
1. Introduction
The global ocean plays a critical role in regulating Earth's climate due to its large heat capacity and inter-hemispheric 
heat transport by the global overturning circulation (Stocker,  2000). Yet, constraining changes in ocean heat 
content and thus Mean Ocean Temperature (MOT) is notoriously difficult with in situ measurements alone due 
to their spatio-temporal limitations. Great progress has been made for today's ocean through the deployment of 
vast fleets of Argo floats (Gleckler et al., 2016), but reconstruction of past MOT from in situ deep sea sediments 
remains very challenging. At the same time the large swings in Earth's past climate hold the potential to inform us 
about mechanisms and feedbacks that are crucial for a better understanding of the ongoing anthropogenic climate 
change. To remedy this shortcoming a MOT proxy has been developed using polar ice cores that is founded in 
the temperature-dependent solubilities of quasi-inert gases, which partition their globally conserved inventories 
between the atmosphere and ocean on orbital to millennial time scales (Headly & Severinghaus, 2007). These 
gases include the heavy noble gases krypton (Kr) and xenon (Xe) as well as nitrogen (N2), which we hereafter 
refer to as noble gases, noting that N2 is conserved over glacial-interglacial time scales. The solubilities of the 
noble gases increase with colder temperatures, and the extent thereof increases with atomic weight, such that Xe 
is more sensitive to temperature variations than Kr, and Kr more sensitive than N2. The atmospheric ratios of Kr 
and Xe relative to N2 (in δ-notation relative to the modern atmosphere, δKr/N2 and δXe/N2) decrease for a colder 
ocean, because the relative changes of dissolved Kr and Xe are larger than for N2. The amount of noble gases in 
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any water parcel in the ocean is set at the time it has last been at the ocean surface and exchanged with the atmos-
pheric noble gases at its surface temperature at that time. Thus, atmospheric noble gas ratios, archived in polar 
ice, can be used to infer MOT. Through analytical advancements in measuring atmospheric noble gas concen-
trations and their isotopic composition, past MOT variations have been reconstructed from various time peri-
ods with remarkable precision (Baggenstos et al., 2019; Bereiter, Shackleton, et al., 2018; Haeberli et al., 2021; 
Shackleton et al., 2019, 2020, 2021).

However, critical uncertainties persist that are associated with post-coring gas loss and firn fractionation correc-
tions (Haeberli et al., 2021), and systematic uncertainties in the inference of MOT from paleo-atmospheric noble 
gas ratios (Bereiter, Shackleton, et al., 2018; Ritz, Stocker, & Severinghaus, 2011). For the latter, previous studies 
employed a simple box model, which requires a number of only poorly constrained input parameters and that also 
does not form a physically consistent framework with regard to mixing processes and oceanographic parameters 
(Bereiter, Kawamura, & Severinghaus, 2018). A key parameter for the assessment of past MOT from noble gases 
is their saturation state. In the modern ocean the heavy noble gases are undersaturated below about 1 km water 
depth (Hamme et al., 2019). This undersaturation is the result of a number of processes. First, rapid sea surface 
cooling at high-latitudes and subsequent deep convection keeps noble gases from fully equilibrating (Hamme & 
Severinghaus, 2007; Hamme et al., 2017; Seltzer et al., 2019). Second, sea-ice cover restricts air-sea gas exchange 
while heat is still transported through the ice (albeit at a relatively slow rate compared to the open ocean). And 
third, subsurface melting of glaciers, which requires large amounts of latent heat and thus lowering ocean temper-
ature independent of air-sea gas exchange (Loose et al., 2016). Further parameters that influence the solubility 
and hence saturation are wind speed and ocean circulation, but also the relative contributions of water masses 
and their properties (i.e., temperature and salinity), which may have different saturation levels. For previous 
assessments of past MOT, this undersaturation was often assumed temporally constant due to a lack of constraints 
(Haeberli et  al.,  2021; Shackleton et  al.,  2020). Here we note the saturation anomaly as ΔX  =  [X]m/[X]eq— 
1 (%), where [X]m and [X]eq are the simulated/measured and equilibrium concentrations of gas X.

In this study, we use the Bern3D Earth system model of intermediate complexity that is equipped with noble 
gas tracers to explore the impact of temporally variable global mean saturation on the atmospheric noble gas 
ratios archived in polar ice cores and how this influences the inference of MOT. With this physically consistent 
framework we then assess biases in the previously used noble gas-MOT box model, and provide new constraints 
on the difference in MOT between the Last Glacial Maximum (LGM) and pre-industrial (PI) taking into account 
changes in saturation. We infer systematic effects of various processes on the noble gas ratios of the past atmos-
phere, acknowledging that the size of the derived effects may be model-dependent.

2. Model and Experiments
2.1. Bern3D Model

The Bern3D model (v2.0) is an intermediate complexity Earth system model with a geostrophic-frictional ocean 
on an irregular 41  ×  40 grid with 32 logarithmically scaled vertical layers including an isopycnal diffusion 
scheme and a Gent-McWilliams parameterization of eddy-induced transport (Müller et al., 2006). It is coupled 
to a thermodynamic sea-ice module and a simple two-dimensional energy-moisture balance model of the atmos-
phere (Ritz, Stocker, & Joos, 2011) on the same horizontal grid. The noble gas and N2 implementations are 
described in detail in Ritz, Stocker, and Severinghaus (2011). Air-sea gas exchange is calculated as

𝐹𝐹as = 𝑘𝑘(𝐶𝐶sat − 𝐶𝐶) (1)

with Csat the saturation concentration, C the surface concentration, and k the gas transfer velocity, which depends 
on fractional sea-ice cover, surface wind speed, and Schmidt number as described in detail by Müller et al. (2008). 
The temperature and salinity-dependent solubility functions have been updated here with the empirical relation-
ships by Jenkins et al. (2019) which provide consistent formulations for all noble gases. Wind stress and wind 
speed are prescribed from monthly climatologies (Kalnay et al., 1996). Bubble injection is not considered here. 
Sea surface pressure is assumed globally uniform and changes from the present day are taken into account offline.

In order to tune and validate the noble gas implementations in the model against observations, we calculate 
the saturation anomalies based on the three-dimensional potential temperature and salinity fields provided by 
the model and compare these to the compilation by Hamme et al.  (2019) (Figure 1a). For better consistency 
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we re-calculate the saturation anomalies of Hamme et  al.  (2019) with the solubility formulations of Jenkins 
et al. (2019). In the standard model setup, air-sea gas exchange under sea-ice is completely prohibited, which 
leads to substantial undersaturation of the noble gases in the model. To achieve a better model-data agreement, 
we tune the fraction of air-sea gas exchange under sea-ice by varying it between 0% and 10% of the gas exchange 
that would take place without sea-ice. This small air-sea gas exchange under the sea-ice can be understood as the 
effect of leads and small polynyas that are not resolved in the model. Even though argon (Ar) cannot be used to 
constrain MOT from ice cores due to potential fractionation processes during bubble enclosure, we make use of 
this tracer for the tuning as its undersaturation in the ocean is determined by the same processes that impact Kr 
and Xe saturation. At the same time, the data-coverage is even better for Ar than for Kr and Xe.

2.2. Sensitivity Experiments and LGM Simulations

To explore the response of atmospheric δKr/N2 and δXe/N2 to external forcing that impacts MOT and/or the 
ocean circulation, we conducted a number of sensitivity experiments. First, we performed three different simu-
lations with radiative forcings equivalent to 0.5, 2.0, and 4.0 times PI CO2 (equilibrium climate sensitivity of the 
model is 3.0°C) with all other boundary conditions as in the PI control.

Second, we investigated the response of the noble gases to the colder climate of the LGM. The applied boundary 
conditions for the LGM are described in detail by Pöppelmeier et al. (2021) and include changes in orbital and 

Figure 1. (a) Map with seawater stations for which noble gas concentrations were measured as compiled by Hamme et al. (2019). Red circles mark stations that 
were excluded for the tuning of the model, as inter-laboratory comparisons suggest unreliable data for these stations (Hamme et al., 2019). (b) Fraction of air-sea gas 
exchange under sea-ice versus cost function (Mean Absolute Error) for all depths and (c) for depths below 1 km. Vertical dashed line marks the combined minimum of 
the cost function of all three noble gases.

 19448007, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
102055 by U

niversitaet B
ern, W

iley O
nline L

ibrary on [21/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

PÖPPELMEIER ET AL.

10.1029/2022GL102055

4 of 9

albedo forcing, greenhouse gases, aerosol radiative forcing, a closed Bering Strait, wind stress and speed, and 
vertical mixing due to changes in tidal dissipation induced by the lower sea-level. The glacial Atlantic Meridional 
Overturning Circulation was forced by freshwater correction fluxes to a strength of 11.5 Sv (relative to 17.7 Sv 
at PI). To assess the impact of even colder temperatures on the noble gases, we performed further experiments 
with additional top-of-the-atmosphere radiative forcing between −0.5 and −1.5 W/m 2. The effect of different 
saturation anomalies on the atmospheric noble gas ratios under LGM boundary conditions was investigated by 
changing the residual air-sea gas exchange under sea-ice (as for the tuning of the PI state) in sensitivity experi-
ments. All simulations were run for 10 kyr to ensure that they reached steady-state.

3. Results and Discussion
In order to establish the correct δKr/N2 and δXe/N2 to MOT relationships in the model, it is imperative to accu-
rately simulate the dissolved Kr, Xe, and N2 concentrations. However, not all processes that are thought to play 
a role in setting the noble gas saturation anomalies are implemented in the Bern3D model (i.e., bubble injection 
and subsurface glacial melt water are missing), and we here therefore follow a more idealized approach. We note 
that these simplifications may cause our results to be model dependent, but they are informative nonetheless and 
should form the basis for future investigations that explicitly include these processes.

We only tune the fraction of air-sea gas exchange allowed through sea-ice to achieve a better model-data agree-
ment in terms of noble gas saturation anomalies (here Ar, Kr, and Xe). The minima of the cost-function (Mean 
Absolute Error) range between 1.5% and 3.5% air-sea gas exchange under sea-ice depending on the noble gas 
(Figures 1b and 1c), but independent of the considered depth (i.e., all depths or for depths below 1 km). Since 
there does not appear to be a systematic bias in the location of the minimum dependent on the choice of noble 
gas, we simply choose the average of the three minima, that is, 2.5% air-sea gas exchange through sea-ice, for 
the subsequent simulations (see Figures  2a and  2b for spatial distributions of saturation anomalies). Yet, we 
stress that this cannot be seen as a constraint for the true air-sea gas exchange through sea-ice due to the reduced 
complexity of the employed sea-ice model, and instead should be solely considered as a tuning parameter.

Figure 2. Global section of saturation anomaly of the pre-industrial control (PI) of (a) krypton and (b) xenon. (c) Sensitivity of δKr/N2 (circles) and δXe/N2 (squares) 
to changes in mean ocean temperature (MOT) induced by changing the radiative forcing of CO2, and associated global mean saturation of Kr and Xe (fill color) of the 
Bern3D (dashed) and 3-box model (solid). The slopes of the fits are denoted in the legend in units of ‰/°C. All δ-values are plotted relative to the PI control simulation 
of Bern3D. (d) MOT anomaly versus δKr/N2 and δXe/N2 of Bern3D Last Glacial Maximum simulations (Methods), the idealized 3-Box model (lines) and the ice core 
reconstruction by Bereiter, Shackleton, et al. (2018) (purple). Deviations from the idealized 3-Box model are caused by different saturation concentrations.
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3.1. Sensitivities to External Forcings

Previously, Ritz, Stocker, and Severinghaus (2011) performed sensitivity experiments with the Bern3D model 
(v1.0) to assess the impacts of various parameter choices and external forcings on the δKr/N2-MOT relation-
ship. Since we here employ a different model version with a different resolution, revised atmospheric, ocean, 
and sea-ice parameters, changed noble gas solubility parameterization, and tuned the model to better represent 
modern noble gas undersaturation, we performed similar experiments to briefly re-evaluate these impacts in the 
revised model framework. As such, we are able to highlight the impacts these model changes have on the noble 
gas response to climate and ocean perturbations and thus better assess gaps of knowledge in the understanding of 
atmospheric noble gas ratios.

The major difference between the present and the earlier study with regard to noble gases is the allowed air-sea 
gas exchange under sea-ice, which was completely prohibited in Ritz, Stocker, and Severinghaus (2011). This 
notably reduces the amount of undersaturation under different climate states and thus directly impacts the δKr/
N2 and δXe/N2 to MOT relationships (Figure 2a). Even though only a small fraction of air-sea gas exchange is 
allowed under sea-ice, its impact is important as it limits the undersaturation in colder climate states when sea-ice 
area is strongly expanded. Over a range of ΔMOT ≈ 4.5°C (between coldest and warmest sensitivity experiment) 
the global mean saturation anomalies vary by about 2.4% and 3.3% for Kr and Xe, respectively, which is mostly 
driven by a rapid decline in Southern Ocean sea-ice extent under warmer than modern climate states in the 
Bern3D model.

The influence of these changes in undersaturation on the sensitivity of the noble gases to changes in MOT 
can be assessed by comparing the (δKr/N2)/ΔMOT (and (δXe/N2)/ΔMOT) slope to a simplified 3-box model 
for which constant global mean saturation anomalies of zero are assumed. In contrast to Bereiter, Shackleton, 
et al. (2018), we use temperature and salinity of three different water masses as simulated by different dye tracers 
in the Bern3D model (see Figure S1 in Supporting Information S1 for source regions). With this choice, the input 
parameters of the 3-box model directly correspond to the water mass properties in Bern3D, which allows for a 
direct comparison between both models. For the box model the slopes are (δKr/N2)/ΔMOT = 0.64 ‰/°C and 
(δXe/N2)/ΔMOT = 1.70 ‰/°C, while we find for the Bern3D 0.49 and 1.26 ‰/°C, respectively (Figure 2c). This 
implies that a 1% change in global mean saturation anomaly (in absolute terms) of Kr and Xe causes offsets of 
0.28 and 0.59 ‰ for δKr/N2 and δXe/N2, respectively, which corresponds to significant MOT biases of about 0.42 
and 0.35°C, respectively (see Text S1 in Supporting Information S1 for details).

3.2. Simulated Noble Gases and MOT at the LGM

The climate state of the LGM was characterized by substantially colder temperature than modern, primarily caused 
by reduced greenhouse gas concentrations and increased albedo (Köhler et al., 2017). While the extent of Global 
Mean Surface Temperature cooling remains debated, recent studies appear to converge to LGM ΔGMSTs between 
−4.5 and −7.1°C (Annan et al., 2022; Osman et al., 2021; Tierney et al., 2020) that are markedly colder than 
previous assessments (Annan & Hargreaves, 2013; MARGO Project Members, 2009). Reconstructions of MOT, 
based on the noble gas thermometry, first indicated a cooling of −2.7 ± 0.6°C (Headly & Severinghaus, 2007) 
with tighter constraints of −2.6 ± 0.24°C later provided by Bereiter, Shackleton, et al. (2018), −2.7 ± 0.4°C by 
Baggenstos et al. (2019) and −3.0 ± 0.4°C by Haeberli et al. (2021).

Yet, as a note of caution, these MOT anomalies were not calculated consistently between studies with some stud-
ies computing it relative to the early Holocene (Bereiter, Shackleton, et al., 2018), while other studies used the 
late Holocene (Baggenstos et al., 2019) or mean Holocene as reference (Haeberli et al., 2021). Here we compare 
LGM against PI steady-state simulations, and we therefore re-calculated the reconstructed noble gas-based MOT 
anomalies relative to the average of the late Holocene (0–4 kyr BP), which facilitates better comparability to other 
climate and ocean proxies. These LGM minus late Holocene MOT anomalies are slightly smaller than the values 
provided previously (Bereiter, Shackleton, et al., 2018; Haeberli et al., 2021; Headly & Severinghaus, 2007). 
Moreover, a mistake in the krypton inventory of the Bereiter, Shackleton, et al. (2018) box model was identi-
fied (Baggenstos, personal communication), which led to a discrepancy between the ΔMOT estimates from the 
different noble gas ratios. In response to that, Bereiter, Shackleton et  al.  (2018) adjusted the undersaturation 
such that the ΔMOT estimates were aligned again. To remedy this issue and to facilitate comparability to other 
model and ice core data, we re-calculated the MOT anomalies based on the Bereiter, Shackleton, et al. (2018) 
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paleo-atmospheric elemental ratios with the corrected box model (Table S1 in Supporting Information S1). For 
this, all parameters remained unchanged except for the solubility functions, which were updated to the formulation 
by Jenkins et al. (2019), and temporally constant undersaturation were assumed as by Baggenstos et al. (2019) 
and Haeberli et al. (2021). Due to the compensating effects of the box model issue and adjusted undersaturation 
in Bereiter, Shackleton, et al. (2018), the re-calculated MOT LGM-PI anomaly of 2.51°C is virtually unchanged 
from the initial value provided by Bereiter, Shackleton, et al. (2018).

Our LGM control simulation exhibits a ΔGMST of −5.9°C in good agreement with previous studies (Tierney 
et al., 2020), but ΔMOT of only −2.1°C, which is 0.5°C warmer than suggested by the noble gas thermometry 
reconstruction by Bereiter, Shackleton, et al. (2018). At the LGM, atmospheric δKr/N2 is not only affected by 
changes in MOT, but the lower sea-level stand exerted additional indirect influences. The displaced water from 
the ocean to the continental ice-sheets in the form of freshwater caused the mean ocean salinity to increase 
by about 1.2 PSU, which also affected noble gas solubilities (Jenkins et al., 2019). Further, the ∼130 m lower 
sea-level reduced the total ocean volume by about 3.5% (Lambeck et al., 2014) thereby diminishing its capacity 
to hold dissolved gases by an equivalent amount. Finally, the lower sea-level raised the sea-surface pressure by 
about 1.7%, which after Henry's law translates to an increase in the oceanic noble gas inventories also by ∼1.7% 
(Headly & Severinghaus,  2007) (see Ritz, Stocker, and Severinghaus  (2011) for individual attribution of the 
corrections on the noble gas ratios). With these additional effects taken into account, we simulate δKr/N2 and 
δXe/N2 values of −0.75 and −2.12 ‰, respectively, in the LGM control (relative to the PI, Figure 2d). We can 
again compare these results to the simple 3-box model, which yields δKr/N2 = −0.89 ‰ and δXe/N2 = −2.57 
‰ also considering the above-mentioned effects associated with the lower sea-level stand. These differences 
between Bern3D and the 3-box model indicate that the noble gas saturation anomalies must have changed for 
Bern3D between PI and LGM. Indeed, at the LGM the undersaturation is larger by 0.4% and 0.6% for Kr and Xe 
(ΔKr = −2.4% and ΔXe = −3.4% at the LGM), respectively. Due to this increased undersaturation less Kr and Xe 
are dissolved in the ocean compared to the 3-box model that assumes constant undersaturation and atmospheric 
ratios are hence higher (Figure 2d). Note, that changes in N2 saturation are simulated as well and are taken into 
account, but have negligible impact because of the substantially larger atmospheric reservoir of N2 and lower 
sensitivity on its solubility on temperature compared to Kr and Xe.

Next to overturning circulation and sea-ice an additional process is important at the LGM in determining the 
change in noble gas saturation anomalies relative to PI. The massive continental ice-sheets caused average surface 
wind speeds at the northern high-latitudes to increase (Muglia & Schmittner, 2015) (see Figure S4 in Support-
ing Information S1 and Pöppelmeier et al. (2021) for details on the implementation), which also increases gas 
transfer velocities in the model. Decreasing saturation due to larger sea-ice extent (Figures S2 and S3 in Support-
ing Information S1) and increasing saturation as a result of a more sluggish ocean circulation and increased 
gas transfer velocities can partly compensate. In the LGM control run, however, this balance is in favor of the 
increased sea-ice extent. Consequently, the greater undersaturation of the LGM relative to the PI run increases 
the simulated glacial Kr/N2 and Xe/N2 ratios of the atmosphere, which contributes to the mismatch with recon-
structed noble gas ratios (δKr/N2 = −0.75 vs. −1.08 ‰). This suggests that MOT must have been even colder 
than simulated here for the LGM to resolve the mismatch (Figure 3a). Sensitivity tests with additional negative 
radiative forcing indicate that a further MOT cooling of about 0.5°C is required in the model to reproduce meas-
ured δKr/N2 and δXe/N2 under LGM conditions. These simulations, however, then exhibit considerably larger 
ΔGMSTs of around −8°C and global mean sea-surface temperature anomalies (ΔGSST) of up to −5°C that are 
greater than any temperature change inferred from previous reconstructions (see Tierney et al., 2020). While we 
acknowledge that ΔGMST–ΔMOT and ΔGSST–ΔMOT relationships are model dependent, their correlations in 
the Bern3D model fall in line with more complex models of the Paleo Model Intercomparison Project 3 (Bereiter, 
Shackleton, et al., 2018).

Then how can the discrepancy between simulated and reconstructed noble gas ratios be resolved? At this point, a 
systematic noble gas measurement bias seems unlikely, as the result was now reproduced by different laboratories 
and measured in three different ice cores (Baggenstos et al., 2019; Bereiter, Shackleton, et al., 2018; Headly & 
Severinghaus, 2007). Instead, the largest unknown remains the noble gas undersaturation in the past, which holds 
the potential to shift the inferred MOT in either direction.

In order to obtain a constraint on the smallest possible MOT cooling at the LGM, we performed an experiment 
with doubled gas transfer velocity and allowed for full gas exchange through sea-ice. Any undersaturation is 
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then virtually eliminated, and mixing-induced oversaturation (see Hamme et al., 2019) becomes dominant in 
the entire ocean, with positive global mean saturation anomalies of ΔKr = +0.8% and ΔXe = +1.1% for Kr and 
Xe, respectively. Accordingly, this yields substantially lower atmospheric noble gas ratios of δKr/N2 = −1.52 
‰ and δXe/N2 = −4.51 ‰ (Figure S4 in Supporting Information S1) for ΔMOT of 2.1°C of the LGM control 
(Figure 3b). Using the noble gas ratio to ΔMOT relationships derived in Section 3.1, we can thus determine the 
minimum MOT anomaly of the LGM ice core measurements, which are −1.41°C for Kr and −1.33°C for Xe (i.e., 
differences of 0.69 and 0.77°C relative to the LGM control).

Importantly, the effect of different saturation anomalies produces also different ΔMOT offsets for Kr and Xe. 
This is also observed for reconstructed noble gases for two different ice cores (arguing against a local effect), 
which, translated to ΔMOT under the assumption of constant undersaturation, also give different temperature 
estimates that are colder by 0.3°C for δXe/N2 compared to δKr/N2 (Bereiter, Shackleton, et al., 2018; Haeberli 
et al., 2021). From this follows that the difference in LGM undersaturation between Kr and Xe was smaller than 
during PI, which can only be achieved with smaller saturation anomalies compared to the modern of both noble 
gases. This was already discussed by Bereiter, Shackleton, et al. (2018) but due to the simplicity of their box 
model they were unable to thoroughly assess its effect. We therefore test this in the Bern3D model by varying the 
extent of air-sea gas exchange allowed under sea-ice at the LGM, which is the simplest way to alter the saturation 
anomalies without impacting ocean physics and MOT. The model is only able to reproduce both reconstructed 

Figure 3. (a) Mean ocean temperature (MOT) anomalies versus Global Mean Surface Temperature (GMST) anomalies of the Last Glacial Maximum (LGM) 
simulations performed in this study. Estimates for ΔGMST and ΔMOT by Tierney et al. (2020) and Bereiter, Shackleton, et al. (2018) are marked as blue and purple 
shadings, respectively. (b) Saturation anomaly of Kr (circles) and Xe (squares) versus their atmospheric ratio for LGM simulations with different fractions of air-sea gas 
exchange allowed under sea-ice. Green and blue horizontal dashed lines and shadings depict measured δKr/N2 and δXe/N2 with their uncertainty, respectively (Bereiter, 
Kawamura, & Severinghaus, 2018). Solid green and blue lines mark linear fits through the data points which are used to translate the noble gas ratio measurement 
uncertainties into the uncertainties of the undersaturation. These are then converted to MOT uncertainties via the relationships derived from the sensitivity tests 
in Section 3.1 and yield ±0.57°C and ±0.67°C for Kr and Xe, respectively. (c) Sea surface temperature anomalies of the LGM control run with geochemical 
reconstructions compiled by Tierney et al. (2020) superimposed as filled circles.
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δKr/N2 and δXe/N2 under the climate and ocean boundary conditions of the LGM control with saturation anom-
alies of −1.0% and −1.45% for Kr and Xe, respectively (or +1.0% and +1.25% relative to PI) (Figure 3b). Or in 
other words, only with these increases in saturation it is possible to derive the same ΔMOT from the two different 
reconstructed noble gas ratios. This observational constraint thus implies that the air-sea gas exchange in the 
Bern3D model is reduced too strongly at the LGM. The reason for this might be an overestimation of the glacial 
sea-ice extent, climate state dependent air-sea gas exchange under sea-ice (for instance due to the equatorward 
migration of sea-ice allowing for more leads to form), an underestimation of the wind induced change in gas 
transfer velocity due to the lack of a parameterization of bubble injection or the missing subsurface glacial melt-
water addition. To explore the impacts of these processes and model biases future investigations are required to 
further bolster the assessment of past changes in noble gas saturation.

Therefore, leveraging both reconstructed atmospheric noble gas ratios and the Bern3D model, we conclude that 
the previous box model inferred ΔMOT is biased low by about 0.5 ± 0.67°C due to the assumption of constant 
noble gas undersaturation. Therefore, the model results suggest that the MOT was only around 2.1 ± 0.71°C 
colder during the LGM than PI, thus also reconciling reconstructions of ΔGMST and ΔGSST with the MOT 
anomaly.

4. Conclusions
We present a revised implementation of noble gases in the Bern3D model that we have tuned to observational 
constraints of modern saturation state. Through sensitivity tests we confirm that changing the undersaturation 
impacts the relationships between atmospheric noble gas ratios and MOT differently for Kr and Xe.

For the quasi-equilibrium state of the LGM we combine both, ice core measurements and the Bern3D model to 
better constrain the ocean's past noble gas saturation state and hence MOT. Together with theoretical consider-
ations we find that the lower limit for the LGM MOT anomaly was −1.3°C assuming complete equilibration of 
noble gases at the air-sea interface. Yet, by gaining further constraints from small differences in the measured 
δKr/N2 and δXe/N2 derived MOT, we obtain a revised estimate for the past mean ocean saturation anomalies. This 
yields a best-estimate MOT anomaly of −2.1 ± 0.71°C for the LGM in our model, which is about 0.5 ± 0.67°C 
warmer than previous noble gas derived estimates, and in improved agreement with independent ΔGMST and 
ΔGSST assessments. However, future experiments using other models are required to assess the model depend-
ency of the size of this correction to the initially published ice core MOT values, and to more deeply explore the 
physical processes that drive the suggested LGM-PI change in inert gas saturation.

Data Availability Statement
Noble gas concentration data by Hamme et al. (2019) are publicly available at https://www.bco-dmo.org/data-
set/743867 (last access: 27. October 2022). Simulation outputs used in this study are available at https://doi.
org/10.5281/zenodo.7270250 (Pöppelmeier et al., 2022).
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Text S1. Simplified 3-box model
We  employ  a  simplified  3-box  model  similar  to  the  4-box  model  by

Bereiter  et  al.  (2018a),  yet  without  an  atmosphere  and  the  important
distinction  that  the  input  parameters  directly  correspond  to  quantities
simulated in the Bern3D model, which are as such physically consistent. With
this box model we are able to assess the theoretical noble gas atmospheric
ratios  in  the  absence  of  any  undersaturation  due  to  limited  air-sea  gas
exchange.  Further,  we  can  directly  compare  these  results  with  the  ones
derived from the 4-box model by Bereiter et al. (2018b). This is important
because the mixing-induced oversaturation (see Hamme et al., 2019) is as
such directly comparable, but underestimated in both box models compared
to the Bern3D model, which encompasses far more realistic mixing schemes.

For the 3-box model we assume constant global noble gas inventories
(atmosphere  +  ocean),  which  means  that  we  can  directly  infer  the
atmosphere ratios from the mean ocean concentrations. We define the three
boxes as northern-sourced water originating from the North Atlantic between
45-70°N (yellow dashed region in Fig. S1), southern-sourced water formed
south of 45°S (blue dashed region), and the residual. The properties of these
water masses (temperature and salinity) and their total volume fraction are
derived from dye tracers in the Bern3D model that are set to 1 at the surface
of the respective source region and are diluted elsewhere due to mixing with
other water masses.  Dissolved noble gas contents are calculated from the
corresponding water mass properties after Jenkins et al. (2019). For the LGM
the  same corrections  as  for  the  Bern3D simulations  (pressure  and  ocean
volume) are applied to the box model (note that the temperature and salinity
effects are directly considered by the inputs from the Bern3D model).

To determine the impact of changes in undersaturation on atmospheric
δKr/N2 and δXe/N2 we compare the box model  results with no changes in
undersaturation  to  the  changes  in  Bern3D  where  the  undersaturation
changes by 2.4% and 3.3% for Kr and Xe, respectively, in the pre-industrial
radiative forcing experiments with a total change in MOT of 4.45 °C. As noted
in the main text, the respective dependencies with MOT are (δKr/N2)/ΔMOT =
0.64  ‰/°C  and  (δXe/N2)/ΔMOT  =  1.70  ‰/°C  for  the  box  model  and
(δKr/N2)/ΔMOT = 0.49 ‰/°C and (δXe/N2)/ΔMOT = 1.26 ‰/°C for Bern3D. It
therefore  follows  for  the  change  in  atmospheric  noble  gas  ratios  with
undersaturation:

Δ (δ Kr /N2 )

Δ Sat
=[ (δ Kr /N2 ) /MOT (Box )− (δ Kr /N2 )/MOT (Bern3D )] ⋅

ΔMOT
ΔSat tot (1)

with ΔSattot the total change in Kr undersaturation over the 4.45 °C change in
MOT in the Bern3D model radiative forcing experiments (i.e., 2.4%). For Xe
the equivalent holds with ΔSattot = 3.3%. In the main text we note the change

2



in atmospheric noble gas ratio (ΔKr/N2 and ΔXe/N2) per 1% change in global
mean saturation anomaly (ΔSat).

Table S1: Difference between published data for the 4-box model by Bereiter
et al. (2018) and revised calculations from this study.

Bereiter et al. (2018) This study

Solubility 
parameterization

Hamme & Emerson
(2004); Weiss & Kyser

(1978)
Jenkins et al. (2019)

Undersaturation 
Monte-Carlo propagating

of constant and 50%
reduced undersaturation.

Constant

ΔMOT (LGM-Late 
Holocene)

-2.50 °C -2.51 °C

Figure S1. Global  map with  freshwater  and  dye  tracer  regions.  Dashed
regions indicate where the respective dye tracer concentrations are restored
to 1 at the surface (i.e., the source regions of the dye tracers).
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Figure S2. Difference in global fractional sea-ice extent between the LGM
and PI control. Total difference in sea-ice area is 20 Mkm2.

Figure S3. Cross plots of global mean saturation anomalies of Kr and Xe
versus (a) atmospheric noble gas ratios, and (b) MOT anomalies (relative to
the pre-industrial control) of the CO2 sensitivity experiments.
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Figure  S4. Multimodel  mean  wind  stress  anomalies  of  PMIP3  models
following Muglia and Schmittner (2015). See Pöppelmeier et al. (2021) for
details.
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