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Alan M. Seltzer'™, Jessica Ng?, Werner Aeschbach?®, Rolf Kipfer*®¢, Justin T. Kulongoski?,
Jeffrey P. Severinghaus? & Martin Stute™®

The magnitude of global cooling during the Last Glacial Maximum (LGM, the coldest
multimillennial interval of the last glacial period) is animportant constraint for
evaluating estimates of Earth’s climate sensitivity". Reliable LGM temperatures come
from high-latitude ice cores®*, but substantial disagreement exists between proxy
recordsin the low latitudes* %, where quantitative low-elevation records on land are
scarce. Filling this data gap, noble gases in ancient groundwater record past land
surface temperatures through a direct physical relationship that is rooted in their
temperature-dependent solubility in water®. Dissolved noble gases are suitable
tracers of LGM temperature because of their complete insensitivity to biological and
chemical processes and the ubiquity of LGM-aged groundwater around the globe"2.
However, although several individual noble gas studies have found substantial
tropical LGM cooling®™?, they have used different methodologies and provide limited
spatial coverage. Here we use noble gases in groundwater to show that the
low-altitude, low-to-mid-latitude land surface (45 degrees south to 35 degrees north)
cooled by 5.8 + 0.6 degrees Celsius (mean + 95% confidence interval) during the LGM.
Our analysis includes four decades of groundwater noble gas data from six
continents, along with new records from the tropics, all of which were interpreted
using the same physical framework. Our land-based result broadly supports arecent
reconstruction based on marine proxy data assimilation’ that suggested greater
climate sensitivity than previous estimates®”’.




Main text

The LGMis the most-recent extended period of globally stable climate
that was substantially cooler than the present climate, and it therefore
represents animportant constraint for evaluating estimates of climate
sensitivity from model simulations. The promise of LGM temperature
reconstruction as away of validating tools used to predict future warm-
ing relies on precise palaeotemperature reconstructions. However,
efforts overrecent decadestoresolve global-mean LGM temperatures
have produced widely varying results™*~, inlarge part due to disagree-
ments in low-latitude sea-surface cooling estimates that range from
around1to4 °Cand thescarcity of high-confidence palaeotemperature
records on land. Whereas high-elevation terrestrial records from the
tropics have long indicated spatially consistent approximately 1-km
lowering of LGM mountain snowlines associated with about 5-6 °C
cooling”?, low-elevation palaeotemperature estimates from lake sedi-
ments**??and pollen?, for example, have suggested substantially less
cooling. These disagreements have limited the use of LGM tempera-
tures to inform our understanding of climate sensitivity.

Among existing terrestrial temperature proxies—each of which has
different strengths and limitations—the ‘noble gas palaeothermom-
eter’has stood outsinceitsintroductionin the 1970s* as a promising
tool for temperature reconstruction onland. This technique exploits

the well-known temperature-dependent solubility functions®*
of neon (Ne), argon (Ar), krypton (Kr) and xenon (Xe) in water to
quantitatively invert measured noble gas concentrations in ancient
groundwater into past temperature at the water table (that is, the
upper surface of the saturated zone) at the time of recharge!®*?,
Owing to the attenuation of seasonal temperature fluctuations in
soil with depth, typical temperatures at the water table closely match
mean annual ground surface temperatures (MAST), thus providing
adirect physical link between MAST and noble gases dissolved in
groundwater'®*?¢, The potential of noble-gas-derived tempera-
ture (NGT) reconstruction is both far-reaching and firmly rooted
in well-established physical principles, as a third of Earth’s land
areais estimated to hold LGM-aged groundwater" and noble gases
are, by nature, inert and conservative tracers. To date, however,
disparate approaches to groundwater dating and treatment of air
bubble entrainment and dissolution among dozens of groundwater
noble gas palaeotemperature studies have led to an inconclusive
set of results. Although a handful of prominent tropical noble gas
studies™® have indicated a magnitude of low-elevation cooling
during the LGM in line with the 5-6 °C implied by mountain snow-
line depression, the lack of a consistent approach and independent
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Fig.1|Overview of the noble gas palacothermometer andits key
components. Atmospheric gases enter soil poresin the unsaturated zone and
dissolve into groundwater (salinity of around 0) at the water table, which
typically lies below the minimum depth at which the soil temperature closely
reflects the mean annual surface temperature (dashed black line). As shownin
the bottom left cartoon, bubbles of soil air are entrained by the rising water
table between stages1and 2 before partially dissolving under hydrostatic
pressure between stages 2 and 3. Because groundwater is disconnected from
soil air over time, owing to subsequentrecharge and flow, its noble gas
compositionreflects conditions at the time of soil air dissolution and can be
inverted to quantitatively resolve temperature using the well-known
temperature-dependent solubility functions.

validation of the noble gas technique has limited its wide adoption
in climate studies.

Here, we combine the wealth of existing groundwater noble gas
datawith new measurements from key tropical locations to produce a
composite global record of NGTs of the LGM. By comparing NGTs from
young groundwater to modern MAST observations from 30 studies
that range from around 2 to 33 °C, we evaluate the accuracy of NGTs
and suitability of the various models commonly used to convert noble
gas concentrations to temperature. Using the most robust NGT model,
we thenreconstruct low-and-mid-latitude LGM temperatures on land,
compare our findings to previous efforts and discuss the broader impli-
cations for climate sensitivity.

Basis of the noble gas palaecothermometer

Fouratmosphericnoblegases (Ne, Ar,Krand Xe) lack appreciable sinks or
sourcesoverglacial-interglacial timescales” and thus their concentrations
dissolvedin fresh water atsolubility equilibrium—atagiventemperature
andbarometric pressure—reflect well-understood physical constants that
donotchangewithtime.Ingroundwater, noble gasesareacquired primar-
ilyviaequilibriumdissolution of soil air at the water table, and secondarily
bybubble entrainment and dissolution (Fig.1). After shallow groundwater
isisolated from overlyingsoil air by subsequent recharge or flow beneath
aconfininglayer, dissolved Ne, Ar, Krand Xe concentrationsin groundwa-
ter are ‘locked in’ and affected only by dispersive mixing. Conveniently,
for typical groundwater flow properties, mixing in the aquifer preserves
oscillatory signals with periods on the order of thousands of years while
dampinghigher-frequency signals, effectively acting as a natural low-pass
filter”. In this sense, noble gases in groundwater that recharged around
20thousandyears (kyr) before present reflect long-term (millennial-scale)
| mean conditions at the water table during the LGM.
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Fig.2|Noble gasesin young groundwater accurately record modern
temperatures. Comparison of error-weighted mean NGTsin Late Holocene
groundwater (n=30) withmodern measured groundwater temperatures (blue
circles) or MASTs (ERAS5-Land upper soil temperatures) averaged from 1981 to
2019 (brown circles). Dataare mean + 1s.e.m.and the dashed lineindicates1:1.
The ERAS-Land temperature for the coldest sampleis not shown because of
ERAS-Land biases below 5 °C (Extended Data Fig. 2). Anthropogenic warming
and Late Holocene temperature fluctuations may contribute slightly to scatter,
but due to dating limitations and dispersive mixing we are unable to
disentangle these effects.

Ata hypothetical site with a MAST of 15 °C and a seasonal cycle of
ground surface temperatures of +10 °C, temperatures at typical water
table depths below around 10 m converge to within around 0.1 °C of
MAST due to damping by the vertical diffusion of heat in soil'>*?
(Fig.1). Therefore, after accounting for the contribution of bubble
dissolution (or ‘excess air’), measured noble gas concentrations in
groundwater can be inverted to directly determine the MAST at the
time and place of recharge, using their temperature-dependent solu-
bility functions™. Although straightforward in principle, in practice
many conceptual models have been proposed over recent decades to
account for processes that may modify the composition of excess air
orsoil air at the water table'®%2¢, Over the past twenty years, multiple
theoretical, field and laboratory studies®®>° have demonstrated the
validity of the closed-system equilibration model®, in which water
table fluctuations entrain bubbles of soil air that partially dissolve
under elevated hydrostatic pressure at solubility equilibrium. How-
ever, systematic reanalysis of noble gas measurements from young
groundwater around the globe has not been carried out to assess the
validity of the closed-system equilibration model and accuracy of NGTs
inreconstructing modern temperatures, whichis critical for establish-
ing confidence in LGM temperature reconstructions.

Validation withmodern groundwater

Using Late Holocene groundwater noble gas data (<5kyrrecharge age)
from30 studies worldwide, we analysed each dataset using three com-
mon NGT models and compared error-weighted mean Late Holocene
NGTstobothmodern (1981-2019) ground surface temperatures (from
ERAS-Land* reanalysis) and shallow (<50 m) groundwater temperature
measurements (Fig. 2). We find that the closed-system equilibration
model considerably outperforms two other leading models®* bothin
terms of accuracy and goodness of fit (Extended Data Fig.1). The mean
offset between NGTs from Late Holocene groundwater and ERAS-Land
MAST inthe closed-system equilibration model is negligible (<0.1 °C)
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for MAST >5 °C (n=29), with aroot-mean squared deviation (r.m.s.d.)
of 1.4 °C. An evaluation of ERAS-Land temperatures against a global
database of direct soil temperature measurements> shows similar
scatter (r.m.s.d.=1.6 °C) but no systematic bias for temperatures above
5°C(Extended DataFig. 2). Across the 16 studies for which groundwa-
ter temperatures withinrecharge areas werereported, Late Holocene
NGTs fromthe closed-system equilibration model agree with measured
groundwater temperatures withar.m.s.d. of 1.1 °C, butdisplay amean
offset of 0.7 °C (NGTs are systematically colder) thatis probably due to
slight geothermal warming of shallow groundwater. Taken together,
our comparisons of moderngroundwater NGTs to observations provide
strong support for the accuracy of the closed-system equilibration
model and suggest that cases in which the closed-system equilibra-
tion may fail to represent the physical system (for example, due to
steady-state oxygen depletion in soil air>*) are probably rare excep-
tions. The negligible mean offset between modern NGTs and MAST
throughout this wide temperature range provides confidence in the
use of groundwater noble gases as an unbiased palaeothermometer.

Consistent noble gas modelling approach

In view of both the fundamental physical arguments* ' and modern
temperature validation that favourits use, we adopt the closed-system
equilibration model to reconstruct LGM temperatures in 26 studies
for which LGM-aged groundwater noble gas data exist. In previous
studies, owing to the inherent challenges of dating groundwater
with*Cindissolved inorganic carbon*® or radiogenic *He¥, disparate
approaches have been used to determine whether individual samples
represent LGM recharge. Some studiesinclude only those samples that
fall within strict absolute age windows, others include only the coldest
NGTsamongsamples of apparent Late Pleistocene age, and still others
group samples that appear to represent the LGM because of a combi-
nation of cold NGTs and apparent age. These differences, along with
varying choices of NGT models and solubility functions, have made it
difficult to consistently compare the results of multiple studies.
Here, we define the LGM to be the coldest prolonged (multimil-
lennial) interval of the last glacial period. We determine LGM cool-
ing (AT,gy) by subtracting Late Holocene weighted-mean NGTs
(Fig.2) from LGM NGTs determined using two distinct and plausible
approaches, each applied uniformly across all datasets worldwide.
Because apparent groundwater ages can suffer from large biases®,
and previous studies have deviated widely in correcting *C ages
for the addition of “C-free carbon*, we only consider samples for
which the published ages are between 15 and 45 kyr to be candidate
LGM samples. Then, in the first approach (AP1), we identify the
coldest NGT within this range and include in our LGM estimate all
other candidate samples with NGTs that agree within1°C, to deter-
mine arepresentative NGT from the set of coldest Late Pleistocene
samples (multiple candidate samples exist in 23 out of 26 included
studies). In the second approach (AP2), we divide the period from
15 to 45 kyr ago into six 5-kyr segments, identify the coldest seg-
ment, and then iteratively include all adjacent segments for which
the error-weighted mean NGTs agree with the running-LGM estimate
to withintwo standard deviations. We suggest that the first approach
isthe mostrobust, giventhat LGM NGTs are more likely to be biased
to warmer temperatures. For example, a warm bias could be intro-
duced because of (1) mixing with pre- or post-LGM groundwater;
(2) permafrost-induced LGM recharge gaps; (3) correlated analyti-
cal errors that yield unphysical results with high temperature and
excess air’®; or (4) a possible widespread shift to grasslands vegeta-
tion during the LGM in regions that were forested or shrub covered
in the Late Holocene® (which would lead to warming of LGM ground
temperatures, relative to air temperatures*°). Nonetheless, we find
that the mean offset between LGM temperatures determined by these
two approachesisaround 0.9 °C, whichis considerably smaller than

28-31
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therelevantapproximately 5 °C range among previous estimates of
low-latitude LGM cooling™* 71>,

Whereas previous studies have reported only AT, and its asso-
ciated analytical uncertainties, here we explicitly estimate the total
systematic error of groundwater noble-gas-based determinations of
AT, cu. InExtended Data Table 1, we identify four dominant sources of
systematic error and quantify their respective magnitudes using simple
physical models (Extended Data Fig. 3). We find that the two largest
systematic errors—glacial-interglacial changes inrecharge elevation
and water table depth—are reduced by intrinsic compensating mecha-
nisms. That is, for an unaccounted-for glacial-interglacial change in
recharge elevation, the netbiasin AT,y (assuming a typical lapse rate
of approximately 6.5 °Ckm™) is reduced by roughly half due to associ-
ated changesin barometric pressure. Forexample, if therecharge area
of agiven aquifer shifted to a different location that was 100 m higher
during the LGM, the corresponding LGM cooling bias of around 0.65 °C
would be partially offset by the fact that lower barometric pressure
leads to lower noble gas concentrations in groundwater and thus an
approximately 0.28 °C higher NGT (Extended Data Fig. 3). Similarly, if
anLGM water table was 20 m deeper than present and thus anomalously
warmed by geothermal heat, the additional soil-air Kr and Xe acquired
by gravitational settling*** would also lead to a partially compensating
coldbias. Across these groundwater datasets, most of which liein nearly
flat terrain with low-elevation recharge sites (Extended Data Table 2),
we suggest that £200 m and +20 m conservatively represent the ranges
of variability (+10) for glacial-interglacial shifts in recharge elevation
and water table depth, respectively. With additional consideration of
the smallerinfluences of absolute changes in LGM barometric pressure
at fixed points onland* and mixing between groundwater of different
recharge temperatures (see Methods), we estimate that a systematic
uncertainty of +0.9 °C (+10) must be taken into consideration, along
with analytical uncertainties, when interpreting NGT-based recon-
structions of AT gu.

Quantifying low-latitude cooling onland
In Fig. 3, we show AT, estimates from 26 groundwater noble gas
studies around the globe, including three new low-latitude records
from Vietnam, Indiaand Australia. We compare these noble-gas-based
estimates to several influential previous efforts'*’ to reconstruct
low-and-mid-latitude sea surface temperatures. Inaddition to the direct
physical coupling between temperatures at the land surface and water
table (Fig.1) thatleads NGT toreliably record MAST (Fig. 2), numerical
model experiments* have rigorously shown that equilibrium changes
in water table temperature and mean annual surface air temperature
(MAAT) insnow-freeregions are equal towithinaround 0.2 °C. There-
fore, a firm basis exists for inter-comparisons of MAST-based (that is,
this study) and MAAT-based"’A T, analyses in the low latitudes. How-
ever, we note that at higher latitudes, decoupling of MAST and MAAT is
possible due to changes in snow cover or vegetation*’, complicating the
interpretation of high-latitude noble-gas-derived palaeotemperatures.
We find remarkable consistency in LGM cooling estimates from
groundwater noble gas measurements between 45 °Sand 35 °N (Fig. 3a).
North of this latitude band, large regional differences arise from prox-
imity tothe great LGMice sheets in the Northern Hemisphere, and per-
mafrost gapsin LGM recharge lead to substantial zonal heterogeneity.
Regional agreement among nearby groundwater records far fromthe
ice sheets exemplifies the reproducibility of noble-gas-based tempera-
turereconstructions. Forexample, AT, ¢\ estimates match closely across
independent groundwater measurements from Namibiaand Botswana;
central and eastern China; Australia and New Zealand; the Mediterra-
nean; and the southwestern USA (Fig. 3b). In low-latitude groundwater
records between 45°S and 35°N (n=15), we find an error-weighted mean
AT, o 0f -5.8+0.6 °C (mean + 95% confidence interval, accounting for
random and systematic error, and using approach AP1) (Fig.3a). Each
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mean +1s.e.m. Ourland-based mean of -5.8 + 0.6 °Cbetween45° Sand 35°N
(thick green dashed line, with 95% confidence error envelope) partially
overlaps the previously suggested range of cooling' (error of around +0.3 °C),
butitisincompatible with previousinfluential LGM temperature
reconstructions®’* that have suggested less low-latitude cooling during the
LGM and lower climate sensitivity. b, Map showingindividual noble-gas-derived
AT,y values (annotated points) superimposed on the data assimilation
results of ref.! (plotted using the MATLAB Mapping Toolbox). Asterisks
indicate sites with LGM recharge gaps.

of these low-latitude sites has a recharge elevation below 1.2 km, and
the median recharge elevationis 375m.

Our groundwater-based AT,y estimate over this latitude band is
substantially colder than notable marine’” and low-elevation terres-
trial®* 2 reconstructions, but it is closer to the finding of a recent
data assimilation study’ as well as mountain snowline inferences of
LGM cooling"*#, Regional mean values of LGM sea-surface cool-
ing over these latitudes (weighted by area) from the CLIMAP project’
(0.93°C), amodel-data hybrid’” based on the MARGO global recon-
struction of sea surface temperatures® (2.0 °C), and the recent data
assimilation reconstruction’' (3.75 °C) all fall below both our AP1and
AP2 (-4.8 £ 0.6 °C; Extended Data Fig. 5) estimates of LGM cooling
onland. However, to directly compare land-surface and sea-surface
cooling during the LGM, it is critical to consider the non-climatic
impact of lower sea levels through the lapse rate on sea surface tem-
perature, which is distinct from the climatic change at a fixed point
onland. Whereas barometric pressure remains almost unchanged at
alow-elevation fixed point on land during the LGM (Extended Data
Fig. 4), the estimated increase in LGM sea-level pressure of around
15 hPa (ref. **) owing to alower-than-present eustatic sealevel of around

130 mleads to anon-climatic adiabatic sea-surface warming of around
0.85 °C (assuming a lapse rate of 6.5 °C km™) that is not experienced
by low-latitude land surfaces. We find that the two above-mentioned
model-data hybrid reconstructions of global LGM temperatures
(Fig. 3a) show tropical mean land-sea differences in LGM cooling
(AT,_s) of -0.73 °C (ref. ”) and -0.90 °C (ref. '), which are remarkably
close to this expectation.

However, numerous model simulations of the global climatic
responseto elevated atmospheric carbon dioxide have found greater
equilibrium warming over the continents than the oceans, linked by
theory to changesto the hydrological cycle and the efficiency of latent
cooling over land and sea surfaces**™*5, We expect that this theory
should also hold for cooling during the LGM. Thus, the observed AT,
inthese LGM simulations is probably aconsequence of amore complex
set of processes than sea-level lowering alone. Although anincomplete
understanding of land-sea cooling ratios during the LGM precludes a
high-confidence translation of our terrestrial result into sea-surface
cooling, our AP1and AP2 AT, estimates areincompatible with the CLI-
MAP and MARGO studies under even the most extreme suggested ratios
of land-versus-sea surface temperature change (up to1.8) 5, Although
we note that the land-surface cooling in the recent data assimilation
study' is closer to our results (roughly in line with AP2 and around 1°C
less than AP1), the lack of terrestrial constraints in that analysis limits
our ability to meaningfully interpret comparisons at the 1°C level.
Incorporation of these noble gas constraints into future model-data
assimilation efforts may provide insightsinto the atmospheric dynam-
icsthatshaped AT, _s during the LGM.

Climate sensitivity and next steps

Equilibrium climate sensitivity (ECS) is a widely adopted term that
refersto the equilibriumresponse of Earth’s global mean surface tem-
perature toadoubling of atmospheric carbon dioxide*. This metricis
particularly relevant to predicting the magnitude of future warming
inresponse to anthropogenic greenhouse gas emissions. Estimates of
ECS primarily come from Earth system model simulations and therefore
palaeoclimate-based validation of these estimates isimportant'?, espe-
cially given the shortinstrumental record of the modern climate. The
advent of new techniques for palaeoclimate data assimilation*® using
geochemical marine proxy data' has produced estimates of low-latitude
LGM cooling that greatly exceed previous estimates thatincorporated
microfossil-assemblage-based transfer functions*® and had provided
alower ECS than the model-based consensus*. Thus, in light of the
fact that our low-latitude LGM cooling estimate is only compatible
with a previous study’ that suggested an ECS of 3.4 °C per doubling
of atmospheric carbon dioxide (within the model-based range*), our
study offers terrestrial proxy support for this recent reconciliation of
proxy-based and model-based ECS estimates.

Thisworkalso enables future inter-proxy comparisons and calibra-
tions on land, exploiting the strengths of noble gas palaecothermom-
etry—such as the physical basis, mean annual rather than seasonal
sensitivity and inherent low-pass filtering of noble gases (the primary
weakness of noble gas palaeothermometry is poor age control). These
strengths may aid in the interpretations of other terrestrial proxies
that record higher-frequency climate signals and have more precise
age control. Furthermore, our findings highlight the need for future
worktofill large datagapsin the existing global record of groundwater
NGTs, for instance through new measurements in South America or
Southeast Asia. Future studies should also use the recent additions
of noble gas palaeoclimate tools such as high-precision isotope
measurements for palaeohydrology* and speleothem fluid inclu-
sion measurements for cave palaeotemperatures®' to provide new
physically meaningful constraints on terrestrial palaeoclimate that
may better inform regional hydroclimatic sensitivity to ongoing and
future climate change.

Nature | Vol 593 | 13 May 2021 | 231



Articie

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-021-03467-6.

10.

n

12.

13.

14.

15.

16.

17.

18.

19.

20.

23.

24.

25.

26.

27.

Tierney, J. E. et al. Glacial cooling and climate sensitivity revisited. Nature 584, 569-573
(2020).

Schmittner, A. et al. Climate sensitivity estimated from temperature reconstructions of
the Last Glacial Maximum. Science 334, 1385-1388 (2011).

Jouzel, J. et al. Orbital and millennial Antarctic climate variability over the past 800,000
years. Science 317, 793-796 (2007).

Petit, J. R. et al. Climate and atmospheric history of the past 420,000 years from the
Vostok ice core, Antarctica. Nature 399, 429-436 (1999).

CLIMAP Project Members. The surface of the Ice-Age Earth. Science 191, 1131-1137 (1976).
MARGO Project Members. Constraints on the magnitude and patterns of ocean cooling
at the Last Glacial Maximum. Nat. Geosci. 2, 127-132 (2009).

Annan, J. D. & Hargreaves, J. C. A new global reconstruction of temperature changes at
the Last Glacial Maximum. Clim. Past 9, 367-376 (2013).

Farrera, . et al. Tropical climates at the Last Glacial Maximum: a new synthesis of
terrestrial palaeoclimate data. I. Vegetation, lake-levels and geochemistry. Clim. Dyn. 15,
823-856 (1999).

Jenkins, W. J., Lott, D. E. & Cahill, K. L. A determination of atmospheric helium, neon,
argon, krypton, and xenon solubility concentrations in water and seawater. Mar. Chem.
211, 94-107 (2019).

Kipfer, R., Aeschbach-Hertig, W., Peeters, F. & Stute, M. Noble gases in lakes and ground
waters. Rev. Mineral. Geochem. 47, 615-700 (2002).

Befus, K. M., Jasechko, S., Luijendijk, E., Gleeson, T. & Bayani Cardenas, M. The rapid yet
uneven turnover of Earth’s groundwater. Geophys. Res. Lett. 44, 5511-5520 (2017).
Jasechko, S. etal. Global aquifers dominated by fossil groundwaters but wells vulnerable
to modern contamination. Nat. Geosci. 10, 425-429 (2017).

Stute, M. et al. Cooling of tropical Brazil (5°C) during the Last Glacial Maximum. Science
269, 379-383 (1995).

Weyhenmeyer, C. E. et al. Cool glacial temperatures and changes in moisture source
recorded in Oman groundwaters. Science 287, 842-845 (2000).

Stute, M., Schlosser, P., Clark, J. F. & Broecker, W. S. Paleotemperatures in the
southwestern United States derived from noble gases in ground water. Science 256,
1000-1003 (1992).

Kulongoski, J. T., Hilton, D. R. & Selaolo, E. T. Climate variability in the Botswana Kalahari
from the late Pleistocene to the present day. Geophys. Res. Lett. 31, L10204 (2004).
Porter, S. C. Snowline depression in the tropics during the last glaciation. Quat. Sci. Rev.
20,1067-1091(2000).

Rind, D. & Peteet, D. Terrestrial conditions at the Last Glacial Maximum and CLIMAP
sea-surface temperature estimates: are they consistent? Quat. Res. 24, 1-22 (1985).
Klein, A. G, Seltzer, G. O. & Isacks, B. L. Modern and last local glacial maximum snowlines
in the Central Andes of Peru, Bolivia, and Northern Chile. Quat. Sci. Rev. 18, 63-84 (1999).
Tierney, J. E. et al. Northern Hemisphere controls on tropical southeast African climate
during the past 60,000 years. Science 322, 252-255 (2008).

Powers, L. A. et al. Large temperature variability in the southern African tropics since the
Last Glacial Maximum. Geophys. Res. Lett. 32, LO8706 (2005).

Loomis, S. E. et al. The tropical lapse rate steepened during the Last Glacial Maximum.
Sci. Adv. 3, e1600815 (2017).

Bartlein, P. J. et al. Pollen-based continental climate reconstructions at 6 and 21 ka: a
global synthesis. Clim. Dyn. 37, 775-802 (2011).

Mazor, E. Paleotemperatures and other hydrological parameters deduced from noble
gases dissolved in groundwaters; Jordan Rift Valley, Israel. Geochim. Cosmochim. Acta
36,1321-1336 (1972).

Stute, M. & Schlosser, P. in Climate Change in Continental Isotopic Records Vol. 78

(eds Swart, P. K. et al.) 89-100 (American Geophysical Union (AGU), 1993).
Aeschbach-Hertig, W. & Solomon, D. K. in The Noble Gases as Geochemical Tracers

(ed. Burnard, P.) 81-122 (Springer, 2013).

Pepin, R. O. & Porcelli, D. Origin of noble gases in the terrestrial planets. Rev. Mineral.
Geochem. 47,191-246 (2002).

232 | Nature | Vol 593 | 13 May 2021

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

45.

46.

47.

48.

49,

50.

51.

Klump, S., Cirpka, O. A., Surbeck, H. &Kipfer, R. Experimental and numerical studies on
excess-air formation in quasi-saturated porous media. Wat. Resour. Res. 44, W05402
(2008).

Klump, S. et al. Field experiments yield new insights into gas exchange and excess

air formation in natural porous media. Geochim. Cosmochim. Acta 71, 1385-1397

(2007).

Aeschbach-Hertig, W., El-Gamal, H., Wieser, M. & Palcsu, L. Modeling excess air and
degassing in groundwater by equilibrium partitioning with a gas phase. Wat. Resour. Res.
44, W08449 (2008).

Aeschbach-Hertig, W., Peeters, F., Beyerle, U. & Kipfer, R. Palaeotemperature
reconstruction from noble gases in ground water taking into account equilibration with
entrapped air. Nature 405, 1040-1044 (2000).

Hersbach, H. et al. The ERAS global reanalysis. Q. J. R. Meteorol. Soc. 146, 1999-2049
(2020).

Hall, C. M., Castro, M. C., Lohmann, K. C. & Ma, L. Noble gases and stable isotopes in a
shallow aquifer in southern Michigan: implications for noble gas paleotemperature
reconstructions for cool climates. Geophys. Res. Lett. 32, L18404 (2005).

Chang, J. Ground Temperature (Blue Hill Meteorological Observatory, Harvard University,
1958).

Hall, C. M., Castro, M. C., Lohmann, K. C. & Sun, T. Testing the noble gas
paleothermometer with a yearlong study of groundwater noble gases in an instrumented
monitoring well. Wat. Resour. Res. 48, W04517 (2012).

Han, L. F. & Plummer, L. N. A review of single-sample-based models and other
approaches for radiocarbon dating of dissolved inorganic carbon in groundwater. Earth
Sci. Rev. 152, 119-142 (2016).

Aeschbach-Hertig, W., Stute, M., Clark, J. F., Reuter, R. F. & Schlosser, P. A
paleotemperature record derived from dissolved noble gases in groundwater of the
Aquia Aquifer (Maryland, USA). Geochim. Cosmochim. Acta 66, 797-817 (2002).

Jung, M., Wieser, M., von Oehsen, A. & Aeschbach-Hertig, W. Properties of the
closed-system equilibration model for dissolved noble gases in groundwater. Chem.
Geol. 339, 291-300 (2013).

Prentice, |. C., Harrison, S. P. & Bartlein, P. J. Global vegetation and terrestrial carbon cycle
changes after the last ice age. New Phytol. 189, 988-998 (2011).

Stute, M. & Sonntag, C. in Isotopes of Noble Gases as Tracers in Environmental Studies
111-122 (International Atomic Energy Agency, 1992).

Seltzer, A. M. et al. Deglacial water-table decline in Southern California recorded by
noble gas isotopes. Nat. Commun. 10, 5739 (2019).

Seltzer, A. M., Severinghaus, J. P., Andraski, B. J. & Stonestrom, D. A. Steady state
fractionation of heavy noble gas isotopes in a deep unsaturated zone. Wat. Resour. Res.
53, 2716-2732 (2017).

Méliéres, M. A., Martinerie, P., Raynaud, D. & Lliboutry, L. Glacial-interglacial mean sea
level pressure change due to sea level, ice sheet and atmospheric mass changes. Global
Planet. Change 3, 333-340 (1991).

Cey, B. D. On the accuracy of noble gas recharge temperatures as a paleoclimate proxy. J.
Geophys. Res. 114, D04107 (2009).

Broecker, W. S. & Denton, G. H. The role of ocean-atmosphere reorganizations in glacial
cycles. Geochim. Cosmochim. Acta 53, 2465-2501 (1989).

Manabe, S., Stouffer, R. J., Spelman, M. J. & Bryan, K. Transient responses of a coupled
ocean-atmosphere model to gradual changes of atmospheric CO,. Part I. annual mean
response. J. Clim. 4, 785-818 (1991).

Joshi, M. M., Gregory, J. M., Webb, M. J., Sexton, D. M. H. & Johns, T. C. Mechanisms for the
land/sea warming contrast exhibited by simulations of climate change. Clim. Dyn. 30,
455-465 (2008).

Sutton, R. T., Dong, B. & Gregory, J. M. Land/sea warming ratio in response to climate
change: IPCC AR4 model results and comparison with observations. Geophys. Res. Lett.
34, L02701(2007).

Knutti, R. & Hegerl, G. C. The equilibrium sensitivity of the Earth’s temperature to radiation
changes. Nat. Geosci. 1, 735-743 (2008).

Steiger, N. J., Hakim, G. J., Steig, E. J., Battisti, D. S. & Roe, G. H. Assimilation of time-
averaged pseudoproxies for climate reconstruction. J. Clim. 27, 426-441(2014).

Ghadiri, E. et al. Noble gas based temperature reconstruction on a Swiss stalagmite from
the last glacial-interglacial transition and its comparison with other climate records.
Earth Planet. Sci. Lett. 495, 192-201(2018).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2021



Methods

NGT fitting

Groundwater measurements (n =753) of dissolved Ne, Ar, Kr and Xe
abundances from 32 independent studies (Extended Data Table 2)
were fitted to the closed-system equilibration model®, partial
re-equilibration model® and oxygen depletion model® using a non-
linear least-squares solver (‘Isqnonlin’) in MATLAB. We excluded studies
in which raw noble gas abundance data were unavailable, fewer than
three noble gases were used for palaeotemperature reconstruction®?,
major dating uncertainties precluded the identification of the LGM orin
which the authors suggested that anomalous processes such as oxygen
depletion® systematically decoupled the NGT from the MAST***, We
alsoselected several representative modern-only NGT studies (that s,
without LGM groundwater data) in which direct measurements of mod-
ern groundwater or ground surface temperatures were available®’,
as ameans of evaluating the accuracy of NGTs. As described in the
main text, only the closed-system equilibration model was used for the
ultimate calculation of LGM and Late Holocene recharge temperatures.
For each model, the exact equations described in the literature were
implemented, and values were directly compared for a test dataset
with the software PANGA®®, demonstrating agreement to better than
0.01°C.In each study, recharge pressures were calculated from pub-
lished recharge elevations where available, and from the meanelevation
over the study area for datasets in which no recharge elevation was
provided. The latest solubility functions’ for Ne, Ar, Kr and Xe were used
for noble gas fitting, except for the cross-comparison with PANGA, in
whichthe older solubility functions (as suggested previously'® and used
in PANGA) were implemented. A permissible entrapped air range (A)
of 0-0.05 cm’;, (Where STPindicates standard temperature and pres-
sure) was used in the least-squares routine, as suggested previously*S,
and fitted A values equal exactly to this maximum value were flagged
and excluded, unless there was minimal dissolution (fractionation
parameter F > 0.95).

Published noble gas measurement uncertainties were used for
least-squares fitting in which provided (n=685) and 1o uncertainties of
+3%,+2%, +4% and +4% were assumed for Ne, Ar, Kr, and Xe, respectively,
when published errors were not provided (n= 68). NGT uncertainties
for individual samples were calculated from the covariance matrix®®
produced by NGT fitting. For samples in which more than three gases
were measured (n = 675), the system was overdetermined and thus
goodness-of-fit could be assessed by calculating the reduced x* value
and determining the probability of randomly exceeding this value from
the cumulative y? distribution function with one degree of freedom. As
described previously*®, we excluded all samples for which this prob-
ability was below1% (n=59), whichindicates a very low likelihood that
the closed-system equilibration model captures all of the processes
that affect noble gas concentrations. For samples in which exactly
three gases were measured (n =78), uncertainties were determined
by carrying out 100 Monte Carlo simulations per sample in which nor-
mally distributed perturbations (with astandard deviation given by the
analytical uncertainty of each gas) were added to the measured values.
Samplesidentified as problematicin their respective publications, for
instance due to suspected measurement artefacts, sample collection
or storage concerns, or extreme dating errors, were excluded from our
final determination of LGM and Late Holocene temperatures. For each
dataset, published recharge ages were used; otherwise, recharge age
estimates suggested by the publication were followed (for example,
translation of radiogenic *He to age using a *He accumulation rate
suggested previously*® or conversion of flow distances to recharge
age based on a previously published relationship®).

After exclusion of published problematic samples and those with
poor NGT model fit, Late Holocene recharge temperatures in each data-
set were determined by calculating the weighed mean of all samples
with recharge ages younger than 5 kyr. As described in the main text,

weighted NGT means of LGM samples included by approaches AP1and
AP2 were calculated to estimate the mean LGM temperature in each
dataset. AT,y was determined, for AP1and AP2 separately, by subtract-
ing the Late Holocene weighted-mean NGT from the weighted-mean
APland AP2LGM NGTs, with errors determined using the quadrature
sum of the respective Late Holocene and LGM NGT uncertainties. For
datasets in which LGM-aged samples, but not Late Holocene samples
(<5 kyr recharge age), were included (n = 2), ERA5-Land reanalysis
temperatures were used, following the procedure for modern MAST
determination described below.

Modern ground surface temperatures

Toestimate modern MAST at the recharge sites of each included study,
monthly mean ERAS-Land® upper soil temperatures (level 1: 0-7 cm),
averaged from1981to0 2019, were used in an algorithm to project mod-
ern temperature at the recharge elevation. For each study, first all
ERAS5-Land grid cells (0.1° x 0.1° resolution) within 1° latitude or lon-
gitude of the study areawere identified and mean 1981-2019 ERA5-Land
grid-cell temperatures were regressed against the natural log of mean
surface pressure to determine an effective surface-temperature lapse
rateinthe region. This linear fit was then used to project the MAST at the
surface pressure of the recharge site, and the uncertainty was estimated
from the standard error of the regression line project to the recharge
pressure. For evaluation of ERAS-Land temperatures, we carried out
this same algorithm to estimate MAST at the elevations of published
soil measurements in a global database®.

Newdata

This study includes new (previously unreported) noble gas data from
groundwater samples collected in the mid-1990s in Australia and
Vietnam, and between 2008 and 2010 in India. These samples were
analysed at either the Lamont-Doherty Earth Observatory or Heidel-
berg University. The Australian groundwater samples (n =29) were
analysed at Lamont-Doherty and were collected fromadeep sandstone
aquifer in South Australia (around 37.2° S 140.8° E) with 100-120 m
recharge elevation. The Vietnamese groundwater samples (n=23)
were collected from a deep sedimentary aquifer near Ho Chi Minh City
(around 10.9° N106.6° E) with a recharge elevation of approximately
50 mand were measured at Lamont-Doherty. The Indian groundwater
samples (n=76) were collected from a confined sedimentary aquiferin
Cambay Basin (Gujarat, India, around 23° N 72° E) with alow recharge
elevation (about 50-150 m) and measured for noble gas abundances
at Heidelberg. All groundwater samples from these sites were dated
with *C of dissolved inorganic carbon and samples with detectable
‘bomb’ carbon (*C activity > 100% modern carbon®) were assumed
modern and assigned a recharge age of zero. All relevant site infor-
mation (for example, geographical coordinates, modern surface and
groundwater temperatures, recharge elevations, groundwater ages),
noble gas measurements, and analytical uncertaintiesareincludedin
the associated dataset and code package.

Atmospheric pressure on land during the LGM

We developed a simple box model to estimate the pressure at a fixed
pointinthe atmosphere during the LGM. In this model, global changes
in the total mass and distribution of atmospheric air are determined
by accounting for lowering of global-mean sea level and temperature
during the LGM and the growth of ice sheets with a mean altitude of
2kmat highlatitudes. Our model accounts for the loss of air (approxi-
mated as N, and O,) by dissolution into an approximately 3 °C cooler
mean ocean® and occlusion in glacial ice bubbles (around 10% by
volume), and assumes a mean LGM cooling at (modern) eustatic sea
level of 6 °C. We assume a uniform 6.5 °C km lapse rate for simplic-
ity, although we find that the change in LGM pressure is insensitive
to even 50% changes in LGM lapse rate or global MAST. The simpli-
fied barometric equation for a constant lapse rate is used to calculate



Article

the change in pressure with elevation in the LGM atmosphere, after
accounting for whole-atmosphere mass changes. We find that absolute
LGM-versus-modern changes inatmospheric pressure at low elevation
are negligible, although the cooling of the atmosphere and displace-
ment of air by ice sheets leads to slightly larger changes in pressure at
high elevation (Extended Data Fig. 3). Although we find that atmos-
phericpressure changes are negligible at fixed low elevations (that is, on
land), the global mean sea-level pressureincreases by around 0.015 atm
(in line with a previous study*’) owing to the approximately 130-m
absolute lowering of the eustatic sea level during the LGM, thereby
leading to lapse-rate-induced non-climatic warming that does not
affect low-elevation land surfaces.

Sensitivity tests

To quantify the overall systematic error associated with noble gas pal-
aeothermometry, we identified leading sources of systematic error
and developed simple physical models to determine their respective
magnitudes (Extended Data Table1, Extended Data Fig.4).Ineach case,
we beginwitha control experimentatarecharge elevation of 1lkmwith
aMAST of 10 °Cat the ground surface and water table, where dissolved
noble gas concentrations are in equilibrium with atmospheric air. The
sensitivity of NGTs to an unaccounted-for shift in recharge elevation
was tested by determining the equilibriumnoble gas concentrationsin
water equilibrated at higher or lower elevation (and thus higher or lower
surface pressures and MASTs, assuming a 6.5 °C km™ lapse rate), and
using these concentrations to calculate NGTs using the closed-system
equilibration model prescribed with the original (1km elevation) sur-
face pressure. The magnitude of the NGT bias (77) was determined from
the difference between calculated NGTs and the 10 °C original recharge
temperature. The total recharge-elevation sensitivity was estimated
from 7" values associated witha+200-m shiftinrecharge elevation. The
sensitivity of NGTs to water table depth was assessed by determining
equilibrium groundwater Ne, Ar, Kr and Xe concentrations in water
atashallower or deeper water table that was warmer or cooler (viaan
assumed geothermal gradient of 30 °C km™) and above which noble
gas concentrations were either enriched or depleted by gravitational
enrichment® based on their elemental mass difference from mean air
(29 g mol™). By similarly using the closed-system equilibration model
(assuming atmospheric, and not gravitationally fractionated, air com-
position) to calculate NGTs, the associated water table depth biasin
NGT was determined from the difference of modelled NGTs fora20-m
deeper or shallower water table from the starting recharge temperature
(10 °C). The sensitivity of NGTs to small unaccounted-for LGM changes
inbarometric pressure (<1% at elevations below 3 km) (Extended Data
Fig. 3) was determined by calculating equilibrium concentrations of
Ne, Ar,Krand Xe in equilibrium with air at higher and lower pressures,
and then using these concentrations to constrain the closed-system
equilibration model prescribed with the starting recharge pressure.
The associated NGT bias was again determined by subtracting NGTs
from the 10 °C starting recharge temperature, and a value of 1% was
assumed to represent the maximum plausible LGM changeinrecharge
pressure. Finally, the sensitivity of NGTs to mixing was estimated by
determining the NGTs of equal-parts binary mixtures between the
starting groundwater composition and air-equilibrated groundwater
ranginginrecharge temperature from 0 to 20 °C. By subtracting NGTs
from the mean temperature of these binary mixtures, the NGT bias due
to mixing was determined, and a mixing end-member range of +5 °C
(that is, mixing of 15 °C or 5 °C water with the 10 °C groundwater in
this example) was assumed to represent the most extreme plausible
mixing scenarios.

Data availability

All original groundwater data (noble gas concentrations, ages, water
temperatures (if available)), recharge elevations, study locations, fitted

parameters and statistical uncertainties are freely available for down-
load through PANGAEA (https://doi.org/10.1594/PANGAEA.929176).
NGT time series plots of each study are available as supplementary
files. Source data are provided with this paper.

Code availability

AlIMATLAB scripts for NGT fitting (including documentation) are freely
available from zenodo (https://doi.org/10.5281/zenod0.4589442).
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