and 20 

flooding across the region.  However, little is known about past behavior and long-term drivers 21 

of these systems, limiting our ability to predict future changes in hydroclimate and extreme 22 

weather for much of the central US. Here, we generate a new record of past MCS activity and 23 

hydroclimate variability from central Texas and compare it against the results of transient 24 

climate model simulations to understand the underlying causes of past changes in extreme 25 

weather and climate in the central US.  We find that changes in storm activity and hydroclimate 26 

in the southern Great Plains over the last the 20,000 years were dominated by changes in the 27 

strength of the Great Plains Low Level Jet, driven by springtime land surface temperature 28 

changes. These results suggest that a similar dynamical response to future warming will lead to 29 

enhanced MCS activity and an increase in extreme weather and flooding across the southern and 30 

central Great Plains in the future. 31 

 32 

  33 
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Much of the rainfall over the central United States (U.S.) is generated by mesoscale convective 34 

systems (MCS), large (>100 km) organized convective storms 1 that produce intense 35 

precipitation and are often accompanied by flooding, hail and damaging winds. Economic losses 36 

due to convective storms in the U.S. exceed U.S. $10 billion annually 2, the majority of which is 37 

associated with MCSs 3. Over the past few decades, the frequency and intensity of central U.S. 38 

MCSs has increased dramatically 4, far beyond the predicted rate of increase in precipitable 39 

water (~7% per ˚C warming) based on the thermodynamic Clausius-Clapeyron relationship. 40 

Instead, this trend has been attributed to a strengthening southerly low-level flow and the 41 

associated Great Plains low-level jet (LLJ), which provides the moisture and energy required for 42 

MCS development 4. Simulations of future warming with global general circulation models 43 

predict a strengthening of the LLJ in response to continued surface warming of the eastern 44 

Rockies and western Great Plains, but there is little consensus about the associated changes in 45 

MCS development and precipitation 5-9, leading to large uncertainties in the potential risks of 46 

future drought, floods and extreme storms6-8.  47 

 48 

To improve our understanding of the sensitivity of Great Plains hydroclimate and extreme 49 

rainfall to climate change, we generated a new multiproxy reconstruction of changes in MCS 50 

activity and vegetation in the southern Great Plains from the sediments of Hall’s Cave, Texas 51 

(30˚8’11’’N, 99˚32’6’W). This region is amongst the most poorly studied in North America, 52 

with few continuous, well-dated and high-resolution paleoclimate records. Hall’s Cave is an 53 

exception: 37 radiocarbon dates provide a robust, linear age-depth model spanning the past 54 

20,000 years (Supplementary Information), during which large shifts of global climate since the 55 

Last Glacial Maximum (LGM) are ideal testbeds to assess the controls on Great Plains MCS 56 
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activity and hydroclimate. Furthermore, the site is uniquely sensitive to changes in hydroclimate 57 

and MCS activity; nearly 70% of the warm season precipitation is derived from MCS storms 1, 58 

and the site is located on a steep hydroclimatic and ecological gradient between the southwestern 59 

subtropical grasslands and the temperate forests of the southeast U.S.  60 

 61 

Here, we use a multiproxy approach to simultaneously reconstruct past changes in MCS activity, 62 

climate and associated vegetation changes. First, we use the hydrogen isotope composition of 63 

sedimentary plant waxes (dDwax) as a proxy for MCS-driven rainfall activity. This interpretation 64 

is based on observations of modern precipitation over central Texas, which demonstrates that the 65 

stable isotopic composition of rainfall is largely controlled by changes in MCS activity rather 66 

than precipitation amount 10. These isotopic changes are preserved in sedimentary plant waxes 67 

(dDwax), providing a proxy record of past changes in MCS activity11 (see Supplementary 68 

Information for details).  Our interpretation of dDwax is supported by changes in %Ti, which 69 

reflects enhanced erosion of terrigenous sediment into the cave during extreme rainfall events. 70 

Hall’s Cave consists of a single room with an upslope opening that permits sediment to be 71 

washed into the cave during rainstorms. Although the sediment stratigraphy is likely complex 72 

near the cave entrance, our sampling location deeper in the cave receives terrigenous material 73 

only during events associated with extreme storms.  74 

 75 

Finally, we reconstruct past vegetation changes from carbon isotopic composition of bulk 76 

sedimentary organic matter (δ13COM), which we interpret as reflecting changes in hydroclimate 77 

based on modern vegetation-climate relationships. Plants using the C4 photosynthetic pathway 78 

have higher water use efficiency, higher δ13C values (-9 to -14‰) and are characteristic of 79 



 5 

savannas and semi-arid grasslands, whereas C3 plants have lower δ13C values (-25 to -29‰), 80 

including most woody shrubs, trees and winter grasses, and are associated with cooler and wetter 81 

environments 12. Thus, δ13COM values provide a record of landscape-scale vegetation cover 82 

associated with past changes in hydroclimate.  83 

 84 

The dDwax, %Ti and d13COM records from Hall’s Cave show remarkably coherent changes over 85 

the past 20,000 years (Fig. 1). The consistency between these independent, but complementary 86 

proxies constitutes a robust record of past climate changes and suggests that there are strong 87 

linkages between changes in large-scale convection, extreme precipitation, and ecology. More 88 

arid conditions occur during the late glacial (ca. 20-15 kyr BP), with higher d13COM values (-8 to 89 

-10‰), indicating a C4 grass-dominated landscape and more positive dDwax values and low %Ti 90 

suggesting reduced MCS activity. At ca. 14.5 kyr BP, all three proxies change abruptly, 91 

reflecting a rapid increase in MCS activity and the establishment of overall wetter conditions. 92 

This initial deglacial intensification of MCS activity is terminated by a gradual return to drier, 93 

less stormy conditions which peaked in the early to mid-Holocene (5-7 kyr BP). Wetter 94 

conditions and greater MCS activity return gradually in the late Holocene.  Although the gradual 95 

nature and timing of Holocene climate changes suggests a response to orbitally-driven changes 96 

in solar insolation, superimposed on these gradual changes are coherent millennial-scale arid 97 

events that are synchronous with the cold phases of North Atlantic “Bond Events” 1, 2, 3, 4, 5, 7 98 

and 8, suggesting a link to climate changes in the North Atlantic on millennial timescales 99 

(Supplementary Fig. 4) 13. 100 

 101 
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To better understand the controls on these hydroclimatic changes, we compare the proxy 102 

reconstructions from Hall’s Cave against the TraCE-21ka simulation of climate over the past 103 

21,000 years 14. This simulation, conducted using the Community Climate System Model version 104 

3 (CCSM3) of the U.S. National Center for Atmospheric Research, includes changes in global 105 

climate driven by changes in greenhouse gas concentrations, orbital insolation, and 106 

waning/collapsing continental ice sheets, including their effect on coastlines via changes in sea 107 

level, as well as fresh water fluxes into the ocean 14. Because the climate model used in this 108 

simulation inadequately represents MCS activity due to its coarse atmospheric resolution 109 

(~3.75˚), here we explore changes in the large-scale dynamics favoring the development of warm 110 

season convective activity (i.e., the springtime LLJ and the latitudinal position of mid-111 

tropospheric baroclinicity) 1, rather than precipitation. We focus on the spring (March to May) 112 

because that is the time when the coupling between the LLJ and frontal systems associated with 113 

mid-latitude baroclinic waves is strongest, producing frequent and intense precipitation 114 

associated with MCSs 1. To do so, we define an index of LLJ intensity, quantified as the 115 

southerly wind at 850 hPa level averaged over the 95-103˚W, 22-34˚N domain containing the 116 

Hall’s Cave site and also where the maximum southerly flow occurs in the model (see 117 

Supplementary Information for details). We use this index to diagnose the drivers of past MCS 118 

variability because, in addition to being a metric of the large scale conditions favoring 119 

convective activity in this region, the climate model used in the TraCE-21ka simulation 120 

realistically reproduces the seasonal development of the southerly LLJ and its spatial extent 121 

under current conditions.  122 

 123 
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The temporal evolution of the simulated LLJ intensity shows striking similarities to our multi-124 

proxy reconstructions of past MCS activity and vegetation change from Hall’s Cave, including a 125 

weaker-than-present springtime LLJ at the LGM, an abrupt intensification starting at around 13.9 126 

kyr BP, a subsequent gradual weakening of the LLJ during the early to mid-Holocene and a 127 

gradual strengthening of the LLJ after ca. 5 kyr BP (Fig 1). During the LGM, the North 128 

American ice sheets expanded, cooling the continental interior and leading to the development of 129 

anomalous high-pressure over the central U.S. This weakens the zonal pressure gradient between 130 

the central US and the Atlantic, reducing the strength of the geostrophic LLJ winds and causing 131 

the LLJ to turn eastward (Supplementary Fig. 7). Given the strong dynamical control of the LLJ 132 

on MCS development in this region, this should result in weaker or less frequent storms, 133 

consistent with the dD and %Ti data from Hall’s Cave.  Although reduced rainfall and storm 134 

activity during the LGM could also occur because of the thermodynamic effects associated with 135 

an ice-sheet driven southward displacement of the wintertime jet stream15-19, which ventilates 136 

cold dry air into the region 20,21, this response should also strengthen the baroclinic forcing over 137 

the southern Great Plains, making conditions more favorable for MCS genesis. Thus, a 138 

dynamical control of MCS variability via changes in LLJ intensity, driven primarily by 139 

continental land surface temperatures is the more likely explanation for weaker MCS activity and 140 

more arid conditions during the LGM than a thermodynamic forcing associated with ventilation. 141 

 142 

The simulated deglacial intensification of the LLJ is remarkably similar to the rapid increase in 143 

MCS activity and the expansion of C3 vegetation reconstructed from Hall’s Cave (Fig. 1). In the 144 

model, strengthening of the LLJ at this time is caused by the enhancement of the zonal pressure 145 

gradient across central North America due to a combination of land surface warming and remote 146 
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forcing of the North Atlantic Subtropical High (NASH). Laurentide Ice Sheet collapse results in 147 

land surface warming and the development of anomalous low pressure along the southern margin 148 

of the ice sheet, across the northern Great Plains and the Great Lakes region, largely as a result of 149 

changes in land surface albedo (Fig. 2a; Supplementary Fig. 9). At the same time, the NASH 150 

strengthens as a result of topographic forcing associated with the Laurentide ice sheet collapse 151 

(Fig. 2a) 22-24. Together, these responses steepen the zonal pressure gradient, intensifying the 152 

geostrophic LLJ (Fig. 2a). This suggests that as the ice sheet retreats, the LLJ responds 153 

dynamically by strengthening in response to land surface warming over the Great Plains. Proxy 154 

hydroclimate and vegetation records from across central U.S. show a similar abrupt change at 155 

this time 25-28 (Fig. 2c; Supplementary Information), supporting the hypothesis that this event 156 

reflects a change in regional atmospheric dynamics associated with the deglacial intensification 157 

of the LLJ.  158 

 159 

In the TraCE-21ka simulation, this transition initiates at 13.9 kyr BP, in conjunction with the 160 

separation of the Cordilleran and Laurentide ice sheets 29. We note that the abrupt change in the 161 

proxy records occurs slightly earlier than in the model (ca. 14.5 kyr BP at Hall’s Cave). 162 

However, the earlier timing in the proxy records is consistent with updated estimates from North 163 

American deglacial chronologies 30 which indicate that the separation occurred at about 14.1-164 

14.6 kyr BP and that the ice sheet changes were prescribed too late in the transient simulations 165 

(see Supplementary Information). Support for the dominant role of ice collapse in driving this 166 

response, rather than global climate changes associated with the Bølling-Allerød warming (14.9 167 

kyr BP), is from the TraCE-21ka single-forcing experiments, which show the same behavior in 168 

ice sheet-only simulations (Supplementary Information). 169 
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 170 

Following initial strengthening of the LLJ associated with ice sheet collapse and progressing into 171 

the Holocene, land surface temperature changes driven by gradual changes in northern 172 

hemisphere insolation modulates the intensity of the LLJ. After the initial strengthening at 13.9 173 

kyr BP, the simulated LLJ decreases gradually from ca. 12 kyr BP to the mid Holocene (ca. 5-7 174 

kyr BP) and then increases towards the present following changes in spring insolation (Fig. 3a). 175 

In the model, decreased early- to mid-Holocene insolation cools the land surface relative to the 176 

ocean, increasing surface pressure over the southern Rockies and central Great Plains and 177 

weakening the LLJ. As spring insolation gradually increases towards the late-Holocene (i.e., 5-0 178 

kyr BP), warming of the land surface strengthens the springtime LLJ (Fig. 3b).  179 

 180 

Support for springtime insolation changes as the dominant driver of Holocene changes in the LLJ 181 

comes from the strong agreement between the timing of changes in proxy-reconstructed MCS 182 

activity, spring insolation and the associated changes in springtime LLJ activity in TraCE-21ka 183 

(Fig. 3a).  In contrast, summer or integrated warm-season insolation changes peak earlier and 184 

produce a stronger LLJ in the early to mid-Holocene, inconsistent with the observed changes in 185 

hydroclimate and MCS activity evident at Hall’s Cave.  Additional support comes from modern 186 

observations;  while the LLJ responds to land surface warming and the development of zonal 187 

pressure gradient anomalies seasonally, MCS activity is predominantly associated with 188 

springtime land surface conditions because little rainfall occurs in the summer when weak large-189 

scale baroclinicity is unfavorable for MCS genesis, irrespective of the strength of the LLJ 1.  In 190 

fact, this mechanism, whereby springtime land surface warming is critical for seasonal changes 191 

in LLJ intensity, is evident across mid-Holocene climate simulations performed as part of the 192 
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Paleoclimate Modeling Intercomparison Project (PMIP3) 31 and explains drier mid-Holocene 193 

conditions in the central US at that time 32-36, despite the maxima in summertime insolation 194 

(Supplementary Fig. 10).  195 

 196 

Although model-inferred changes in LLJ strength during the Holocene are similar in timing to 197 

reconstructed changes in vegetation and MCS activity, the dDwax record suggests more dramatic 198 

changes in MCS activity compared with model-inferred changes in the LLJ (Fig. 1). Given the 199 

evidence presented here for a dominant land surface temperature control over LLJ strength 200 

throughout the last 20 kyr, we hypothesize that the model-proxy discrepancy may be the result of 201 

land surface feedbacks. During the early Holocene, drought tolerant C4 summer grasses occupied 202 

nearly all (~90%) of the landscape (Fig. 1) 33, and was likely associated with a significant 203 

reduction in evapotranspiration, locally reducing land-atmosphere latent heat and moisture fluxes 204 

and further inhibiting MCS development. Such land surface feedbacks are known to play an 205 

important role in modulating warm season temperature and precipitation on interannual scales 206 

today 37-39, though they are not sufficiently represented in the current generation of general 207 

circulation models 40. The Great Plains have been identified as one of the most significant 208 

vegetation “hotspots” for future change 41, a prediction consistent with the dramatic vegetation 209 

changes observed in the Hall’s Cave record. Underestimating these changes may influence 210 

patterns of land surface warming with impacts on the magnitudes of changes in both the large-211 

scale atmospheric dynamics and precipitation. 212 

 213 

The paleoclimatic reconstruction from Hall’s Cave provides robust evidence for a highly 214 

sensitive climate system in the central U.S. dominated by changes in springtime MCSs. The 215 
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similarities between proxy reconstructions of MCS behavior and vegetation reconstructed from 216 

d13C further suggests that these changes in convective storm development also drive large-scale 217 

ecosystem changes. While state-of-the-art climate models are unable to accurately represent 218 

storm systems such as MCSs, the remarkable similarities between changes in proxy-219 

reconstructed MCS behavior and climate model simulations of the springtime LLJ supports that 220 

dominant dynamical control of the seasonal changes in LLJ strength on the development of 221 

convective storms over the Great Plains over the last 20 kyr.  Changes in the LLJ are forced by 222 

springtime land surface temperature changes over the central Great Plains, consistent with 223 

observed increases in LLJ strength and MCS activity in response to global warming over the past 224 

three decades 4. Our reconstruction indicates that this mechanism has dominated the response of 225 

the great plains hydroclimate system for the last 20 kyr, and will lead to an increased risk of 226 

extreme weather in response to future warming.  However, the results of this study also suggest 227 

that models may underestimate the magnitude and rate of future changes in MCS activity in 228 

response to land surface warming because of land surface-vegetation feedbacks on the 229 

development of these systems. 230 

 231 

  232 
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Methods 233 

1. Paleoclimate reconstructions 234 

Geochemical paleoclimate reconstructions were generated from new sediment cores taken from 235 

Hall’s Cave. Chronological control for the cave sediment record is based on 37 previously 236 

published AMS 14C measurements made primarily on collagen extracted from fossil bones 237 

preserved in the cave sediments (Supplementary Table 1). Age-depth modeling was performed 238 

using the Bayesian age-depth modeling R-program BACON 42 and the IntCal13 radiocarbon 239 

calibration curve 43 (see Supplementary Information for more details).   240 

 241 

The cores were sampled every 1 cm to generate high-resolution continuous records of dDwax and 242 

d13COM. Approximately 2-20 mg of freeze-dried and homogenized bulk sediment samples were 243 

used for d13COM analysis on an elemental analyzer (Costech Instruments Elemental Combustion 244 

System 4010) coupled to an isotope ratio mass spectrometer (Thermo Scientific Delta V Plus). 245 

For compound-specific dDwax analysis, approximately 20-50 g of freeze-dried and homogenized 246 

samples were extracted using microwave solvent extraction (CEM MARS) with dichloromethane 247 

: methanol (9:1; v/v). Polar and nonpolar fractions were separated using silica gel 248 

chromatography with hexane and dichloromethane : methanol (9:1; v/v). The nonpolar fraction 249 

containing n-alkanes were further treated with urea adduction, which is then used for dDwax 250 

analysis on a TRACE gas chromatograph equipped with a DB-5ms column (30 m ´ 0.25 µm ´ 251 

0.25 mm), coupled to a Delta V isotope ratio mass spectrometer via a pyrolysis interface 252 

operated at 1430˚C. The dDwax values reported in this paper is based on C27 n-alkane, which 253 

shows the greatest abundance and best chromatography, and is corrected for local vegetation 254 

change and global ice volume. For additional technical details, see Supplementary Information.  255 



 13 

 256 

The %Ti abundance record was generated by energy-dispersive x-ray fluorescence (ED-XRF). 257 

Using a Niton FXL 950 portable XRF analyzer equipped with an Ag x-ray tube. The cores were 258 

sampled every 5 mm, and the subsamples were dried at 50°C, sieved to remove the > 0.5 mm 259 

fraction, homogenized with an agate mortar and pestle, and hand-pressed to a uniform density 260 

prior to analysis. Each sample was analyzed for 60 seconds in triplicate (see Supplementary 261 

Information for more details).    262 

 263 

For the carbon isotope measurements on bulk organic matter, the core was sampled every 1 cm. 264 

2-20 mg freeze-dried, homogenized samples were weighed into silver capsules and acidified 265 

with sulfurous acid to remove inorganic carbon 44. Carbon isotope analysis was performed by 266 

combustion in an elemental analyzer (Costech Instruments Elemental Combustion System 4010) 267 

coupled to an isotope ratio mass spectrometer (Thermo Scientific Delta V Plus). The analytical 268 

precision of these analyses was 0.24‰ based on repeated measurements of an in-house standard. 269 

 270 

2. Climate model experiments 271 

We analyzed the model output of the Transient Climate Simulations of the Last 21,000 Years 272 

experiment 14 , performed with the fully coupled Community Climate System Model version 3 273 

(CCSM3) at the National Center for Atmospheric Research (NCAR). The atmospheric data was 274 

downloaded from the Climate Data Gateway at NCAR (https://www.earthsystemgrid.org/). 275 

TraCE-21ka was simulated with time-evolving external forcings including orbital parameters, 276 

concentrations of greenhouse gases, continental ice sheets and meltwater fluxes. In addition to 277 

the full TraCE-21ka simulation, we also analyzed the model output from the single-forcing 278 



 14 

experiments of TraCE-21ka, where only one of the external forcing (i.e., ice sheet volume, 279 

greenhouse gas, insolation, meltwater flux) was prescribed to change as in the full simulation, 280 

whereas the rest of these parameters were kept at their LGM levels. Lastly, we used the mid-281 

Holocene (6 ka) and pre-Industrial (0 ka) experiments available through the Paleoclimate 282 

Modeling Intercomparison Project (PMIP3) 31. These PMIP3 simulations share a common 283 

PMIP3 protocol for boundary conditions and use interactive carbon cycle. The vegetation and 284 

land surface are either computed using a dynamical vegetation module or prescribed as in pre-285 

Industrial. More details are provided in Supplementary Information. 286 

  287 
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 307 

Fig. 1. Proxy and model estimates of hydroclimate variations in the southern Great Plains. 308 

(a) Records of dDwax and %Ti at Hall’s Cave, interpreted as changes in MCS and soil erosion 309 

from intense precipitation, respectively. dDwax is corrected for vegetation and ice volume 310 

(Supplementary Information). (b) d13CTOC at Hall’s Cave, interpreted as changes in the relative 311 

abundance of C3 and C4 vegetation. (c) Springtime Low-Level Jet (LLJ) index in TraCE-21ka. 312 

Shadings on the reconstructions reflect 1s (dark) and 2s (light) uncertainties. Triangles denote 313 

radiocarbon dates. Grey and yellow regions reflect ice sheet and insolation-dominated intervals, 314 
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respectively. The timing of the largest ice volume change in TraCE-21ka was prescribed at 13.9 315 

ka to match other boundary condition changes, trailing the estimates from updated deglacial 316 

chronologies (see Supplementary Information for details). 317 

  318 
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 319 

Fig. 2. Deglacial hydroclimate change associated with ice sheet “saddle collapse”. (a) 320 

Changes in springtime (March to May) surface air temperature (shadings), sea-level pressure 321 

(contours; yellow: negative values; purple: positive values), and 850 hPa winds (vectors) during 322 

11-13 ka relative to the LGM, showing strong warming over North America continent, steepened 323 

zonal pressure gradient, and intensified LLJ. Colored dots indicate site locations of the 324 

paleoclimate records shown in panel (c). The green rectangle indicates the area used to define the 325 
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LLJ index. (b) Simulated changes in the springtime LLJ and prescribed changes in the North 326 

American Ice Sheets in TraCE-21ka, showing that the LLJ intensification is synchronous with 327 

the largest drop in ice sheet volume. (c) Paleohydrologic records across the Great Plains showing 328 

a deglacial hydrologic signal (see Supplementary Information for details). Shadings indicate 1s 329 

(dark) and 2s (light) uncertainties based on analytical and age model errors. 330 

  331 
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 332 

 333 

 334 

 335 

Fig. 3. Insolation-driven changes in hydroclimate during the Holocene. (a) Hall’s Cave 336 

dDwax and changes in spring (March 21st; purple) and summer (June 21st; orange) insolation at 337 

30˚N. (b) Changes in springtime surface temperature (shadings), sea-level pressure (contours; 338 

yellow: negative values; blue: positive values; unit: mbar), and 850 hPa wind (vectors) during 339 

the Late Holocene (0 ka minus 6 ka).  340 

 341 
 342 
  343 
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Figures

Figure 1

Proxy and model estimates of hydroclimate variations in the southern Great Plains. (a) Records of dDwax
and %Ti at Hall’s Cave, interpreted as changes in MCS and soil erosion from intense precipitation,
respectively. dDwax is corrected for vegetation and ice volume (Supplementary Information). (b)



d13CTOC at Hall’s Cave, interpreted as changes in the relative abundance of C3 and C4 vegetation. (c)
Springtime Low-Level Jet (LLJ) index in TraCE-21ka. Shadings on the reconstructions re�ect 1s (dark)
and 2s (light) uncertainties. Triangles denote radiocarbon dates. Grey and yellow regions re�ect ice sheet
and insolation-dominated intervals, respectively. The timing of the largest ice volume change in TraCE-
21ka was prescribed at 13.9 ka to match other boundary condition changes, trailing the estimates from
updated deglacial chronologies (see Supplementary Information for details).

Figure 2



Deglacial hydroclimate change associated with ice sheet “saddle collapse”. (a) Changes in springtime
(March to May) surface air temperature (shadings), sea-level pressure (contours; yellow: negative values;
purple: positive values), and 850 hPa winds (vectors) during 11-13 ka relative to the LGM, showing strong
warming over North America continent, steepened zonal pressure gradient, and intensi�ed LLJ. Colored
dots indicate site locations of the paleoclimate records shown in panel (c). The green rectangle indicates
the area used to de�ne the LLJ index. (b) Simulated changes in the springtime LLJ and prescribed
changes in the North American Ice Sheets in TraCE-21ka, showing that the LLJ intensi�cation is
synchronous with the largest drop in ice sheet volume. (c) Paleohydrologic records across the Great
Plains showing a deglacial hydrologic signal (see Supplementary Information for details). Shadings
indicate 1s (dark) and 2s (light) uncertainties based on analytical and age model errors.

Figure 3

Insolation-driven changes in hydroclimate during the Holocene. (a) Hall’s Cave dDwax and changes in
spring (March 21st; purple) and summer (June 21st; orange) insolation at 30°N. (b) Changes in
springtime surface temperature (shadings), sea-level pressure (contours; yellow: negative values; blue:
positive values; unit: mbar), and 850 hPa wind (vectors) during the Late Holocene (0 ka minus 6 ka).
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