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Summary 17 

The magnitude of global cooling during the Last Glacial Maximum (LGM; the coldest multimillennial 18 

interval of the last glacial period) is an important constraint for evaluating estimates of Earth’s climate 19 

sensitivity1,2. Reliable LGM temperatures come from high-latitude ice cores3,4, but substantial disagreement 20 

exists over proxy records in the low-latitudes1,5–8, where quantitative low-elevation records on land are 21 

scarce. To fill this data gap, noble gases in ancient groundwater record past land surface temperature 22 

through a direct physical relationship rooted in their well-known temperature-dependent solubility in 23 

water9,10. Dissolved noble gases are uniquely well suited tracers of LGM temperature due to their complete 24 

insensitivity to biological and chemical processes and the ubiquity of LGM-aged groundwater around the 25 

globe11,12. However, while several individual noble gas studies have found substantial tropical LGM 26 

cooling13–16, they have used different methodologies and provide limited spatial coverage. Here we find that 27 

the low-altitude, low-to-mid latitude land surface (45⁰S-35⁰N) cooled by 5.8 ± 0.6⁰C (95% confidence) during 28 

the LGM, based on noble gases in groundwater all interpreted with the same physical framework. Our 29 

analysis includes four decades of groundwater noble gas data from six continents, along with previously 30 

unpublished records from the tropics. Our land-based result broadly supports a recent marine-based model-31 

data assimilation reconstruction1 that suggested greater climate sensitivity than previous estimates5–7.  32 

33 

Main 34 

The LGM is the most recent extended period of globally stable climate that was substantially cooler 35 

than present, and it therefore represents an important constraint for evaluating estimates of climate 36 

sensitivity from model simulations. The promise of LGM temperature reconstruction as a way of validating 37 

tools used to predict future warming relies upon precise paleotemperature reconstruction. However, efforts 38 

over recent decades to resolve global-mean LGM temperatures have produced widely varying results1,5–7, 39 

in large part due to disagreements in low-latitude sea-surface cooling estimates ranging from ~1 to 4⁰C and 40 

the scarcity of high-confidence paleotemperature records on land. While high-elevation terrestrial records 41 

from the tropics have long indicated spatially consistent ~1-km lowering of LGM mountain snowlines 42 

associated with ~5-6 ⁰C cooling17–19, low-elevation paleotemperature estimates from lake sediments20–22 43 

and pollen23, for example, have implied substantially less cooling. These disagreements have limited the 44 

use of LGM temperatures to inform our understanding of climate sensitivity. 45 

Among existing terrestrial temperature proxies, each with different strengths and limitations, the  “noble 46 

gas paleothermometer” has stood out since its introduction in the 1970s24 as a uniquely promising tool for 47 

temperature reconstruction on land. This technique exploits the well-known temperature-dependent 48 

solubility functions9,10 of Ne, Ar, Kr, and Xe in water to quantitatively invert measured noble gas 49 

concentrations in ancient groundwater into past temperature at the water table (i.e., the upper surface of 50 

the saturated zone) at the time of recharge10,25,26. Due to the attenuation of seasonal temperature 51 

fluctuations in soil with depth, typical temperatures at the water table closely match mean annual ground 52 

surface temperatures (MAST), thus providing a direct physical link between MAST and noble gases 53 

dissolved in groundwater10,25,26. The potential of noble gas temperature reconstruction is both far-reaching 54 

and firmly rooted in well-established physical principles, as a third of Earth’s land area is estimate to hold 55 

LGM-aged groundwater11 and noble gases are, by nature, inert and conservative tracers. To date, however, 56 

disparate approaches to groundwater dating and treatment of air bubble entrainment and dissolution among 57 
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dozens of groundwater noble gas paleotemperature studies have led to an inconclusive set of results. While 58 

a handful of prominent tropical noble gas studies13–16 have indicated a magnitude of low-elevation cooling 59 

during the LGM in line with the 5-6⁰C implied by mountain snowline depression, the lack of a consistent 60 

approach and independent validation of the noble gas technique has limited its wide adoption in climate 61 

studies. 62 

Here, we combine the wealth of existing groundwater noble gas data with previously unpublished 63 

measurements from key tropical locations to produce the first composite global record of noble gas-derived 64 

temperatures (NGTs) of the LGM. By comparing NGTs from young groundwater to modern MAST 65 

observations in 30 studies that range from ~2 to 33⁰C, we critically evaluate the accuracy of NGTs and 66 

suitability of the various models commonly used to convert noble gas concentrations to temperature. Using 67 

the most robust NGT model, we then reconstruct low-and-mid latitude LGM temperatures on land and 68 

compare our finding to previous efforts, discussing broader implications for climate sensitivity. 69 

 70 

Basis of the noble gas paleothermometer 71 

Four atmospheric noble gases (Ne, Ar, Kr, and Xe) lack appreciable sinks or sources over glacial-72 

interglacial timescales27 and thus their concentrations dissolved in fresh water at solubility equilibrium – at 73 

a given temperature and barometric pressure – reflect well-understood physical constants that do not 74 

change with time. In groundwater, noble gases are acquired primarily via equilibrium dissolution of soil air 75 

at the water table, and secondarily by bubble entrainment and dissolution (Fig. 1). After shallow 76 

groundwater is isolated from overlying soil air by subsequent recharge or flow beneath a confining layer, 77 

dissolved Ne, Ar, Kr, and Xe concentrations in groundwater are “locked in” and affected only by dispersive 78 

mixing. Conveniently, for typical groundwater flow properties, mixing in the aquifer preserves oscillatory 79 

signals with periods on the order of thousands of years while damping higher-frequency signals, effectively 80 

acting as a natural low-pass filter25. In this sense, noble gases in groundwaters that recharged ~20 ka 81 

before present reflect long-term (millennial-scale) mean conditions at the water table during the LGM.  82 

At a hypothetical site with a MAST of 15⁰C and ±10⁰C seasonal cycle of ground surface temperature, 83 

temperatures at typical water table depths below ~10 meters10,25,26 converge to within ~0.1⁰C of MAST due 84 

to damping by the vertical diffusion of heat in soil (Fig. 1). Therefore, after accounting for the contribution 85 

of bubble dissolution (or “excess air”), measured noble gas concentrations in groundwater can be inverted 86 

to directly determine MAST at the time and place of recharge, using their temperature-dependent solubility 87 

functions9,10. Though straightforward in principle, in practice many conceptual models have been proposed 88 

over recent decades to account for processes that may modify the composition of excess air or soil air at 89 

the water table10,25,26. Over the last twenty years, multiple theoretical, field and laboratory studies28–30 have 90 

demonstrated the validity of the Closed-system Equilibration (CE) model31, in which water-table fluctuations 91 

entrain bubbles of soil air that partially dissolve under elevated hydrostatic pressure at solubility equilibrium. 92 

However, until now, no systematic reanalysis of young groundwater noble gas measurements around the 93 

globe has been carried out to assess the validity of the CE model and accuracy of NGTs in reconstructing 94 

modern temperatures, which is critical for establishing confidence in LGM temperature reconstruction. 95 

 96 

Validation with modern groundwater 97 

Using Late Holocene groundwater noble gas data (≤5 ka recharge age) from 30 studies worldwide, we 98 

analyzed each data set using three common NGT models and compared error-weighted mean Late 99 

Holocene NGTs to both modern (1981-2019) mean-annual ERA5-Land32 reanalysis ground surface 100 

temperatures and shallow (≤50 m) groundwater temperature measurements (Fig. 2). We find that the CE 101 

model significantly outperforms two other leading models13,33 both in terms of accuracy and goodness of fit 102 

(Extended Data Fig. 1). The mean offset between CE model NGTs from Late Holocene groundwater and 103 

ERA5-Land MAST is negligible (<0.1⁰C) for MAST > 5⁰C (n=29), with a root-mean squared deviation 104 

(RMSD) of 1.4⁰C. An evaluation of ERA5-Land temperatures against a global database of direct soil 105 

temperature measurements34 shows similar scatter (RMSD = 1.6⁰C) but no systematic bias for 106 

temperatures above 5⁰C (Extended Data Fig. 2). Across the 16 studies for which groundwater temperatures 107 

within recharge areas were reported, Late Holocene CE model NGTs agree with measured groundwater 108 

temperatures with a RMSD of 1.1⁰C, but display a mean offset of 0.7⁰C (NGTs are systematically colder) 109 

likely due to slight geothermal warming of shallow groundwater. Taken together, our comparisons of 110 

modern groundwater NGTs to observations provide strong support for the accuracy of the CE model and 111 

imply that cases in which the CE may fail to represent the physical system (e.g., due to steady-state oxygen 112 

depletion in soil air33,35) are likely rare exceptions. The negligible mean offset between modern NGTs and 113 
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MAST throughout this wide temperature range provides confidence in using groundwater noble gases as 114 

an unbiased paleothermometer.  115 

 116 

Consistent noble gas modeling approach 117 

In view of both the fundamental physical arguments28–31 and modern temperature validation that favor 118 

its use, we adopt the CE model to reconstruct LGM temperatures in 26 studies for which LGM-aged 119 

groundwater noble gas data exist. In past studies, due to the inherent challenges of dating groundwater 120 

with 14C in dissolved inorganic carbon36 or radiogenic 4He37, disparate approaches have been taken to 121 

determine whether individual samples represent LGM recharge. Some studies include only those samples 122 

that fall within strict absolute age windows, others include only the coldest NGTs among samples of 123 

apparent Late Pleistocene age, and still others group samples that appear to represent the LGM because 124 

of a combination of cold NGTs and apparent age. These differences, along with varying choices of NGT 125 

models and solubility functions, have made it difficult to consistently compare the results of multiple studies. 126 

Here, we define the LGM to be the coldest prolonged (multimillennial) interval of the last glacial period. 127 

We determine LGM cooling (ΔTLGM) by subtracting Late Holocene weighted-mean NGTs (Fig. 2) from LGM 128 

NGTs determined via two distinct and plausible approaches, each applied uniformly across all data sets 129 

worldwide. Because apparent groundwater ages can suffer from large biases26, and past studies have 130 

deviated widely in correcting 14C ages for the addition of 14C-free carbon36, we only consider samples with 131 

published ages between 15 and 45 ka to be candidate LGM samples. Then, in the first approach (AP1) we 132 

identify the coldest NGT within this range and include in our LGM estimate all other candidate samples with 133 

NGTs that agree within 1⁰C to determine a representative NGT from the set of coldest Late Pleistocene 134 

samples (multiple candidate samples exist in 23 of 26 included studies). In the second approach (AP2), we 135 

divide the period from 15 to 45 ka into six 5-ka segments, identify the coldest segment, and then iteratively 136 

include all adjacent segments whose error-weighted mean NGTs agree with the running-LGM estimate to 137 

within two standard deviations. We suggest that the first approach is the most robust, given that LGM NGTs 138 

are more likely to be biased warm. For example, a warm bias could be introduced due to (i) mixing with 139 

pre- or post-LGM groundwater, (ii) permafrost-induced LGM recharge gaps, (iii) correlated analytical errors 140 

that yield unphysical results with high temperature and excess air38, or (iv) a possible widespread shift to 141 

grasslands vegetation during the LGM in regions that were forested or shrub covered in the Late Holocene39 142 

(which would lead to warming of ground temperatures, relative to air temperatures40). Nonetheless, we find 143 

that the mean offset between LGM temperatures determined by these two approaches is ~0.9⁰C, which is 144 

considerably smaller than the relevant ~4⁰C range among prior estimates of low-latitude LGM cooling. 145 

  Whereas prior studies have solely reported ΔTLGM and its associated analytical uncertainties, here we 146 

explicitly estimate for the first time the total systematic error of groundwater noble gas-based determinations 147 

of ΔTLGM. In Extended Data Table S1, we identify four dominant sources of systematic error and quantify 148 

their respective magnitudes using simple physical models (Extended Data Fig. 3). We find that the two 149 

largest systematic errors, glacial-interglacial changes in recharge elevation and water table depth, are 150 

reduced by intrinsic compensating mechanisms. That is, for an unaccounted-for glacial-interglacial change 151 

in recharge elevation, the net bias in ΔTLGM (assuming a typical ~6.5⁰C km-1 lapse rate) is roughly reduced 152 

by half due to associated changes in barometric pressure. For example, if the recharge area of a given 153 

aquifer shifted to a different location that was 100 m higher during the LGM, the corresponding LGM cooling 154 

bias of ~0.65⁰C would be partially offset by the fact that lower barometric pressure leads to lower noble gas 155 

concentrations in groundwater and thus a ~0.28⁰C higher NGT (Extended Data Fig. 3). Similarly, if an LGM 156 

water table were 20 m deeper than present and thus anomalously warmed by geothermal heat, the 157 

additional soil-air Kr and Xe acquired by gravitational settling41,42  would also lead to a partially 158 

compensating cold bias. Across these groundwater data sets, most of which lie in nearly flat terrain with 159 

low-elevation recharge sites (Extended Data Table 2), we suggest that ±200 m and ±20 m conservatively 160 

represent the ranges of variability (±1σ) for glacial-interglacial shifts in recharge elevation and water table 161 

depth, respectively. With additional consideration of the smaller influences of absolute changes in LGM 162 

barometric pressure at fixed points on land43 and mixing between groundwaters of different recharge 163 

temperatures (Methods section), we estimate that a systematic uncertainty of ±0.9⁰C (±1σ) must be taken 164 

into consideration, along with analytical uncertainties, when interpreting NGT-based reconstructions of 165 

ΔTLGM. 166 

 167 

Quantifying low latitude cooling on land 168 
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In Fig. 3, we show ΔTLGM estimates from 26 groundwater noble gas studies around the globe, including 169 

three previously unpublished low-latitude records from Vietnam, India, and Australia. We compare these 170 

noble gas-based estimates to several influential previous efforts1,5,7 to reconstruct low-and-mid latitude sea-171 

surface temperatures. While direct physical coupling between temperature at the land surface and water 172 

table (Fig. 1) leads NGT to reliably record MAST (Fig. 2), numerical model experiments44 have rigorously 173 

shown that equilibrium changes in water table temperature and mean-annual surface air temperature 174 

(MAAT) in snow-free regions are also equal to within ~0.2⁰C. Hence, there exists a firm basis for inter-175 

comparison of MAST-based (i.e., this study) and MAAT-based1,7 ΔTLGM in the low latitudes. However, we 176 

note that at higher latitudes, decoupling of MAST and MAAT is possible due to changes in snow cover or 177 

vegetation40, complicating the interpretation of high-latitude noble gas-derived paleotemperatures.    178 

We find remarkable consistency in LGM cooling estimates from groundwater noble gas measurements 179 

between 45⁰S and 35⁰N (Fig. 3a). North of this latitude band, large regional differences arise from proximity 180 

to the great Northern Hemisphere ice sheets, and permafrost gaps in LGM recharge lead to substantial 181 

zonal heterogeneity. Regional agreement among nearby groundwater records far from the ice sheets 182 

exemplifies the reproducibility of noble gas-based temperature reconstructions. For example, ΔTLGM 183 

estimates match closely across independent groundwater measurements from Namibia and Botswana; 184 

central and eastern China; Australia and New Zealand; the Mediterranean; and the southwestern United 185 

States (Fig. 3b). In low-latitude groundwater records between 45⁰S and 35⁰N (n=15), we find an error-186 

weighted mean ΔTLGM of -5.8 ± 0.6⁰C (Fig. 3a, 95% confidence, accounting for random and systematic 187 

error, and using approach AP1). Each of these low-latitude sites has a recharge elevation below 1.2 km, 188 

and the median recharge elevation is 375 m. 189 

Our groundwater-based ΔTLGM estimate over this latitude band is substantially colder than notable 190 

marine5,7 and low-elevation terrestrial8,21–23 reconstructions, but it is closer to the finding of a recent model-191 

data assimilation study1 as well as mountain snowline inferences of LGM cooling17–19,45. Regional mean 192 

values of sea-surface LGM cooling over these latitudes (weighted by area) from the CLIMAP project5 193 

(0.93⁰C), a model-data hybrid7 based on the MARGO global sea-surface temperature reconstruction6 194 

(2.0⁰C), and the recent model-data assimilation reconstruction1 (3.75⁰C) all fall below both our AP1 and 195 

AP2 (-4.8 ± 0.6⁰C; Extended Data Fig. 5) estimates of LGM cooling on land. However, to directly compare 196 

land and sea-surface cooling during the LGM, it is critical to consider the non-climatic impact of lower sea 197 

level via the lapse rate on sea-surface temperature, which is distinct from the climatic change at a fixed 198 

point on land. Whereas barometric pressure remains virtually unchanged at a low-elevation fixed point on 199 

land during the LGM (Extended Data Fig. 4), the estimated increase in LGM sea-level pressure of ~15 200 

hPa43 due to ~130 m lower-than-present eustatic sea level leads to a non-climatic adiabatic sea-surface 201 

warming of ~0.85⁰C (assuming a 6.5⁰C km-1 lapse rate) that is not experienced by low-latitude land surfaces. 202 

We find that two above-mentioned model-data hybrid reconstructions of global LGM temperatures (Fig. 3a) 203 

show tropical-mean land-sea differences in LGM cooling (ΔTL-S) of -0.73⁰C (ref.7) and -0.90⁰C (ref.1), 204 

remarkably close to this expectation.  205 

However, numerous model simulations of the global climatic response to elevated atmospheric CO2 206 

have found greater equilibrium warming over the continents than the oceans, linked by theory to changes 207 

to the hydrological cycle and the efficiency of latent cooling over land and sea surfaces46–48. We expect that 208 

this theory should also hold for cooling during the LGM. Thus, the observed ΔTL-S in these LGM simulations 209 

is likely a consequence of a more complex set of processes than sea-level lowering alone. While an 210 

incomplete understanding of land-sea cooling ratios during the LGM precludes a high-confidence 211 

translation of our terrestrial result into sea-surface cooling, our AP1 and AP2 ΔTLGM estimates are 212 

incompatible with the CLIMAP and MARGO studies under even the most extreme suggested ratios of land-213 

versus-sea surface temperature change (up to 1.8)47,48. While we note that the land-surface cooling in a 214 

recent model-data assimilation product1 is closer to our results (roughly in line with AP2 and ~1⁰C less than 215 

AP1), the lack of terrestrial constraints in that analysis limits our ability to meaningfully interpret comparisons 216 

at the 1⁰C level. Incorporation of these noble gas constraints into future model-data assimilation efforts may 217 

provide insight into the atmospheric dynamics that shaped ΔTL-S during the LGM. 218 

 219 

Climate sensitivity and next steps 220 

Equilibrium climate sensitivity (ECS) is a widely adopted term that refers to the equilibrium response of 221 

Earth’s global-mean surface temperature to a doubling of atmospheric carbon dioxide49. This metric is 222 

particularly relevant to predicting the magnitude of future warming in response to anthropogenic 223 

greenhouse gas emissions. Estimates of ECS primarily come from Earth system model simulations, and 224 
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hence paleoclimate-based validation of these estimates is important1,2, especially given the short 225 

instrumental record of modern climate. The advent of new techniques for paleoclimate data assimilation50 226 

using geochemical marine proxy data1 has produced estimates of low-latitude LGM cooling that greatly 227 

exceed previous estimates that incorporated microfossil assemblage-based transfer functions5,6 and had 228 

implied a lower ECS than the model-based consensus49. Thus, in light of the fact that our low-latitude LGM 229 

cooling estimate is only compatible with ref.1, which suggested an ECS of 3.4⁰C per doubling of atmospheric 230 

CO2 (within the model-based range49), our study offers terrestrial proxy support for this recent reconciliation 231 

of proxy-based and model-based ECS estimates.  232 

This work also paves a path toward future inter-proxy comparison and calibration on land, exploiting 233 

the strengths of noble gas paleothermometry, such as its 1) physical basis, 2) mean-annual rather than 234 

seasonal sensitivity, and 3) inherent low pass filtering (the primary weakness of noble gas 235 

paleothermometry is poor age control). These strengths may aid in interpretations of other terrestrial proxies 236 

that record higher-frequency climate signals and have more precise age control. Lastly, our findings 237 

highlight the need for future work to fill large data gaps in the existing global record of groundwater NGTs, 238 

for instance through new measurements in South America or Southeast Asia. Future work should also 239 

exploit the recent addition of new noble gas paleoclimate tools like high-precision isotope measurements 240 

for paleohydrology41 and speleothem fluid inclusion measurements for cave paleotemperatures51 to provide 241 

new physically meaningful constraints on terrestrial paleoclimate that may better inform regional 242 

hydroclimatic sensitivity to ongoing and future change. 243 

 244 

Data Availability: All original groundwater data (noble gas concentrations, ages, water temperatures [if 245 

available]), recharge elevations, study locations, fitted parameters and statistical uncertainties are freely 246 

available for download through PANGAEA (DOI: 10.1594/PANGAEA.929176). NGT time series plots of 247 

each study are available as supplementary files.  248 

 249 

Code Availability: All MATLAB scripts for noble gas temperature fitting (including documentation) are 250 

freely available online (DOI: 10.5281/zenodo.4589442). 251 

 252 
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 367 

Fig. 1: Overview of the noble gas paleothermometer and its key components. Atmospheric gases 368 

enter soil pores in the unsaturated zone and dissolve into groundwater (salinity ~ 0) at the water table, 369 

which typically lies below the minimum depth at which the soil temperature closely reflects the mean 370 

annual surface temperature (dashed black line). In bottom left cartoon, bubbles of soil air are entrained by 371 

the rising water table between stages 1 and 2 before partially dissolving under hydrostatic pressure 372 

between stages 2 and 3. Because groundwater is disconnected from soil air over time, due to subsequent 373 

recharge and flow, its noble gas composition reflects conditions at the time of soil air dissolution and can 374 

be inverted to quantitatively resolve temperature using the well-known temperature-dependent solubility 375 

functions.   376 

 377 

Fig. 2: Noble gases in young groundwater accurately record modern temperatures. Comparison of 378 

error-weighted mean NGTs in Late Holocene groundwater with modern measured groundwater 379 

temperatures (blue circles) or mean-annual ground surface temperatures (ERA5-Land upper soil 380 

temperatures) averaged from 1981-2019 (brown circles). Error bars represent ±1 standard error and 381 

dashed line indicates 1:1. The ERA5-Land temperature for the coldest sample is not shown due to ERA5-382 

Land biases below 5⁰C (Extended Data Fig. 2). Anthropogenic warming and Late Holocene temperature 383 

fluctuations may contribute slightly to scatter, but due to dating limitations and dispersive mixing we are 384 

unable to disentangle these effects. 385 

 386 

Fig. 3: Noble gases imply ~6⁰C of low-elevation, low-latitude LGM cooling on land. Comparison (a) 387 

by latitude of noble gas-derived ΔTLGM  (this study, approach AP1) to zonal-mean land-surface (solid lines) 388 

and sea-surface (dashed lines) estimates of ΔTLGM from key prior studies1,5,7. Error bars indicate ±1 389 

standard error. Our land-based mean of -5.8 ± 0.6⁰C between 45⁰S and 35⁰N (thick green dashed line, with 390 

95% confidence error envelope) partially overlaps the range of cooling suggested by ref.1 (error ~±0.3⁰C), 391 

but it is incompatible with previous influential LGM temperature reconstructions6,7,13 that have suggested 392 
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less low-latitude cooling during the LGM and lower climate sensitivity; (b) Map showing individual noble 393 

gas-derived ΔTLGM values (annotated points) superimposed on the model-data assimilation results of ref.1 394 

(plotted using the MATLAB Mapping Toolbox). Asterisks indicate sites with LGM recharge gaps. 395 

 396 

Methods: 397 

Noble Gas Temperature Fitting: 398 

Groundwater measurements (n=753) of dissolved Ne, Ar, Kr, and Xe abundance from 32 independent 399 

studies (Extended Data Table 2) were fit to the CE model31, Partial Re-equilibration (PR) model13, and 400 

Oxygen Depletion (OD) model33 using a non-linear least squares solver (“lsqnonlin”) in MATLAB. We 401 

excluded studies in which raw noble gas abundance data were unavailable, fewer than three noble gases 402 

were used for paleotemperature reconstruction52, major dating uncertainties precluded identification of the 403 

LGM, or where authors suggested that anomalous processes like oxygen depletion 53systematically 404 

decoupled NGT from MAST54,55. We also selected several representative modern-only NGT studies (i.e., 405 

without LGM groundwater data) in which direct measurements of modern groundwater or ground surface 406 

temperatures were available56,57, as a means of evaluating the accuracy of NGTs. As described in the main 407 

text, only the CE model was used for the ultimate calculation of LGM and Late Holocene recharge 408 

temperatures. For each model, the exact equations described in the literature were implemented, and 409 

values were directly compared for a test data set with the software PANGA58, demonstrating agreement to 410 

better than 0.01⁰C. In each study, recharge pressures were calculated from published recharge elevations 411 

where available, and from the mean elevation over the study area for data sets in which no recharge 412 

elevation was provided. The latest solubility functions for Ne, Ar, Kr, and Xe (provided in ref.9) were used 413 

for noble gas fitting, except for the cross-comparison with PANGA, in which the older solubility functions 414 

(suggested by ref.59 and used in PANGA) were implemented. A permissible entrapped air range (A) of 0-415 

0.05 cm3
STP was used in the least-squares routine, following the suggestion of ref.58, and fitted A values 416 

equal exactly to this maximum value were flagged and excluded, unless there was minimal dissolution 417 

(fractionation parameter F ≥ 0.95).  418 

Published noble gas measurement uncertainties were used for least-squares fitting where provided 419 

(n=685), and 1-σ uncertainties of ±3%, 2%, 4%, and 4% were assumed for Ne, Ar, Kr, and Xe, respectively, 420 

when published errors were not provided (n=68). NGT uncertainties for individual samples were calculated 421 

from the covariance matrix58 produced by NGT fitting. For samples in which more than three gases were 422 

measured (n=675), the system was overdetermined and thus goodness-of-fit could be assessed by 423 

calculating the reduced chi-squared value and determining the probability of randomly exceeding this value 424 

from the cumulative chi-squared distribution function with one degree of freedom. Following ref.58, we 425 

excluded all samples where this probability was below 1% (n=59), which indicates a very low likelihood that 426 

the CE model captures all processes that affect noble gas concentrations. For samples in which exactly 427 

three gases were measured (n=78), uncertainties were determined by carrying out 100 Monte Carlo 428 

simulations per sample in which normally distributed perturbations (with standard deviation given by the 429 

analytical uncertainty of each gas) were added to measured values. Samples identified as problematic in 430 

their respective publications, for instance due to suspected measurement artifacts, sample collection or 431 

storage concerns, or extreme dating errors, were excluded from our final determination of LGM and Late 432 

Holocene temperatures. For each data set, published recharge ages were used; otherwise, recharge age 433 

estimates suggested by the publication were followed (e.g., translation of radiogenic 4He to age using a 434 
4He accumulation rate suggested by ref.60 or conversion of flow distances to recharge age based on the 435 

relationship given in ref.15).  436 

After exclusion of published problematic samples and those with poor NGT model fit, Late Holocene 437 

recharge temperatures in each data set were determined by calculating the weighed-mean of all samples 438 

with recharge ages younger than 5 ka. As described in the main text, weighted NGT means of LGM samples 439 

included by approaches AP1 and AP2 were calculated to estimate the mean LGM temperature in each data 440 

set. ΔTLGM was determined, for AP1 and AP2 separately, by subtracting the Late Holocene weighted-mean 441 

NGT from the weighted-mean AP1 and AP2 LGM NGTs, with errors determined via the quadrature sum of 442 

respective Late Holocene and LGM NGT uncertainties. For data sets in which LGM-aged samples, but not 443 

Late Holocene samples (<5 ka recharge age), were included (n=2), ERA5-Land reanalysis temperatures 444 

were used, following the procedure for modern MAST determination described below.  445 

 446 

Modern Ground Surface Temperatures: 447 
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To estimate modern MAST at the recharge sites of each included study, monthly-mean ERA5-Land32 448 

upper soil temperatures (level 1: 0-7 cm), averaged from 1981-2019, were used in an algorithm to project 449 

modern temperature at the recharge elevation. For each study, first all ERA5-Land grid cells (0.1⁰ x 0.1⁰ 450 

resolution) within 1⁰ latitude or longitude of the study area were identified and mean 1981-2019 ERA5-Land 451 

grid-cell temperatures were regressed against the natural log of mean surface pressure to determine an 452 

effective surface temperature lapse rate in the region. This linear fit was then used to project the MAST at 453 

the surface pressure of the recharge site, and the uncertainty was estimated from the standard error of the 454 

regression line project to the recharge pressure. For evaluation of ERA5-Land temperatures, we carried 455 

out this same algorithm to estimate MAST at the elevations of published soil measurements in a global 456 

database (ref.34). 457 

 458 

Previously unpublished data: 459 

This study includes previously unpublished noble gas data from groundwater samples collected in the 460 

mid-1990s in Australia and Vietnam, and between 2008 and 2010 in India. These samples were analyzed 461 

at either the Lamont-Doherty Earth Observatory (Palisades, New York) or Heidelberg University 462 

(Heidelberg, Germany). The Australian groundwater samples (n=29) were analyzed at Lamont-Doherty and 463 

were collected from a deep sandstone aquifer in South Australia (~37.2⁰S 140.8⁰E) with 100-120 m 464 

recharge elevation. The Vietnamese groundwater samples (n=23) were collected from a deep sedimentary 465 

aquifer near Ho Chi Minh City (~10.9⁰N 106.6⁰E) with a recharge elevation of ~50 m and were measured 466 

at Lamont-Doherty. The Indian groundwater samples (n=76) were collected from a confined sedimentary 467 

aquifer in Cambay Basin (Gujarat, India, ~23⁰N 72⁰E) with a low recharge elevation (~50-150 m) and 468 

measured for noble gas abundances at Heidelberg. All groundwater samples from these sites were dated 469 

with 14C of DIC and samples with detectable “bomb” carbon (14C activity >100 percent modern carbon61) 470 

were assumed modern and assigned a recharge age of zero. All relevant site information (e.g., geographic 471 

coordinates, modern surface and groundwater temperatures, recharge elevations, groundwater ages), 472 

noble gas measurements, and analytical uncertainties are included in the associated data set and code 473 

package.  474 

 475 

Atmospheric Pressure on Land during the LGM: 476 

We developed a simple box model to estimate the pressure at a fixed point in the atmosphere during 477 

the LGM. In this model, global changes in the total mass and distribution of atmospheric air are determined 478 

by accounting for lowering of global-mean sea level and temperature during the LGM and the growth of ice 479 

sheets with a mean altitude of 2 km at high latitudes. Our model accounts for the loss of air (approximated 480 

as N2 and O2) by dissolution into a ~3⁰C cooler mean ocean62 and occlusion in glacial ice bubbles (~10% 481 

by volume), and assumes a mean LGM cooling at (modern) eustatic sea level of 6⁰C. We assume a uniform 482 

6.5⁰C km-1 lapse rate for simplicity, although we find that the change in LGM pressure is insensitive to even 483 

50% changes in LGM lapse rate or global MAST. The simplified barometric equation for a constant lapse 484 

rate is used to calculate the change in pressure with elevation in the LGM atmosphere, after accounting for 485 

whole-atmosphere mass changes. We find that absolute LGM-versus-modern changes in atmospheric 486 

pressure at low elevation are negligible, although the cooling of the atmosphere and displacement of air by 487 

ice sheets leads to somewhat larger changes in pressure at high elevation (Extended Data Fig. 3). 488 

Importantly, though we find that atmospheric pressure changes are negligible at fixed low elevations (i.e., 489 

on land), the global mean sea-level pressure increases by ~0.015 atm (in line with ref.43) due to the ~130-490 

m absolute lowering of eustatic sea level during the LGM, thereby leading to lapse-rate induced non-climatic 491 

warming that does not affect low-elevation land surfaces. 492 

 493 

Sensitivity Tests: 494 

To quantify the overall systematic error associated with noble gas paleothermometry, we identified 495 

leading sources of systematic error and developed simple physical models to determine their respective 496 

magnitudes (Extended Data Table 1, Extended Data Fig. 4). In each case, we begin with a control 497 

experiment at a recharge elevation of 1 km with a mean-annual temperature of 10⁰C at the ground surface 498 

and water table, where dissolved noble gas concentrations are in equilibrium with atmospheric air. The 499 

sensitivity of NGTs to an unaccounted-for shift of recharge elevation was tested by determining equilibrium 500 

noble gas concentrations in water equilibrated at higher or lower elevation (and thus higher or lower surface 501 

pressures and mean-annual temperatures, assuming a 6.5⁰C km-1 lapse rate), and using these 502 

concentrations to calculate NGTs using the CE model prescribed with the original (1 km elevation) surface 503 
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pressure. The magnitude of the NGT bias (T’) was determined from the difference between calculated 504 

NGTs and the 10⁰C original recharge temperature. The total recharge-elevation sensitivity was estimated 505 

from T’ values associated with a ±200-m shift in recharge elevation. The sensitivity of NGTs to water table 506 

depth was assessed by determining equilibrium groundwater Ne, Ar, Kr, and Xe concentrations in water at 507 

a shallower or deeper water table that was warmer or cooler (via an assumed geothermal gradient of 30⁰C 508 

km-1) and above which noble gas concentrations were either enriched or depleted by gravitational 509 

enrichment63 based on their elemental mass difference from mean air (29 g mol-1). By similarly using the 510 

CE model (assuming atmospheric, and not gravitationally fractionated, air composition) to calculate NGTs, 511 

the associated water table depth bias in NGT was determined from the difference of modeled NGTs for a 512 

20-m deeper or shallower water table from the starting recharge temperature (10⁰C). The sensitivity of 513 

NGTs to small unaccounted-for LGM changes in barometric pressure (<1% at elevations below 3 km, 514 

Extended Data Fig. 3) was determined by calculating equilibrium concentrations of Ne, Ar, Kr, and Xe in 515 

equilibrium with air at higher and lower pressures, and then using these concentrations to constrain the CE 516 

model prescribed with the starting recharge pressure. The associated NGT bias was again determined by 517 

subtracting NGTs from the 10⁰C starting recharge temperature, and a value of 1% was assumed to 518 

represent the maximum plausible LGM change in recharge pressure. Finally, the sensitivity of NGTs to 519 

mixing was estimated by determining the NGTs of equal-parts binary mixtures between the starting 520 

groundwater composition and air-equilibrated groundwaters ranging in recharge temperature from 0 to 521 

20⁰C. By subtracting NGTs from the mean temperature of these binary mixtures, the NGT bias due to 522 

mixing was determined, and a mixing end-member range of ±5⁰C (i.e., mixing of 15⁰C or 5⁰C water with the 523 

10⁰C groundwater in this example) was assumed to represent the most extreme plausible mixing scenarios. 524 
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Extended Data Fig. 1: Evaluation of leading noble gas models. Comparison of Late Holocene NGTs to 628 

ERA5-Land 1981-2019 mean-annual ground surface temperatures across three NGT models and (inset) 629 

χ2 goodness-of-fit histogram comparison of all groundwater samples (n=753) included in this work 630 

(normalized by degrees of freedom, n). The CE model agrees closest with ERA5-Land temperatures 631 

(RMSD = 1.4⁰C), followed by the PR (RMSD = 1.5⁰C) and OD (RMSD = 5.7⁰C) models. The CE model also 632 

exhibits the best goodness-of-fit (lowest median χ2/n). Error bars represent ±1 standard error. 633 

 634 

Extended Data Fig. 2: ERA5-Land temperatures are unbiased above 5⁰C. Comparison of 1981-2019 635 

mean-annual ERA5-Land ground (upper soil) temperatures to a global database of modern mean-annual 636 

measured ground temperatures (ref.34), using the approach described in Methods to project ERA5-Land 637 

temperatures to the observation elevations. Whereas below ~5⁰C ERA5-Land temperatures appear to be 638 

systematically biased warm, above 5⁰C they consistently overlap the 1:1 line with an RMSD of 1.6⁰C. 639 

Observed temperatures tend to be slightly warmer on average, perhaps due to the typical locations of 640 

micrometeorological stations in barren fields, with little cooling from the shade provided by vegetation. 641 

 642 

Extended Data Fig. 3: Leading sources of systematic error in LGM noble gas paleothermometry. 643 

Modeled sensitivity of apparent NGTs to leading sources of systematic error. In each case, NGT bias (T’) 644 

is reported with respect to a starting recharge temperature of 10⁰C at 1 km elevation (except for mixing 645 

tests [bottom right] in which T’ is given relative to the temperature of an equal-parts mixture of 10⁰C 646 

equilibrated water with a given equilibrium mixing end-member temperature). Each panel shows the NGT 647 

bias associated with a source of error, including LGM-to-Late-Holocene changes in recharge elevation (a), 648 

water table depth (b), and pressure (c), as well as the direct NGT bias induced by mixing (d) relative to the 649 

admixture temperature. Green squares indicate ±1-σ confidence region for range of likely glacial-interglacial 650 

variability (Table S1). [See Methods for detailed description of each sensitivity test and Table S2 for 651 

compilation of results.] 652 

 653 

Extended Data Fig. 4: Atmospheric pressure changes during the LGM. Box model result for changes 654 

in LGM atmospheric pressure with elevation at a fixed point. In panel (a) absolute pressure (P) is shown 655 

during the LGM and in the modern atmosphere. In panel (b) LGM anomalies in pressure (ΔP) relative to 656 

the modern atmosphere are shown. Briefly, the model assumes a fixed lapse rate (6.5⁰C km-1) and employs 657 

the barometric equation to estimate the vertical distribution of atmospheric pressure during the LGM, 658 

accounting for loss of atmospheric air by dissolution into a colder ocean and occlusion in high-latitude ice 659 

sheets, as well as displacement of air by the growth of large ice sheets. [See Methods for more details.] 660 

 661 

Extended Data Fig. 5: Comparison of AP2 LGM cooling estimates to literature values. Comparison 662 

by latitude of noble gas-derived ΔTLGM  (this study, approach AP2) to zonal-mean land-surface (solid lines) 663 

and sea-surface (dashed lines) estimates of ΔTLGM from key prior studies1,5,7. Error bars indicate ±1 664 

standard error. Our AP2 low latitude (45⁰S-35⁰N) mean estimate of LGM cooling (4.8 ± 0.6⁰C; thick green 665 

dashed line, with 95% confidence error envelope) is ~1⁰C smaller in magnitude (warmer) than AP1. While 666 

the AP2 estimate appears to more closely overlap the land cooling of ref. 1, we note that this data 667 

assimilation study was entirely constrained by marine proxies and thus implications for cooling over land 668 

should be treated with caution. For the physical and statistical reasons described in the main text, we 669 

suggest AP1 is more robust, and we emphasize that the relatively good agreement between AP1 and AP2, 670 

compared with the range of disagreement among literature values, adds confidence to the reliability of noble 671 

gas temperature reconstruction.  672 

 673 

Extended Data Table 1: Leading sources of systematic error. Results of sensitivity testing for 674 

systematic NGT biases in response to LGM-Late Holocene changes in recharge elevation, water table 675 

depth, and barometric pressure, in addition to the direct NGT bias induced by mixing. 676 

 677 

Extended Data Table 2: Overview of groundwater noble gas data sets. Locations, recharge 678 

elevations, Late Holocene weighted-mean NGTs, and LGM NGTs (AP1 and AP2) for all data sets 679 

included in this study. For further hydrogeological information, please refer to the citations associated with 680 

each data set. Uncertainties indicate ±1 standard (analytical) error. 681 

 682 

 683 


