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CLIMATOLOGY

Terrestrial amplification of past, present, and future

climate change

Alan M. Seltzer'*, Pierre-Henri Blard?3, Steven C. Sherwood*, Masa Kageyama®

Terrestrial amplification (TA) of land warming relative to oceans is apparent in recent climatic observations. TA
results from land-sea coupling of moisture and heat and is therefore important for predicting future warming
and water availability. However, the theoretical basis for TA has never been tested outside the short instrumen-
tal period, and the spatial pattern and amplitude of TA remain uncertain. Here, we investigate TA during the Last
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Glacial Maximum (LGM; ~20 thousand years) in the low latitudes, where the theory is most applicable. We find
remarkable consistency between paleotemperature proxies, theory, and climate model simulations of both LGM
and future climates. Paleoclimate data thus provide crucial new support for TA, refining the range of future low-
latitude, low-elevation TAto 1 .37f8:§§ (95% confidence interval), i.e., land warming ~40% more than oceans. The
observed data model theory agreement helps reconcile LGM marine and terrestrial paleotemperature proxies,

with implications for equilibrium climate sensitivity.

INTRODUCTION

The impact of future warming on human populations and ecosys-
tems is primarily a function of regional changes. Consequently, it is
imperative to understand mechanisms that lead to regionally diver-
gent responses to ongoing and future climate change. Over recent
decades, the land surface has warmed more than the sea surface in
the low latitudes (I-3), and both transient and equilibrium climate
model simulations ubiquitously predict that warming on land will
continue to exceed sea surface warming (I, 3-7). The mechanisms
underlying terrestrial amplification (TA = land-to-sea surface
warming ratio) are well understood to arise from fundamental ther-
modynamic differences between humid air over the ocean and drier
air over land (2, 5, 8-10). However, natural variability, observational
limitations, thermal lags, and non-CO, forcings preclude a precise
estimate of TA from 20th century warming. For example, a recent
analysis (2) found that warming over land has outpaced warming
over oceans since the late 1970s by a factor of 1.42 + 0.75 [95% con-
fidence interval (CI)] between 40°S and 40°N. Narrowing the range
of TA will aid in future predictions of low-latitude climate change,
with relevance to both heat stress and water availability (10).

To evaluate predictions of TA, we extend a simple theory to the
Last Glacial Maximum (LGM) to account for land-sea differences in
low-latitude cooling. The LGM represents a useful test bed to eval-
uate theoretical TA predictions because the magnitude of warming
from the LGM to preindustrial period greatly exceeds that since the
start of the industrial revolution. We build upon prior efforts to
explore the dynamical implications of the LGM land-sea tempera-
ture contrast (11, 12), enabled both by theoretical advances (2, 5)
and recent proxy constraints on low-latitude land- and sea surface
temperatures during the LGM (13, 14). LGM paleotemperature
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proxy insights into TA can, in turn, be used to inform future pre-
dictions using by optimizing the TA theory, yielding a range of TA
values that can be directly compared with global circulation model
(GCM) simulations of future warming. In this study, we evaluate
LGM proxy-informed predictions of TA under enhanced green-
house warming and compare with recent GCM simulations under
elevated atmospheric CO, concentrations (15). We focus our anal-
ysis on the low latitudes (defined here as 30°S to 30°N) at low ele-
vation (below 1 km), because this is where the dynamical
assumptions underpinning this theory are best justified. The low
latitudes also play an outsize role in impacting global climate (16),
and the absence of LGM glaciation in this region also facilitates a
more direct comparison with recent and future climate change.

RESULTS AND DISCUSSION

Theoretical framework

We adopt the moist static energy (MSE) theory of Byrne and
O'Gorman (2)—hereafter, BO18—to TA. In particular, we extend
this theory to account for the climate state of the LGM, when eustat-
ic sea level was ~120 m lower than present (17, 18). The core concept
underpinning of the BO18 theory is that atmospheric circulation in
the low latitudes, where the Coriolis force is weak, acts to efficiently
homogenize changes in temperature aloft, leading to corresponding
changes in near-surface MSE via convective adjustment (Fig. 1).
Consequently, under global warming or cooling, changes in MSE
over the land and sea surfaces in the low latitudes should be effec-
tively equal, on average, over large spatial scales. Formally, this un-
derlying prediction is stated as follows

Ahy = Ahg (1)

where & (] kg™") is near-surface MSE, the subscripts L and O refer to
land and ocean in the low latitudes, respectively, and A indicates a
change from preindustrial climate. Changes in MSE can arise from
changes in three components—temperature, moisture, and eleva-
tion—as stated in the following definition

Ah = ¢, AT + L,Aq + gAz (2)
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Fig. 1. lllustration of land and sea surface changes in MSE and its compo-
nents. (A) Changes in MSE (h) under near-term warming, relative to modern
climate. (B) Changes in MSE for LGM cooling, relative to modern climate. Red
and blue arrows represent the relative magnitudes of change in each MSE compo-
nent relative to the preindustrial era (X indicates no change), where red/up indi-
cates an increase and blue/down indicates a decrease. MSE changes (either
positive or negative under warming or cooling, respectively) in the low altitudes
are, by theory, equal in magnitude over ocean and over land due to convective
adjustment to horizontally uniform changes in temperature aloft as represented
by the gray arrows. Note that warming scenario (top) considers only near-term
warming accompanied by a minor rise in sea level relative to the 120-m drop in
sea level during the LGM.

where ¢, is the specific heat capacity of air at constant pressure (]
kg™' K1), T is near-surface air temperature (K), L, (J kg™") is the
latent heat of vaporization of water, g is near-surface specific hu-
midity (kg™ kg™'), g is gravitational acceleration (m s72), and z is
geopotential height (m) (i.e., elevation, defined with respect to pre-
industrial sea level in this study).

A second key advance by the BO18 model is to note that changes
in land surface and sea surface specific humidity should be propor-
tional and that this constant of proportionality, y, should hold
under climatic warming or cooling

Agy = Y24 (3)

The assumption of constant y is rooted in a box-model analysis
demonstrating that, under the assumptions that changes in vertical
and horizontal mixing time scales are proportional and that changes
in boundary-layer heights over land and ocean are small under
global warming, changes in y should be small (7). Notably, the
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expectation for a relatively constant y has also independently been
shown by a separate conceptual model and Lagrangian air mass
analysis (19). Observations and climate model simulations suggest
that y is ~0.7 between 40°S and 40°N but with large uncertainties
and regional variability (2, 7). Here, we use recent paleotemperature
constraints from the LGM to refine this estimate of y. In this study,
to determine Ago, we account for the nonlinear temperature depen-
dence of saturation vapor pressure (20), the slight impact of higher
LGM sea surface pressure (14, 21) on go, and a small change in
ocean near-surface relative humidity (RH) with warming or
cooling (0.54 + 0.28% K™!) as suggested by GCM simula-
tions (Methods).

By combining Egs. 1 to 3, given that Az; = 0 for the LGM', we
can derive an expression for ATy as a function of AT under climat-
ic warming or cooling

ATy = ATo + (g) Ago(1—y) + (Ci) Azo (4)

p P

For the LGM, the 120 m lowering of sea level must be accounted
for in Eq. 4. Crucially, air pressure in the LGM atmosphere as a
function of geopotential height was approximately unchanged
from the present (21) because the lowering of global sea level was
compensated by displacement of air due to the growth of large ice
sheets in the high latitudes. Consequently, barometric pressure at a
fixed point on land at low elevation and low latitude was the same as
today during the LGM, whereas barometric pressure at the LGM sea
surface was higher than present by ~15 hPa (14, 21). This means that
the maritime LGM cooling on a constant geopotential surface is
greater than that at the sea surface (indicated by proxies). Note
that the difference is not simply governed by the dry adiabatic
lapse rate (e.g., third term on the right-hand side of Eq. 4) but
rather by coupled changes in temperature and moisture. For
example, even for Ah = 0, a change in sea level Azo would lead to
a corresponding compensatory change in sea surface humidity Aqo,
causing both the second and third terms in Eq. 4 to change.
However, for ongoing and future centennial-scale warming,
changes in the third term of Eq. 4 can be neglected [as in (2)]
because the contribution of changes in geopotential height due to
sea level rise are small relative to changes in temperature and spe-
cific humidity. Thus, ongoing and future TA is controlled exclusive-
ly by the first two terms on the right-hand side of Eq. 4.

TA in the LGM
By extending the BO18 framework to account for sea level change,
we can draw insights into low-latitude TA from paleoclimate proxy
data and model simulations of the LGM (22). We first consider how
paleoclimate data from the low-latitude, low-elevation land surface
and sea surface inform dynamical land-sea coupling of moisture
changes (i.e., y in the BO18 theory). In previous studies, y has
been determined via ratios of land surface— and sea surface-specific
humidity in observations and models in the low latitudes (2, 7).
However, idealized model simulations of y vary markedly from
full climate model simulations (7), and so the use of LGM proxy
data presents an opportunity to independently constrain y from a
vastly different climate state.

To estimate y in the LGM, we draw on two recent, independent
compilations of low-latitude terrestrial and marine paleotempera-
ture proxy data from the LGM. The marine reconstruction (13)
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uses a large dataset of geochemical proxies with well-established
statistical proxy system models to estimate ocean cooling during
the LGM via data assimilation, finding a 3.5° £ 0.3°C (95% CI)
cooling of the low-latitude sea surface. The terrestrial reconstruc-
tion (14) compiles records of dissolved noble gases in groundwater
and applies a unified physics-based model to quantitatively resolve
solubility-controlled signals of LGM land surface cooling at low el-
evation in the low latitudes, equatorward of mid- to high-latitude
regions influenced by the large LGM ice sheets, finding
5.8° + 0.6°C (95% CI) of low-latitude land surface cooling. While
this estimate spans a somewhat larger range of latitude (45°S to
35°N), the mean LGM cooling suggested by noble gas records
between 30°S and 30°N [5.9° + 0.8°C, 95% CI; (14)] is spatially cons-
tant within uncertainty. We do not include continental paleotem-
perature records located at elevations higher than 1000 m, given that
complex spatiotemporal changes in the lapse rate (23-25) preclude
direct application of the BO18 theory.

Using these estimates of ATy and ATy, we rearrange Eq. 4 to
solve for y and generate 10° Monte Carlo simulations of the other
quantities to account for uncertainties in proxy data, sea level,
modern temperature, specific humidity, and changes in ocean
surface RH with temperature (Fig. 2 and Methods). We find a
mean proxy-implied y value of 0.84 (95% CI, 0.73 to 0.94). This
is somewhat higher than the modern observation-based value
[0.72; (2)], and we suggest that investigating the potential processes
associated with this apparent difference may improve our future un-
derstanding of TA. For the purpose of the present study, however,
we note that this result is still unambiguously consistent with the
notion that Aqy, < Ago, which implies that TA in the LGM occurred
due to changes in both moisture and sea level.

In Fig. 3, we compare proxy-based BO18 theory predictions of
low-latitude TA to LGM land surface and sea surface cooling in Pa-
leoclimate Modeling Intercomparison Project 4 (PMIP4) LGM sim-
ulations (22) between 30°S and 30°N and below 1-km elevation. We
note that a small correction was required due to insufficient lower-
ing of LGM sea level across PMIP4 models, which leads to a slight
cooling of the sea surface (Methods).

We find that TA is ubiquitous across all PMIP4 models, in line
with previous LGM model studies (12, 26, 27). Using Eq. 4, we also

s Ocean i Land

0
. Mean: 0.84 0.04
5 0.03 3
o0 =
x 3
=2 002 8
= 0
a
< 0.01
' os%cl !
10 A B | 07309 | 0
CPAT LVAq gAz 0.6 0.8 1
~

Fig. 2. Components of BO18 theory for LGM cooling informed by paleotem-
perature proxies. (A) Decomposition of LGM (versus preindustrial) changes in in-
dividual MSE components over land and ocean in the low latitudes. (B) Probability
distribution function of y constrained by LGM paleotemperature proxy data. Using
marine (73) and terrestrial (74) proxy compilations, we find a mean y value of 0.84
(95% Cl, 0.73 to 0.94) for the LGM in 10° Monte Carlo simulations to account for
uncertainties in paleoclimate data and model parameters (Methods). Error bars in
(A) represent 95% Cls.
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show expected land surface and sea surface cooling for a range of
different y values. We find that 10 of 13 models agree with the
proxy-informed y estimate within error despite different magni-
tudes of land surface and sea surface cooling. Similarly, the high
correlation of ATg and ATy, (r = 0.95) across this wide range of
model estimates of LGM cooling suggests that TA is governed by
a single common mechanism despite complex intermodel differ-
ences in atmosphere-ocean-cryosphere dynamics. This analysis of
the BO18 theory under the LGM conditions shows that this
theory is equally applicable under different climate states.

This theoretical framework provides a new physical basis to eval-
uate paleotemperature proxy estimates of LGM cooling. For
example, we find that two prior compilations of marine (28) and
terrestrial (29) proxy data, which include species assemblage data
and indicate less overall LGM cooling, are theoretically compatible
with each other (y between 0.8 and 0.9; Fig. 3). However, inter-
changing these previous species assemblage—based estimates (28,
29) with more recent geochemical compilations (13, 14) would
lead to unphysical results: y > 1 [by combining assemblage-based
ATy (29) and geochemical ATq (13)] or y < 0.5 [by combining
noble gas-based ATy (14) and assemblage-based AT (28)]. The re-
quirement that specific humidity changes are larger over the ocean
implies that y < 1, and models and observations (2, 7) rule out y as
low as 0.5. We note that recent improvements in quantitative recon-
struction of temperature from plant species assemblage data have
led to increased estimates of low-latitude LGM cooling, including
a revised estimate of ~5°C from the pollen data (30). To refine esti-
mates of LGM cooling that inform determinations of equilibrium
climate sensitivity (ECS) (13, 31, 32), this theoretical foundation
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Fig. 3. Amplified cooling over land surfaces during the LGM. Comparison of
relationships between 30S° and 30°N LGM land and sea surface cooling, AT, and
ATo, across PMIP4 LGM simulations (squares), recent geochemical proxy con-
straints (73, 74) (blue circle: T20/S21), prior compilations of species assemblage
and geochemical proxies (28, 29) (gray circle: W09/B11), and BO18 theoretical pre-
dictions with y values either shown (dashed lines) or informed by geochemical
proxies (13, 14) (blue shaded 95% confidence region). Error bars on proxy data rep-
resent 95% Cls, and error bars on model simulations reflect regional variability for
comparison with proxies (+2o range of differences between 30S° and 30°N mean
values and resampling at ocean and land proxy locations).
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represents a crucial step toward reconciling disparate estimates of
LGM cooling by integrating a multitude of compatible proxies to
improve spatial coverage and reduce uncertainty.

To inform our comparison between paleotemperature proxy and
model data, we carried out a sensitivity test, selecting model grid
points nearest to locations of marine (13) and terrestrial (14)
proxy data. We then compared the mean cooling across selected
grid points to the low-latitude mean cooling over land and ocean
surfaces. We find proxy location mean minus low-latitude mean
cooling differences over ocean and land to be —0.2° + 0.5°C (20)
and — 0.5° + 0.9°C (20), respectively, and we adopt these intermodel
variabilities as model error estimates in Fig. 3. We suspect that the
three outlying models (y > 1) may be affected by anomalous adia-
batic land surface warming and sea surface cooling associated with
high land surface pressure and low sea surface pressure, respectively,
related to the prescribed LGM sea level change. The limited avail-
able surface pressure data supports this notion (fig. S1 and
Methods). We exclude the Community Earth System Model 2
LGM simulation from Fig. 2 because of its known bias toward un-
realistically large LGM cooling (33) (for completeness, it is included
in fig. S2 and does not invalidate the y and TA estimates).

An important finding of this analysis is that a y value of ~0.7
[based on modern observations (2) but with considerable uncer-
tainty] would imply an LGM land surface cooling of ~7.5°C associ-
ated with the 3.5°C sea surface cooling suggested by geochemical
proxies (13). This is substantially greater than the 5.8°C constraint
from terrestrial noble gas data (14), suggesting that projections of
future TA, assuming that y = 0.7, may be too extreme, although
we note that the BO18 theory is only expected to hold for the
large-scale mean, so it does not preclude some regional variability
in TA at individual proxy sites. While there is considerable scatter
among the PMIP4 LGM simulations (Fig. 3), all models suggest y >
0.8, in agreement with the LGM temperature paleotemperature
proxies (Fig. 3 and fig. S2). Thus, LGM paleotemperature proxy
and model data would imply somewhat weaker TA in the future
than predictions based on modern observations.

Paleoclimate insights into future TA

To test this expectation, we compare theoretical predictions of TA
informed by LGM proxy data (y = 0.84701%; 95% CI), with land
surface and sea surface warming in climate model simulations
forced by elevated greenhouse gas concentrations. Here, we
explore the magnitude of low-latitude land and ocean surface
warming across multiple models in two Coupled Model Intercom-
parison Project 6 (CMIP6) scenarios (15, 34). The first is Shared
Socioeconomic Pathway (SSP) 5-8.5, which is a high fossil fuel emis-
sion scenario (15, 35) in which the global anthropogenic green-
house gas radiative forcing reaches 8.5 W m™2 by 2100. The
second scenario (4xCO,) involves an instantaneous quadrupling
of the atmospheric CO, concentration, relative to the preindustrial
era, and this elevated concentration is sustained for 150 years of
model simulation (15). For the SSP5-8.5 scenario (32 models) and
4xCO, scenario (17 models), we calculated ATy, ATo, and changes
in land and ocean RH between 30°S and 30°N (Methods and tables
S2 and $3). Figure 4 shows a comparison of land surface and sea
surface warming in these 17 CMIP6 model simulations alongside
predictions from the BO18 with different y values, including the
LGM proxy—informed range.

Seltzer et al., Sci. Adv. 9, eadf8119 (2023) 8 February 2023

Despite large intermodel differences in the magnitude of low-lat-
itude warming for each scenario, we find consistent land-sea
warming ratios, with mean values of 1.45 + 0.12 (20) and
1.49 + 0.21 (20) for the 4xCO, and SSP5-8.5 scenarios, respectively.
Using the BO18 theory constrained by LGM proxies, for 2°C of
ocean-surface warming, we find 2.737032°C of land surface
warming, equivalent to a mean TA value of 1.37792] (95% CI).
This value is slightly below the CMIP6 model scenarios, but all
three estimates agree within error. We carried out a sensitivity
test in which LGM proxy data were used to inform TA assuming
no change in RH over oceans, which led to a mean TA value of
1.36, virtually identical to the result obtained if a 0.57% K" increase
in RH is prescribed (Methods). Both the CMIP6 simulations and
LGM-informed theory predictions of TA agree closely with the
1.42 + 0.75 (95% CI) value suggested by recent observations (2)
in the low latitudes (between 40°S and 40°N). Our analysis,
however, permits us to substantially reduce the uncertainty associ-
ated with this TA estimate, refining the extremely likely (95% CI)
low-latitude range to ~1.2 to 1.6. Thus, three independent lines of
evidence, from paleoclimate proxies, GCM simulations of future
warming, and modern observations, all suggest that the low-latitude
land surface will warm, on average, by ~40% more than the sea
surface. The consistency in simulated and theory-predicted TA
between models and across climate states notably provides
support for the expectation of a relatively climate-state independent
y value that is below unity (7, 19). This suggests that despite large
intermodel scatter in simulated future warming owing to complex
dynamical differences between models, the low-latitude coupling of
moisture and heat is indeed well represented by the simple BO18
theory. The agreement between LGM-informed BO18 theory and
CMIP6 simulations of future warming therefore provides confi-
dence in climate model predictions of TA, even in models for
which simulation of other dynamical parameters is less robust.

This low-latitude TA estimate is somewhat lower than global
mean TA values of 1.5 to 1.6 suggested by GCM simulations of
future warming (1, 3), but it is consistent with past model-based in-
dications of lower TA in the low latitudes (I). There are several pos-
sible reasons for these differences. The BO18 theory relies on
dynamical properties of the low latitudes (convection and weak Co-
riolis force) and is consequently less applicable at mid and high lat-
itudes. Polar amplification also plays a large role in accentuating
land warming in the high latitudes. Recent MSE balance approaches
to understanding polar amplification (36) might be paired with the
BO18 theory in future studies of global-scale TA. In this study,
however, we restrict our analysis to the low latitudes and low eleva-
tion, where the BO18 theory is applicable in a simple and straight-
forward way. This analysis is, to our knowledge, the first to
demonstrate that simple thermodynamic expectations for TA are
equally valid under past, present, and future climate change.

Implications and outlook

Our findings have implications for the validity of simple theory pre-
dictions across a wide range of climate states and for fundamental
expectations about past climate that are of relevance to future ter-
restrial-marine interproxy comparisons, paleoclimate model-data
evaluation, and paleoclimate constraints on Earth's ECS. The con-
sistency of theoretical expectations for TA both in a colder past and
warmer future, supported by paleoclimate proxy evidence and
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Fig. 4. Amplified warming over land surfaces under elevated greenhouse gas
concentrations. Warming of the low-latitude (30°S to 30°N) land and sea surface in
CMIP6 simulations for an abrupt quadrupling of CO, (green diamonds; 4xCO,) and
under the SSP5-8.5 emission scenario (yellow circles). The 4xCO, data (17 models)
reflect the final decade of the simulation (141 to 150 years after start) relative to
preindustrial era. The SSP585/RCP8.5 data (32 models) reflect the difference
between year 2085 to 2099 and 2015 to 2029 means. The red shaded region rep-
resents BO18 theoretical predictions using independent constraints from LGM
proxy data (95% Cl). Dashed lines represent BO18 theoretical predictions of land
surface and sea surface warming under different y values.

GCM simulations, adds confidence to future predictions of land-sea
differences under future warming. These LGM-informed results are
most applicable to the low latitudes at low elevation, where billions
of people may be affected by future changes in heat stress and water
availability. In addition to TA, the BO18 theory sheds light on future
changes in moisture over land. For example, using the BO18 theory,
our results suggest that for 2°C of ocean surface warming in the low
latitudes, land surface RH will decrease by 1.9F}5% (95% CI), which
agrees with CMIP6 model simulations (fig. S3). These predicted
changes in hydroclimate are useful for policymakers in planning
for adaptations to future climate change. While there are regional
exceptions to these expectations [for example, at high elevation, in
regions subject to significant changes in the position of the inter-
tropical convergence zone (37, 38) and in regions of weaker convec-
tion], this analysis and the theory it is based on provide an
important foundation for large-scale mean changes in temperature
and moisture in the low latitudes under ongoing and
future warming.

Our study has also several possible implications for studies of
past climate and for paleoclimate estimates of ECS. First, in light
of consistent evidence from models, paleoclimate proxies, and
theory, it is important for terrestrial-versus-marine proxy intercom-
parisons to account for TA. In doing so, future efforts to synthesize
proxy estimates of LGM cooling from land and sea will have a stron-
ger basis upon which to assess the compatibility of individual
records, providing a path toward improved multiproxy reconstruc-
tions that will reduce uncertainties in LGM cooling and corre-
sponding estimates of ECS. While there is an understandable
tendency to adopt the null hypothesis that the low-latitude, low-el-
evation land surface would have warmed or cooled by the same
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magnitude on average as the nearby sea surface, it seems reasonable
to expect that, in general, (paleo)temperature change is amplified
over land surfaces. This concept is not original, and, indeed, the
compatibility (or lack thereof) between terrestrial and marine
proxy records of LGM cooling has raised dynamical questions
about land-sea coupling for decades (11, 12). However, with
major progress led by the atmospheric dynamics community in un-
derstanding future and present land-sea warming ratios, there is
now an opportunity to establish a robust framework for TA in the
past. We suggest that BO18 theory provides a simple, accessible,
physics-based approach to consider past changes in TA, and we ad-
vocate for its adoption in future paleoclimate studies.

Second, for LGM proxy-model intercomparison and LGM-
based estimates of ECS, this study points to the importance of adi-
abatic warming induced by elevated barometric pressure as a poten-
tially important factor to consider. Because this warming is not
climatic in origin—that is, it is a unique product of increased
LGM ice volume and thus not of direct relevance for 21st century
warming—we suggest that correcting for it would improve LGM
estimates of ECS. For example, assuming conservation of MSE
over the sea surface and adopting values of ~12°C for global
mean LGM sea surface temperature and 75% RH over oceans, a
120-m lowering of sea level would directly warm the sea surface
by ~0.6°C, independent of any climatic forcing (Methods).
Because oceans represent ~70% of the global surface area, correct-
ing for this nonclimatic warming would enhance the magnitude of
LGM global mean surface cooling by ~0.4°C. Inclusion of this cor-
rection would have an appreciable impact on ECS determinations
based on LGM cooling (13, 32, 39, 40), and it is thus important
for future studies to account for this effect.

Last, from a broader perspective, this study presents an approach
by which paleoclimate constraints may be used to inform future
climate change. We advocate for future studies to leverage paleocli-
mate data and simple dynamical theories to capitalize on the
promise of paleoclimate science, namely, to draw on insights into
vastly different past climate states, well beyond the short instrumen-
tal record, to shed light on how our planet may change in the future.

METHODS
Determination of y from LGM proxy data
To estimate y and its uncertainty from LGM paleotemperature
proxy constraints between 30°S and 30°N, we rearranged Eq. 4 to
solve for y and carried out 10° Monte Carlo simulations for uncer-
tainty analysis. This exercise also facilitated the determination of
changes in individual MSE components and their associated uncer-
tainties (Fig. 2). To determine Ago, we assume a preindustrial 30°S
to 30°N ocean mean surface air temperature of 24° + 1°C (£20),
which is 0.5°C below the 1959 to 2021 mean ERA5 reanalysis
surface air temperature over oceans across this latitude range (41).
We assume a mean preindustrial era near-surface RH over oceans of
0.78 based on ERAS5 reanalysis (41), and we adopt a 20 uncertainty
of +0.02. Physical constants of g= 9.8 m s™*, C, = 1005 J kg™' K™/,
and L, = 2.453 x 10° ] kg™! are adopted, and uncertainties in these
values are assumed to be negligible.

We calculate Agp by subtracting go for the LGM (go,1.6m) from
qo for the preindustrial era (o pr). Specific humidity, g, is defined as
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follows

My w

= (5)

m _w+1

where m,, and m refer to the mass of water vapor and total air per
unit volume, respectively, and w is the mass mixing ratio of moist air
to dry air (i.e., w = m,,/mgy, where mq is the mass of dry air per unit
volume). We calculate w as follows

) Myew(T)RH ©
MyPs

where M,, and My are the molar masses of water vapor (0.018 kg
mol™') and dry air (0.029 kg mol™'), respectively, e is the satura-
tion vapor pressure (hPa) at temperature T parameterized in (20),
and P; is surface air pressure (hPa). Using the preindustrial values
given above, qo pr = 0.0138 kg kg™'. Thus, for a given LGM sea
surface cooling (ATo) and accounting for the increase in surface
pressure over the lower LGM sea surface (21), Eq. 1 and Eq. 2 can
be used to determine Aqg and solve for y via Eq. 4.

Our determination of Aqo assumes a slight change in near-
surface (RH) over oceans with warming or cooling based on both
model simulations (17) and theoretical considerations. In CMIP6
SSP5-8.5 simulations, between 30°S and 30°N, we find a mean
change in RH with temperature over oceans of 0.54 + 0.28% K™!
(20) across the 32 models analyzed in this study. Note that we
report RH in absolute percentage, such that a 1-K warming, for
example, would increase mean RH over oceans from 0.78 to
0.7854. This is consistent with predicted fractional changes in
global evaporation rates of ~1 to 2% K~! from models and theory
(42). That is, because evaporation scales with both (1-RH) and sat-
uration-specific humidity (gs), and gg over low-latitude oceans in-
creases fractionally by ~6% K™! via the Clausius-Clapeyron relation,
(1-RH) should decrease fractionally by ~4% K~! with warming as-
suming small change in the bulk heat transfer coefficient. Because
preindustrial (1-RH) over low-latitude oceans is ~0.2 (i.e., 1 to 0.78),
the expected increase in RH with warming is ~0.2 times the frac-
tional change in (1-RH) with warming, that is, ~0.005 to 0.01
K™, which is in line with the model values. In light of these consid-
erations, we adopt the mean RH temperature sensitivity of the
CMIP6 SSP5-8.5 models in this analysis. We also carried out a sen-
sitivity test in which RH over oceans is constant under warming or
cooling, which led to negligible changes in mean TA and y. We
report and discuss the results of this sensitivity test in the main text.

For the proxy-based Monte Carlo determination of y, we adopt
the following LGM versus preindustrial changes between 30°S and
30°N: ATy = —5.8° £ 0.6°C (14), AT = —3.5° £ 0.3°C (14), and Azo.
=—120 + 5m (17, 18) (all uncertainties are +20, and observational
errors are assumed to be statistically independent and normally dis-
tributed). We note that the land surface paleotemperature con-
straint spans a slightly wider range of latitudes, but we emphasize
that there is no significant trend with latitude across all records
equatorward of LGM ice sheet influence (i.e., 45°S to 40°N). The
mean ATy value from noble gas records between 30°S and 30°N is
—5.9°C (14). While changes in relative sea level likely led to spatial
heterogeneity in the Az throughout the low latitudes in the LGM,
for the low-latitude focus of this study, we assume that the 30°S to
30°N mean LGM sea level change was equal to the global mean sea
level change of ~120 m. A recent global sea level reconstruction (18)

qE
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indicates that the 30°S to 30°N mean change in LGM sea level was
within 1 m of the global mean change.

Analysis of CMIP6/PMIP4 model data

To determine the magnitude of AT} and AT from GCM simula-
tions, we compared mean annual surface air temperatures in PMIP4
LGM experiments (22) and CMIP6 4xCO, experiments to prein-
dustrial control experiments. As described in the main text,
CMIP6 SSP5-8.5 ATy and ATq represent differences between
2085 to 2099 and 2015 to 2029. For each model, of AT and ATq
reflect area-weighted mean surface air temperature changes over
land and ocean grid cells, respectively, between 30°S and 30°N.
For LGM experiments, we computed averages of publicly available
monthly mean climatologies (22), and for 4xCO, and SSP5-8.5 ex-
periments, we calculated annual mean surface temperatures for the
time intervals described above. Note that the final 10 years of the
150-year 4xCO, experiments were averaged, which appears to
capture the equilibrium warming response (fig. S4).

We apply small corrections (order 0.1°C) to AT, from LGM
PMIP4 simulations for anomalous cooling associated with higher-
than-expected LGM sea surface. In fig. S5, we show changes in the
orography variable (“orog”: surface altitude relative to global mean
sea level) averaged over 30°S to 30°N land and sea surfaces. Because
the 30°S to 30°N LGM change in sea level is known to have been
nearly identical to the global mean (18), we expect Aorog over
oceans in PMIP4 models to be ~0, which is indeed the case
(mean across PMIP4 models = —0.44 m; fig. S5). Because that ab-
solute elevation of the low-latitude land surface was unchanged in
the LGM, we expect that Aorog over land should be ~120 m, reflect-
ing the lower LGM sea level. However, we find that all PMIP4
models show Aorog <120 m over land, with an intermodel mean
value of ~70 m (fig. S5). We correct for the anomalous sea
surface cooling associated with high-biased LGM sea level via con-
servation of MSE (Eq. 2), which results in a correction of 0.0038°C
m™!, leading to a mean correction of 0.19°C across the PMIP4
models. Surface pressure data were available for five PMIP4 LGM
simulations and confirm that the LGM sea surface pressure in-
creased by less than expected [i.e., <15 hPa (21)] over oceans but
remained constant over land in most models. However, there are
two notable exceptions. First, in the MIROC-ES2L model, no
change was made to LGM sea level (Aorog over land = 0; fig. S5),
which leads to anomalously high surface pressure over land (i.e.,
APg > 0 hPa) and anomalously low surface pressure over oceans
(i.e., APs < 15 hPa; fig. S1). We correct for the corresponding
warm bias in land temperature and cold bias in ocean temperature
in the same manner as above, such that MSE is conserved. Second,
in the AWIESM1 model (and likely the AWIESM2 model, although
no data are available), land surface pressure is anomalously high and
sea surface is anomalously low despite a change in sea level (Aorog
over land = 87.8 m for both AWI models). We do not attempt to
correct land surface temperature in these models, but we note
that AWIESM1 and AWIESM2 represent two of the three models
that do not conform to the BO18 theory expectations (Fig. 3),
and we note that the land and ocean temperature biases associated
with these surface pressure biases are indeed of an appropriate sign
and magnitude to explain the deviation of these models from the
BO18 theory predictions. All individual PMIP4/CMIP6 model
ATy and AT values are provided in tables S1 and S2, respectively.
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Impact of sea level lowering on global mean sea surface
temperature

For the purposes of improved ECS determination and proxy-model
comparison, we consider a hypothetical example in which global
mean LGM temperature and RH over the ocean are 12°C and
75%, respectively, before sea level is lowered by 120 m. This
allows us to estimate the (nonclimatic) warming of the LGM sea
surface due to lower sea level alone. By conservation of MSE (i.e.,
Ah = 0), a 120-m lower LGM sea level (Az = —120) must lead to
higher T, and go. Formally, by rearrangement of the MSE equation,
ATp (the ocean warming induced by sea level change alone) can be
determined as follows

gAz

AT e —
7 G+ Lyg,a/1.015

(7)
where go is the global mean specific humidity over the ocean
(0.0063 kg kg™') and a is the linearized change in saturation
vapor pressure with temperature (~6.8% K™!) (20). This equation
accounts for the direct effect of lower sea level on specific humidity
(a ~1.5% lower specific humidity due to ~15-hPa higher-surface air
pressure above the lower LGM sea surface (21)].

Using Eq. 7, we find that a 0.58°C warming is induced by a 120 m
lowering of the LGM sea surface. The result is rather insensitive to
the assumed initial global mean sea surface temperature. For
example, assuming a 10° or 14°C initial temperature leads to AT
values of 0.62° and 0.54°C, respectively.

Supplementary Materials
This PDF file includes:

Figs. S1to S5

Tables S1 to S3
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