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Abstract. While air bubbles in polar ice cores are well known for archiving past atmospheric composition, the quantity of
air trapped in these bubbles also carries significant paleoclimatic information. This parameter, known as Total Air Content
(TAC), was first used to reconstruct past ice sheet elevation and later became an orbital dating tool after its temporal variations
revealed a strong correlation with local summer insolation. However, limited understanding of relationships between TAC,
pore volume at close-off depth, and surface parameters has restricted its widespread use. In this study, we investigate the link
between surface parameters (e.g. temperature and accumulation) and changes in TAC at both spatial and temporal scales in
order to better understand TAC as an environmental proxy and as an orbital dating tool. To do so, we first present a new dataset
extending the TAC record from the EPICA Dome C (EDC) ice core back to 800 ka, as well as new TAC records from the
TALDICE and EDML ice cores covering the last glacial-interglacial cycle. Second, we combine these new datasets with a
compilation of published TAC data from ice cores across Antarctica and Greenland to explore the influence of surface climate
parameters controlling the changes in TAC both at spatial and temporal scales. Our spatial-scale analysis first examines how
recent TAC values relate to atmospheric pressure and elevation. We then investigate pore volume at close-off (i.e. TAC values
corrected for ideal gas law effects) to assess the influence of mean annual temperature, accumulation rate, and local summer
insolation. We evidence a strong correlation between the pore volume at close-off and local half year summer insolation for
East Antarctic sites, suggesting a direct control of local insolation on firn densification in this region. Temporal-scale analyses
on TAC records covering at least 40 ka confirm that TAC records contain an orbital-scale signature of local insolation but also
show that local summer insolation alone cannot capture the full TAC variability. Multiple regression analysis incorporating
local insolation and reconstructed surface temperatures or accumulation better predicts TAC temporal changes, particularly
during glacial terminations. Our new EDC high-resolution record also revealed significant millennial-scale TAC changes during

these glacial terminations. Hence, our results highlight that in addition to the orbital-scale impact of local summer insolation,
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millennial-to-multi-millennial-scale changes in surface climate parameters also influence the temporal-scale TAC changes. Our
findings suggest that orbital tuning between TAC and local insolation that neglects surface climate controls could introduce

age uncertainties of 1-5 ka, calling for surface climate-related corrections prior to TAC-based orbital dating.

1 Introduction

Polar ice cores constitute an invaluable natural archive for reconstructing past climate changes over glacial-interglacial timescales
and preserve past climates information in different forms. The ice matrix records climate proxies such as water isotopes reflect-
ing local surface temperature changes (Jouzel et al., 2007) or aerosol impurities informing on atmospheric circulation(Wolff
et al., 2006) and firn densification (Horhold et al., 2012), while air bubbles trapped within the ice provide direct information
on past atmospheric composition, such as greenhouse gas concentrations (Loulergue et al., 2008; Bereiter et al., 2015).

Among these proxies, the Total Air Content (TAC), is the amount of air trapped in polar ice expressed as a volume at standard
temperature and pressure (STP) of air serves as a unique proxy. Following the ideal gas law, TAC is directly controlled by
three physical parameters: air pressure, temperature, and pore volume at bubble close-off depth (Raynaud and Lebel, 1979;

Martinerie et al., 1992). This relationship is mathematically expressed as:
P
TAC=V. — — 1)

where T'AC' is the TAC volume per unit mass of ice, at reference temperature (1) and pressure (Fy). V., P. and T, cor-
respond to the pore volume, air pressure, and temperature at close-off depth.

While temperature can be estimated using the water isotopic ratios (e.g. 5180 of the ice) (Jouzel et al., 2007), TAC is linked
to changes in V. and P... Based on this theoretical dependency of TAC with P, and the fact that atmospheric pressure decreases
with altitude, TAC was used to reconstruct past ice sheet elevation (Raynaud and Lorius, 1973; Raynaud and Lebel, 1979).
However, reliable TAC-based elevation reconstructions require an understanding of the control parameters on V.. Observations
of significant TAC drops during cold periods in the Camp Century ice core first suggested a potential temperature dependence of
V. (Raynaud and Lorius, 1973; Raynaud and Lebel, 1979). A major breakthrough came when Martinerie et al. (1992) compiled
TAC measurements from different sites and highlighted that present-time V. is partially controlled by firn temperature at close
off T,, with warmer conditions corresponding to higher porosity of the firn at close-off depth. Nevertheless, the uncertainty in
the parametrisation of V., which depends on complex interactions with local climate parameters (e.g. temperature at close off,
annual surface temperature, accumulation rates and local summer insolation) and firn densification processes, has remained a
persistent limitation for using TAC as an elevation proxy (Martinerie et al., 1994; Raynaud et al., 1997, 2007; Delmotte et al.,
1999; Eicher et al., 2016; NEEM community members, 2013; Vudayagiri et al., 2025).

These challenges limited the use of TAC until Raynaud et al. (2007) highlighted (i) similar spectral properties between
the EDC TAC record (0-440 ka) and the integrated summer insolation (ISI) at 75°S and (ii) an anti-correlation between the
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two parameters at orbital timescales. Later work identified a dominant obliquity signal (~ 41 kyr) and a weaker precession
signal (~ 23 kyr), consistent with an influence of insolation on snow metamorphism and firn densification processes at Vostok
(Lipenkov et al., 2011). Recently, Raynaud et al. (2024) refined TAC’s sensitivity to insolation at EDC by introducing the
Half-Year Summer Insolation (HYSI) as the most appropriate insolation index.

Based on the relationship between TAC variations and local insolation changes, TAC-based orbital dating is particularly
valuable to constrain the chronologies of the deep ice cores drilled at the low-accumulation sites from the East Antarctic
plateau (Parrenin et al., 2007; Bouchet et al., 2023). The latest reference ice core chronology, AICC2023, incorporates 42 age
markers based on the visual alignment between TAC and the local insolation time series over the last 800 ka.

However, interpreting TAC variations requires careful consideration of the relevant age scales for different controlling pro-
cesses (Edwards and Epifanio, 2025). Local summer insolation influences surface snow metamorphism, imprinting its signal
on the ice age scale, while the temperature control on V. operates throughout the entire firn densification process. Since the
firn column experiences progressive temperature changes as snow travels from the surface to close-off depth (typically over ~
2000 years at low-accumulation sites), the effective temperature controlling V. corresponds approximately to an age between
ice and gas age scales. This complexity contributes to the uncertainties (3—10 ka) attached to TAC-derived age markers in
AICC2023 (Bouchet et al., 2023). A recent inter-comparison study using continuous wavelet transform analysis revealed that
~ 74% of TAC variance relates to changes in close-off porosity (V) that are not linked to the mean annual surface tempera-
ture, of which only ~ 44% (on average) attributable to insolation and ~ 30% to non-orbital climate effects at Vostok and EDC
(Khomyakova et al., 2025). Hence, these non-orbital-scale variations significantly impact dating accuracy during periods of
weak orbital forcing, highlighting ongoing challenges in understanding all physical drivers of pore volume at close-off and the

need to explore the relationship between TAC and present-day insolation patterns.

Local climate parameters are driving firn densification through compaction and snow grain metamorphism, controlling the
timing and efficiency of air bubble closure and determining the TAC signal in ice cores (Raynaud and Lebel, 1979; Martinerie
etal., 1988, 1992; Raynaud et al., 2007; Gregory et al., 2014; Eicher et al., 2016). Among the key climate drivers, surface tem-
perature affects TAC through two opposing mechanisms. Higher temperatures directly reduce TAC via thermal gas expansion
(ideal gas law), but indirectly increase TAC through pore volume at close-off (Martinerie et al., 1992; Raynaud et al., 2007).
Summer insolation operates through seasonal solar heating of the upper meters from the surface distinct from mean annual
temperature effects on the entire firn column. Higher insolation results in greater heating at the surface and creates strong
temperature and vapour pressure gradients that enhance grain growth in the upper snow layers (Arnaud et al., 2000; Raynaud
et al., 2007). Although the length of summer and accumulation rate (which determine the exposure time of surface snow) also
play a role, it is mainly the intensity of solar radiation that controls the heating, the increase in snow temperature, and the
water vapour concentration in snow pores necessary to support grain growth (Raynaud et al., 2007). These insolation-enhanced
gradients are most pronounced in the surface layer (to ~2 m depth), where the most rapid grain growth occurs (Gow, 1969).
Deeper, the seasonal temperature variations attenuate and become negligible below ~ 10 m depth. At cold sites like Vostok
and EDC, snow temperatures below 2 m remain around -55+10°C year-round (Petit et al., 1999; Cuffey and Paterson, 2010),

where vapour transport becomes ineffective for enhanced grain development, though normal crystal growth continues at a
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slower rate throughout the deeper firn column (Gow, 1969). While quantitative links between surface metamorphism and pore
closure require further investigation (Freitag et al., 2004), studies suggested that these grain size changes are carried through
the firn column such that higher summer insolation, through increased snow temperature and vapour pressure gradients, in-
creases the size of snow grains in the first few meters of firn, which then decreases pore volume in these same layers as they
reach bubble close-off, ultimately reducing TAC (Arnaud, 1997; Arnaud et al., 2000; Raynaud et al., 2007; Epifanio et al.,
2023). This mechanism explains the inverse relationship between insolation and TAC at orbital scales observed in individual
ice cores, although the spatial relationship between V. and insolation across different sites in Antarctica and Greenland has not
been explored yet.

Temperature affects atmospheric moisture capacity (Clausius-Clapeyron), contributing to temperature-accumulation corre-
lations which complicate identifying how each parameter individually affects TAC. Accumulation rates fundamentally control
the timeline of firn densification, with higher rates reducing the time duration until the close-off depth is reached and the age
difference (A-age) between ice and trapped gas. Grain size in the upper firn, which influences pore closure, results from the
interplay between temperature (affecting grain growth rate) and accumulation rate (affecting time available for growth) (Alley
et al., 1982; Schwander and Stauffer, 1984; Edwards and Epifanio, 2025)). In the upper firn (first meters of the column), where
seasonal temperature variations still penetrate, surface-driven metamorphism dominates grain evolution (Harris Stuart, 2024).
In deeper firn, where seasonal temperature variations no longer extend, overburden pressure linked to accumulation rate vari-
ations, drives densification through recrystallization and sintering processes (Cuffey and Paterson, 2010). During this stage,
coarse-grained layers densify more rapidly than fine-grained layers, explaining that initially denser fine-grained layers become
less dense than coarser-grained layers (Horhold et al., 2011). Finally, the densification process leads to air communication
stopping at the lock-in depth (LID), although small pressure changes can still influence gas mixing until bubble close-off depth
(Sowers et al., 1992; Buizert and Severinghaus, 2016). The timing and formation of V. at the close-off depth can thus greatly
vary depending on the site-specific firn densification. The mechanisms controlling V. remain debated. Percolation theory pre-
dicts closure at a critical porosity (Stauffer et al., 1985), supported by X-ray tomography measurements (Schaller et al., 2017)
for a limited number of sites, yet inter-site V.-climate variations challenge this hypothesis (Martinerie et al., 1992). Firn densi-
fication processes vary with climate conditions, resulting in different pore volume signatures across sites and timescales. At the
Greenlandic NGRIP site, despite warmer temperatures that should increase V. (Martinerie et al., 1992), TAC decreases during
Dansgaard-Oeschger warming events, suggesting that increased overburden pressure from higher accumulation compresses
the firn and offsets the temperature effect (Eicher et al., 2016). Synchronous anti-correlation between TAC with methane and
d'5N indicates that surface climate signals transfer to close-off zones as fast as atmospheric composition changes (Eicher et al.,
2016). At the low-accumulation Antarctic site South Pole (SP), Epifanio et al. (2023) found millennial-scale TAC variations
positively correlated with reconstructed accumulation rates and firn thickness proxies (e.g. 6'°N), which could be explained by
the fact that with increasing accumulation the duration of grain growth near the surface decreases, which leads to finer grains
and, ultimately, to an increased pore volume at close-off (Courville et al., 2007; Gregory et al., 2014). Understanding how firn

processes control pore volume at close-off (V.) requires isolating the complex interactions among surface parameters such
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as local insolations, accumulation rates, annual mean temperatures, and seasonal temperature variations (Eicher et al., 2016;
Epifanio et al., 2023; Raynaud et al., 2024).

Despite existing correlations with summer insolation and surface parameters (e.g., accumulation rates, temperatures), the
mechanisms driving TAC remain poorly understood. In particular, the physical controls on pore volume changes requires
further investigation. This study addresses these gaps by compiling published and unpublished TAC records from Antarctica
and Greenland (Fig. 1.). Based on this new compilation, we examine TAC signals, and associated pore volume changes across
spatial and temporal scales (from millennial to orbital) and investigate their relationship to local surface parameters, namely

the local insolation, the surface temperature, and the accumulation rate.

2 Methodology
2.1 Ice core sites

This study presents a compilation of 38 published and unpublished TAC records from deep and shallow ice cores in Antarctica
and Greenland (Fig. 1.; Table 1.).

Here we introduce unpublished data measured on deep ice cores at IGE (EDC: 440-800 ka) and at the University of Bern
(EDC: 20-600 ka; EPICA Dronning Maud Land (EDML): 11-56 ka; Talos Dome (TALDICE): 0-151 ka). We also present
new data from shallow ice cores measured at the University of Bern, they are encompassing B34, B37 and the Beyond EPICA

Oldest Ice (BEOI) drilling sites. The unpublished datasets are presented in the result section (3.).

We analysed the published TAC data from the following deep ice core projects: the Greenland Ice core Project (GRIP),
North Greenland Ice core Project (NGRIP) and REnland ice CAP project (RECAP) in Greenland and Dome Fuji (DF), EDC
over the 0-440 ka time interval, South Pole (SP), Vostok and West Antarctic Ice Sheet Divide (WAIS) in Antarctica (Table 1.).

TAC data covering less than 40 ka (Table 1.) include Skytrain Ice Rise (SIR), Camp Century (CC), Mizuho, and unpublished
data from shallow ice cores at Little Dome C, the Beyond EPICA Oldest Ice (BEOI) drilling site, B34 and B37. Greenland
Ice Sheet Project 2 (GISP2) and North Greenland Eemian Ice Drilling (NEEM) datasets were compiled but not included in
our spatial-scale study because they did not cover recent time intervals. Data compiled in Martinerie et al. (1992) are also
incorporated for this compilation and include the following sites: BHJ, BHF, BHP, D-10, BHB, BHQ, DE08, BHD, Byrd,
Camp Century (CC), Dome C, South Pole, Vostok. Data from Martinerie et al. (1994) include sites located along a traverse
(Mirny-Vostok): KM-60, KM-73, KM-105, KM-140, KM-200, KM-260, KM-325, KM-369, KM-400 in addition to D-47 and
EUROCORE sites.
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Figure 1. Maps of compiled TAC datasets in Antarctica and Greenland. *Sites compiled in Martinerie et al. (1992), analysed in later studies
(Vostok, EDC, SP) are not labelled with a red star as newer datasets are used in this study (Table 2.). Maps generated using QGIS with the
Quantarctica (Matsuoka et al., 2021) and QGreenland mapping environments (Moon et al., 2023; *Fisher et al., 2023)

The datasets compiled in Table 1 cover a wide range of environmental conditions, with accumulation rates ranging from 2.2
cm w.e./yr at Vostok to over 115 cm w.e./yr at DEOS, reflecting the regional climatic difference between sites. Mean annual
temperatures across the sites span from -57.3°C at DF on the Antarctic continental plateau to -13.5°C at BHF, in coastal

Antarctica.
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Table 1: Overview of present-day site characteristics of datasets and corresponding Half Year Summer Insolation (HY SI) values

computed for the past millennium.

Site Latitude  Longitude  Elevation (m) Mean Temp (°C)  Atm. Pressure (mbar)  Mean Acc. (w.e. cm/yr) HYSI (W/m?)
Ice cores compiled in this study

DF! 77°19’S 39°42'E 3810 -57.3 596 2.6 374
EDC? 75°06'S 123°21'E 3233 -54.5 660 2.5 382
EDML? 75.00°S 0.07°E 2892 -44.6 676 6.4 382
GRIP? 72°35'N 37°34'W 3232 -31.6 665 23 376
NGRIP? 75°06’'N 42°19'W 3090 -31.5 699 17.5 366
RECAP® 71°18’N 26°43’W 2340 -18 744 45.8 382
RICE” 79°36°S 161°71'W 550 -23.5 909 21 369
Sp® 89°99°S 98°16'W 2835 -49 691 8 355
TALDICE® 72.78°S 159.07°E 2315 -41 721 8 391
Vostok!® 78°28°S 106°50’E 3488 -56 632 22 371
WAIS!! 79°28°S 112°05°W 1766 -31.1 778 20.2 367
SIR'2 79°40°S 78°30'W 784 -26 893 13.5 369
Shallow ice cores compiled in this study

BEOI'3 75°21°S 122°28’E 3233 -54.5 645 24 382
B343 75°00°S 00.07°E 2882 -44.6 676 6.5 382
B373 75°00°S 00°40’E 2892 -44.6 676 6.4 382
Ice cores compiled in Martinerie et al., 1992

BHJ 65°95°S 113°10’E 130 -14 957 40 432
BHF'* 66°10°S 111°00’E 360 -1355 921 8 431
BHP!4 66°15°S 111°15’E 610 -14 915 18 431
D-10'* 66°40°S  139°55°E 270 -19 905 10-70 430
BHB!4 66°20°S 111°30’E 773 -15.5 898 14 428
BHQ' 66°25°S 111°45°E 927 -17 876 6.5 429
DE0g!4 66°45°S 113°10’E 1250 -20 845 115 427
BHD'* 66°45°S 112°50’E 1370 21 834 68 427
Byrd'* 80°00°S 120°00'W 1530 -28.7 806 16 367
cct 77°10°N 61°10°'W 1885 -24.9 793 34 359
D-5714 68°10°S 137°35’E 2053 -35.7 744 18 416
Mizuho'* 70°40°S 44°15°E 2256 -34.5 732 7 403
Ice cores compiled in Martinerie et al., 1994

KM-601° 67°05°S 93°19’E unpublished -20.8 unpublished unpublished 424
KM-7315 67°12’S 93°17E unpublished -21.1 unpublished unpublished 423
KM-105%° 67°26’S 93°23’E unpublished -24.5 unpublished unpublished 422
KM-140'° 67°45°S 93°39’E unpublished 27 unpublished unpublished 420
KM-200%° 68°15°S 94°05’E unpublished -30.5 unpublished unpublished 416
KM-260'° 68°46°S 94°28°E unpublished 335 unpublished unpublished 414
KM-325%° 69°18’S 95°01’E unpublished -37 unpublished unpublished 410
KM-3691° 69°44°S 95°30’E unpublished -38.8 unpublished unpublished 409
KM-400*° 69°57°S 95°37°E unpublished -39.9 unpublished unpublished 405
D-471° 67°23’S 137°33’E unpublished -25.4 unpublished unpublished 422
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EUROCORE*!® 72°21’N 37°33’E unpublished -32 unpublished unpublished 377

References: * Oyabu et al. (2020), Buizert et al. (2021) (TAC) ; Watanabe et al. (1999) (Acc) ; Uemura et al. (2018) (Temp); Wang et al. (2023) (P), 2 Raynaud et al.
(2007)(TAC) ; Cuffey and Paterson (2010) (Acc, Temp); Raynaud et al. (2007) (P), 3 this study (TAC) ; Cuffey and Paterson (2010) (Acc, Temp) ; Wang et al. (2023)
(P), *Rasmussen et al. (2022) (Acc, Temp) ; Raynaud et al. (1997) (P, TAC), 5Vinther et al. (2006) (Acc, Temp); Eicher et al. (2016)(P, TAC), 6Vudayalg,riri et al.
(2025) (TAC, Acc, Temp, P), "Lee et al. (2020) (TAC) Bertler et al. (2018) (Acc, Temp); Wang et al. (2023) (P), 8 Epifanio et al. (2023) (TAC) ; Severinghaus et al.
(2001) (Acc, Temp); Martinerie et al. (1992) (P), 9 this study (TAC) ; Stenni et al. (2002) (Acc, Temp); Bock et al. (2017) (P), 10 Martinerie et al. (1994); Lipenkov
etal. (2011) (TAC) ; Petit et al. (1999) (Acc, Temp) ; Martinerie et al. (1992)(P), H Buizert et al. (2021) (TAC) ; WAIS Divide Project Members (2013)(Acc, Temp);
Wang et al. (2023) (P), 12 Wolff et al. (2024) (TAC) ; Mulvaney et al. (2021) (Acc, Temp) ; Wang et al. (2023) (P), 13 this study (TAC) ; Stenni et al. (2016) (Acc,
Temp) ; Gautier et al. (2016) 14 Martinerie et al. (1992) (TAC, Acc, Temp, P), 15 Martinerie et al. (1994) (Temp). TAC, Acc and P are unpublished and will be

published in a separate study.

2.2 Analytical methodologies for new TAC data
2.2.1 New TAC data measured at IGE

The new EDC TAC measurements covering the 440-800 ka interval (201 datapoints, measured between 2006 and 2007)
were obtained using the barometric method at IGE as described in Lipenkov et al. (1995). These measurements extend the
EDC TAC profile previously published by Raynaud et al. (2007) for the 0—440 ka interval, which was measured using the
same experimental setup and calibration procedures. This method involves extracting air from ice samples by melting and
refreezing under vacuum within a calibrated volume. The pressure and temperature of the extracted air are measured, allowing
the calculation of TAC based on the ideal gas law (Equation 1.). Before calculating TAC, the water vapour pressure and the
volume of refrozen ice in the cell are subtracted from the measured pressure and calibrated volume, respectively. The TAC
is expressed in cm® of dry air at standard temperature and pressure (STP) per gram of ice, with an estimated accuracy of
+1% after correcting for cut-bubble effect (Eicher et al., 2016). A reproducibility of 1.3% was obtained from adjacent sample
replicates, noting that horizontal variability from lens-shaped layering at low-accumulation sites like EDC contributes to this
scatter. Measurements were independent of ice core storage duration (3 to 4 years post-drilling at -20°C), indicating negligible

gas loss through molecular diffusion in ice.
2.2.2 New TAC data measured at the University of Bern

TAC data for the sites EDC (312 datapoints, measured between 2013 and 2023), EDML (12 datapoints, 2022), TALDICE (189
datapoints, 2012-2022), BEOI (5 datapoints, 2023), B34 (42 datapoints, 2012-2019), and B37 (28 datapoints, 2020-2023)
were measured at the University of Bern using the melting air-extraction under vacuum technique described by Schmitt et al.
(2014). This automated setup was originally developed for high-precision measurements of CH4 and N5O isotope and mixing
ratios, but also allows for the determination of TAC as a by-product. Ice samples are slowly melted under vacuum with the
released air efficiently removed from the headspace to minimize dissolution of the air in the liquid phase. The air is dried,
collected, and expanded into a calibrated volume where pressure and temperature are recorded. TAC is then calculated using
the ideal gas law and expressed in cm® STP per gram of ice, with corrections applied for gas retention in the meltwater and
potential extraction losses (Schmitt et al., 2014). The accuracy of the Schmitt et al. (2014) method was assessed through several

intercalibration exercises. Notably, it was compared with data obtained using the method of Lipenkov et al. (1995) on the EDC
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core (Raynaud et al., 2007), yielding a calibration factor uncertainty of 0.0005 cm? g=! (0.5 mL kg, approximately 0.5% for

typical ice samples). The precision, estimated from vertical ice core replicates on TALDICE, is approximately 0.0006 cm? g—!
(~0.6%) (Schmitt et al., 2014). In addition, consistent TAC values were confirmed for other previously measured ice cores,
including NGRIP (Eicher et al., 2016), GRIP, and Vostok (Lipenkov et al., 1995).

For the EDML core specifically, most TAC values (198 datapoints) were obtained using the approach described in Eicher
et al. (2016). In this method, air was extracted as a by-product of CH4 and N2O concentration measurements conducted at the
University of Bern over many years. To ensure the consistency of absolute TAC values, the melt-refreeze method has been

intercalibrated against the vacuum-melt dataset (Schmitt et al., 2011).
2.2.3 Corrections of the new TAC data

Air content measurements in polar ice cores require a correction for gas loss due to cut bubbles at the sample surface during
preparation. Following the methodology of Martinerie et al. (1990), corrections were applied to account for air loss from
bubbles intersected during sample cutting for all samples. The correction factor depends on the sample geometry, bubble size,
and bubble shape, and was calculated using the statistical relationship linking the ratio of cut bubbles to total bubbles with the
mean bubble size. For cubic ice samples with approximately 3 cm edge length, corrections typically ranged from ~ 1 to 10%
of the measured air content value with larger corrections for shallow ice above ~ 200 m depth. Bubble characteristics (size and
shape) were determined from thin section analysis, and the correction was applied using the appropriate equations for spherical

or cylindrical bubble geometries as described in Martinerie et al. (1990).
2.3 Criteria for exclusion and segregation of TAC datasets

The TAC datasets are segregated into two groups used for different types of analyses. Temporal-scale analyses are performed on
millennial- and orbital scales. Datasets covering more than 40 ka are used to assess the TAC signal at orbital timescales in order
to cover both glacial and interglacial values. High-resolution data is used to investigate the TAC variability at millennial scales.
Low or high resolution data covering the last millennia is used for spatial-scale analyses (see section 3.). Spatial-scale analyses
require careful assessment of discrepancies between datasets in terms of measurement techniques and applied corrections. For
detailed descriptions of the analytical methods used for published TAC datasets, we refer the reader to the original publications
listed in Table 1. Sites with documented recent melting events are excluded from our study. This applies to the RICE site, also
excluded due to the uncertainties in the cut-bubble effect corrections applied (Lee et al., 2020). For the RECAP site, we used
a TAC value set to a present-day value with no melting determined by Vudayagiri et al. (2025) (Table A1.). Intervals with data
gaps exceeding 10% of their total length are excluded from the temporal analysis to avoid misinterpreting gaps as changes in

temporal resolution. This exclusion criterion applies only to the DF dataset.
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2.4 Investigated climate parameters

Ice core datasets for temporal-scale analysis are detailed in Table 2, including TAC methods, chronologies, and surface param-
eters (e.g. simulated summer temperatures, calculated summer insolation, reconstructed annual temperatures and accumulation
rates). Raw datasets are plotted in Fig. Al. Spatial-scale analysis examines recent TAC with atmospheric pressure, elevation,

temperature, accumulation, and insolation (HY SI), with site data in Table 1.

Site TAC (datapoints, interval (ka), method) Dating Model Temperature (interval (ka), method) Accumulation (interval (ka), method)

DF 801, [2-156], subproduct® + 952, [3-42], DF20214 [0-208], Water Stable Isotope® [0-208], Water Stable Isotope + model*
direct®+ subproduct®

EDC 417%, [2-800], direct® AICC20237 [0-806], Water Stable Isotope® [0-809], Modelled AICC20237

EDML 1989, [11-56], subproduct*® AICC20237 [1-140], Water Stable Isotope'! [0-145], Modelled AICC20237

GRIP 22212, 10-53], direct® GICCO0512 [0-100],  Water  Stable Isotope  [0-248], Annual-layer counting®®

available'*

NGRIP 156016, [11-122], subproduct!-16 GICCO0512 [9-122], §1°N + firn modelling 17 [9-122], Layer-counting + diffusion'”

RECAP 52118 [0-120], direct®+ subproduct*® GICCo0513 -

RICE 41829, [0-80], subproduct?! RICE1722 - [0-2.7], Annual-layer counting®?

SP 106123, [1-54], subproduct*® SP1934:25 [1-53], Inverse method2% [1-53], Inverse method2®

TALDICE 18927, [0-120], subproduct® AICC20237 [0-40], §'°N + borehole thermometry?®  [0-490], Modelled AICC20237

Vostok 15229 [4-163], direct®® + 15631, [163-408],  AICC20237 [0-422], Water Stable Isotope® [0-408], Modelled AICC20237
direct®

WAIS 11892, [0-50], subproduct?* WD201432 [0-67], Water Stable Isotope®® [0-68], Layer counting + inverse method®*

Table 2. Overview of investigated surface parameters for temporal analyses.

References: 1 Oyabu et al. (2020); 2 Buizert et al. (2021); 3 Lipenkov et al. (1995); 4 Oyabu et al. (2022); 5 Uemura et al. (2018); 6 Raynaud
et al. (2007); this study; 7 Bouchet et al. (2023); ® Jouzel et al. (2007); ? this study; 10 Schmitt et al. (2014); ! Stenni et al. (2010); 12 Raynaud
et al. (1997); 13 Rasmussen et al. (2022); 1 Johnsen (2003); *® Hammer and Dahl-Jensen (1999); 16 Eicher et al. (2016); 17 Kindler et al.
(2014); '® Blunier (2024); Vudayagiri et al. (2025); 19 Mischler et al. (2009); Fegyveresi (2015); 20 Lee et al. (2020); 2! Mitchell et al.
(2015); 22 Winstrup et al. (2019); 2% Epifanio et al. (2023); * Winski et al. (2019); 2° Epifanio et al. (2020); ¢ Kahle et al. (2021); 27 this
study; 28 Buizert et al. (2021); 2° Martinerie et al. (1994); 3° Raynaud et al. (1982); 31 Lipenkov et al. (2011); 32 Buizert et al. (2015); 32
Cuffey (2017); 3* Fudge et al. (2016)

We use the Half Year Summer Insolation (HYSI) index (Raynaud et al., 2024), which represents the average insolation over
the astronomical summer half-year, accounting for both total energy received and season length. The astronomical summer
half-year in the SH, corresponding to the astronomical winter half-year in the NH, is defined as the time from the fall equinox
(September) to the spring (March) equinox (Berger et al., 1993, 2010, 2024). The computation of this insolation index accounts
for orbital parameters (e.g. eccentricity, obliquity, and precession) following Berger (1978). This made HYSI a more physically
consistent orbital dating tool, strongly anti-correlated with TAC and correlated with modelled summer surface temperatures
(Raynaud et al., 2024). We computed these HYSI for all compiled sites covering the same time interval as the sites’ TAC
datasets (Table 2). Mean computed HY SI values over the past millennia are shown in Table 1 for each site and are used for the

spatial-scale analysis.

10
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For temporal analysis at orbital timescales, we use published reconstructions of annual surface temperature and accumulation
rates (Table 2). Temperature reconstructions are primarily derived from water stable isotopes (DF, EDC, EDML, Vostok,
WAIS), with additional methods including §'°N and firn modeling (NGRIP), borehole thermometry (TALDICE), or inverse
methods (SP). Accumulation reconstructions rely on annual-layer counting (GRIP, RICE, WAIS), modeled chronologies (EDC,
EDML, TALDICE, Vostok from AICC2023), or combinations of layer-counting and diffusion/inverse methods (NGRIP, SP,
WALIS). For spatial-scale analysis, we compile present-day field measurements of atmospheric pressure, elevation, mean annual
temperature, and annual accumulation rate for each site (Table 1).

In the study by Raynaud et al. (2024), the LOVECLIM 1.3 model (Yin et al., 2021) is used to simulate summer surface air
temperatures by incorporating variations in orbital parameters, greenhouse gas concentrations, and ice sheet configurations.
LOVECLIM 1.3 is an Earth system model of intermediate complexity (EMIC) with coupled atmosphere (ECBilt), ocean
and sea ice (CLIO), and terrestrial biosphere (VECODE) components. The model has been shown to reproduce the spatial
changes and magnitudes of surface temperatures over Antarctica. These simulated temperatures showed good agreement with
TAC records at the EDC site, highlighting the model’s reliability in capturing orbital-scale variability (Raynaud et al., 2024).
Building on this study, we use outputs from the same model to explore the relationship between local summer insolation,
summer temperatures, and TAC at GRIP, SP, NGRIP, EDC, Vostok, TALDICE and RECAP sites extending the analysis beyond

EDC to assess regional patterns.
2.5 Age scale considerations and temperature approximations

The interpretation of TAC variations, in particular at temporal-scale, requires a careful consideration of age scales (Edwards
and Epifanio, 2025). Different physical processes affecting TAC operate on different timescales: some are recorded at discrete
points in time (e.g., ice age or gas age), while others represent time-integrated effects over the full densification period. In
particular, we can consider three type of age scales that are relevant when studying TAC changes and that should be specified

depending on which mechanism is being investigated:

— Ice age scale: Summer insolation (HYSI) affects near-surface snow metamorphism, a process recorded in the ice matrix
during early densification. Therefore, the investigation of the TAC-HYSI relationship should rely on the TAC record
being displayed on the ice age scale (Raynaud et al., 2024).

— Gas age scale: Temperature effects on air density at close-off via the ideal gas law require TAC on the gas age scale.
Transient effects during abrupt climate events (e.g., D-O events), where rapid accumulation increases cause enhanced
overburden pressure and dynamic compression of the firn at close-off depth (Eicher et al., 2016), operate on a very short
timescale, as the weight of new snow is directly transmitted to the close-off depth. Note that heat diffusion from surface
to close-off depth introduces an additional time lag, though this is generally small compared to ice-gas age differences

at low accumulation sites.

— ""Densification age scale'': Temperature and accumulation effects on pore volume (V) integrate conditions over the full

densification period (for example at EDC: ~1.6 kyr during warm interglacials, up to ~4.6 kyr during the last glacial
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maximum). This integration depends on the depth sensitivity of temperature and accumulation to firn structure (Raynaud
et al., 2007) and could be approximated as a "mid-age scale" (in between ice and gas ages), though this represents a
simplification of a more complex, non-discrete integration period. The relevant timescales differ between temperature

(complicated by heat diffusion) and accumulation (which modulates the duration available for densification).

In this study, we approximate that the surface temperature 7T is equal to T;, T = T, the close-off temperature. Hence, we
use mean annual surface temperature reconstructions from water stable isotopes, following Martinerie et al. (1992); Raynaud
et al. (2007). This simplification is justified for two reasons. First, for spatial analysis, climate has remained relatively stable
over firn residence times (ranging from a few decades at high-accumulation sites to several thousand years at low-accumulation
sites under glacial conditions). Second, for temporal analysis at orbital timescales, age scale uncertainties of a few thousand
years have minimal impact on correlation structures. We primarily focus on temperature effects on pore volume (V) and cor-
relate both TAC and temperature on the ice age scale (Table A2). This choice reflects the fact that temperature reconstructions
from water stable isotopes are given on the ice age scale and is formally appropriate only for HYSI-TAC correlations. How-
ever, it represents an approximation for the temperature-V, relationship, which should strictly use a densification integrated
age scale to account for heat conduction through the firn (~100-year lag from surface to close-off depth). Also, we note that
the present-day spatial relationship between V. and mean annual surface temperature established by Martinerie et al. (1992) is
not fully understood in terms of its temporal applicability, given the inverse relationship between V. and summer temperature
identified at orbital timescales (Raynaud et al., 2024) and the age scale approximations. To assess the sensitivity of our results
to age scale choice, we performed correlations with TAC on the ice age scale (Table A2) and gas age scale (Table A3).

While firn heat diffusion modelling (Goujon et al., 2003) would provide more accurate close-off temperatures and enable

rigorous "densification integrated" age-scale analysis, reconstructing 7. for all compiled sites is beyond the scope of this study.
2.6 Statistical analyses

The investigation of the relationship between TAC and several surface parameters was conducted using a combination of data
resampling, low-pass filtering and linear regression analysis. The different datasets (e.g. TAC and environmental variables) are
interpolated onto a time grid with a step of 1 ka using a linear interpolation and averaging. To isolate orbital-scale variations,
we applied a Finite Impulse Response (FIR) low-pass filter to the interpolated data. This approach follows the method of
Kawamura et al. (2007), who advises a Kaiser-window FIR filter with a 16.7 kyr cut-off period to retain precessional-scale
variations and eliminate high-frequency noise below 10 kyr. The FIR filter was implemented bidirectionally to prevent phase
distortion, in order to keep peak positions in the filtered signal aligned with the original time series. By applying the same
filter parameters across all datasets, short-term variability is removed in a uniform manner, allowing for a direct comparison of

long-term trends across ice core records of varying temporal extents (from 50 ka to 800 ka).

Linear regression analyses were performed using ordinary least squares (OLS), which assumes negligible uncertainty in the
independent variable (Fig. A4.). While more rigorous approaches accounting for uncertainties in both variables exist (York

et al., 2004), the use of OLS is justified at orbital timescales where signal amplitudes exceed measurement uncertainties, and is
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consistent with previous TAC studies (Raynaud et al., 2007; Lipenkov et al., 2011). Linear regression analyses were performed
on unfiltered and filtered datasets to quantify the degree of correlation between TAC and each parameter. Regression slopes, R
and R? are calculated, along with p-values to assess the robustness of the observed relationships. Moreover, to account for data
gaps in different time series such as DF and ensure a robust assessment of the relationship between TAC and environmental
parameters across different periods, we computed a weighted global coefficient of determination (R?) by combining the results

obtained from two distinct time intervals of different resolution separated by a data gap.

3 Results
3.1 The EDC TAC records

Building upon the EDC TAC profile published by Raynaud et al. (2007), which used samples from EDC96 (115-783 m) and
EDC99 (below 783 m) cores down to 2798 m depth, we extended the record down to 800 ka through measurements performed
in 2006-2007 at IGE (Fig. 2.a.). We analysed 396 depth levels on the EDC99 core between 2798 and 3254 m. Here, we only
show data down to 3190 m since flow disturbances affect the bottom 60 m of the core (Jouzel et al., 2007). This new dataset
has an average temporal resolution of 2.04 ka for the entire record. The statistical properties of the TAC values across the

1

entire 800 ka span indicate a mean of 0.0911 cm?® g~! with a standard deviation of 0.0024 cm?® g~! and a range of 0.0131

cm?® g=! (minimum: 0.0850, maximum: 0.0981). The variance of 5.68x10~5(cm® g=')? shows a relatively low dispersion
around the mean, supporting reproducibility of the measurements throughout the record. Overall, the new TAC signal exhibits
orbital-scale related changes, not directly correlated with the D temperature proxy, but displaying a relationship with the
HYSI index (Fig. 2.d. and e.). Continuous wavelet transform (CWT) analysis of the IGE EDC dataset reveals distinct orbital
signatures across different time intervals (Fig. A3.). The complete record (0-800 ka, n=392) exhibits dominant cyclicities at
about 100 kyr and 41 kyr. The 100-kyr periodicity is characteristic of glacial-interglacial cycles and primarily reflects the
imprint of ice sheet dynamics rather than direct eccentricity forcing. The 41 kyr signal is related to obliquity and is consistent
with local summer insolation control on snow metamorphism (Raynaud et al., 2024), though we cannot exclude contributions
from climate teleconnections (Raymo and Nisancioglu, 2003). The recent interval (0-440 ka, n=213) investigated in Raynaud
et al. (2007) shows strongest obliquity signals with secondary 100 kyr variability, while the older interval (440-800 ka, n=179)
displays 100 kyr dominance with precession cycles at 23-24 kyr.

An independent EDC dataset was also produced at the University of Bern (Fig. 2.b.) covering the 21-660 ka time inter-

L with a variance of

val. The Bern dataset comprises 349 data points and shows a similar mean TAC of 0.0920 cm?.g~
4.21x107%(cm? g~1)? and with an average temporal spacing of 1.84 ka across the full interval. In the interval between 200—400
ka, the Bern TAC data has a mean spacing of 0.90 ka compared to 2.52 ka over the same interval for the IGE EDC dataset.
Despite different analytical approaches, both datasets show strong agreement on the highest resolution interval (Fig. 2.c.).
These observations are consistent with the intercalibration performed between the Bern and IGE methods on the EDC ice core
(Schmitt et al., 2014; Raynaud et al., 2007), which constrained the calibration uncertainty to 0.0005 cm? g*1 (~0.5%), and

with previous comparisons between Greenland ice cores (Eicher et al., 2016). The new high-resolution Bern TAC record over

13
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320 the 427-224 ka interval reveals interesting millennial-scale TAC changes superimposed onto the orbital-scale variations signal

which are further investigated in section 3.3.1.
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Figure 2. TAC profile of the EDC ice core. a. TAC measured at IGE with the Lipenkov et al., 1995 method. Published data from Raynaud
et al. (2007) in grey, new data in green. b. TAC measured at the University of Bern with Schmitt et al., 2014 method (in red). The dashed
black line in a. and b. represents the mean TAC value over the past 800 ka, associated with the typical 1% analytical uncertainty range in
grey. ¢. Superimposed EDC TAC records from EDC IGE and the University of Bern between 220 and 430 ka. Corresponding mean TAC
values are displayed in dashed horizontal lines. d. EDC 6D record (black, Jouzel et al. (2007). e. EDC Half Year Summer Insolation (HY SI)
index. TAC and 6D data are displayed on the AICC2023 ice age scale. TAC is shown on a reversed scale. (Bouchet et al., 2023).
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3.2 TALDICE, EDML and shallow ice core records

New TAC data on TALDICE, EDML and three shallow ice cores (B34 , B37 and BEOI) were also measured at the University
of Bern. The TALDICE record (Fig. 3.) spans the last 152 ka and exhibits TAC values between 0.094 and 0.107 cm?® g=1
(mean = 0.103, o = 0.003, n=189), with an average resolution of 0.8 ka. The new TALDICE TAC record displays orbital-scale
variations that reflect the combined influences of summer insolation (HYSI) and temperature (dD) (Fig. 3). These changes can
notably be seen over the 0-90 ka time interval covered with higher sampling resolution. The EDML core (Fig. A2.a.) covers
the 10-56 ka interval, with TAC values ranging from 0.082 to 0.105 cm® g=! (o = 0.004, n=198). Depths range from 686 to
1617 m, and temporal resolution varies: 0.11 ka between 10-30 ka, a 5.4 ka data gap, and 1.3 ka from 35-55 ka, after 90 ka, it

remains very low.

TALDICE
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Figure 3. The TALDICE TAC record displayed on the AICC2023 ice age scale (Bouchet et al., 2023) and measured at the University of
Bern with Schmitt et al. (2014) method (in red). TAC is shown on a reversed scale. The dashed red line represents the mean TAC value
over TAC dataset associated with the typical 1.5% analytical uncertainty range in grey. The TALDICE-TAC dataset is superimposed with the
corresponding Half Year Summer Insolation (HYSI) index (in blue) and the EDC 0D record (in grey, Jouzel et al. (2007))

TAC measurements on the shallow cores B34 (179.18-180.94 m, n=42), B37 (106.43-114.57 m, n=28), and BEOI (131.37-
131.93 m, n=5) were performed just below the close-off depth ((Fig. A2.b.c.d.), yielding mean values of 0.092, 0.088, and 0.086

! respectively, with low standard deviations (0.0008, 0.001, and 0.001 cm? g—!). The shallow cores demonstrate good

cm?® g~
measurement precision and internal consistency within each core. Notably, despite their geographic proximity (and similar
insolation), cores B34 and B37 show a significant difference in their mean TAC values (0.092 vs 0.088 cm® g~ 1), highlighting

the sensitivity of TAC to local surface conditions (accumulation rate, temperature, wind).
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3.3 Temporal-scale variations of TAC

Here, we conduct linear regression analyses between TAC records from the different compiled ice core sites and their corre-

sponding local climatic conditions to investigate their link at a temporal scale (Fig. 4.).

1. acc. 2. temp 3. HYST HYSI+1. HYSI+2.
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Figure 4. Heatmap of R? derived from linear regression analyses between TAC and HYSI, 1. Reconstructed annual accumulation rates
(acc.), 2. Reconstructed annual temperatures (temp.) and 3. Simulated half year temperatures (HYST). Sites are sorted from top to bottom
by highest mean of R%. Analyses conducted for a. simple linear regression and b. multiple regressions analyses of TAC vs HYSI + surface
parameter. raw: Raw datasets; filt: filtered data using a 16.7-kyr low-pass FIR filter. All data was processed on their corresponding ice age

scale (Table 2.)

First we examine the link between TAC and local HYSI across different sites. Regression equations, r and R? are compiled in
Table A2. The strongest correlations are found at DF and GRIP with R? values above 0.5 for both raw and filtered records (DF:
R? = 0.63 raw, 0.74 filtered; GRIP: R? = 0.67 raw, 0.83 filtered). In contrast, other Antarctic sites show weaker correlations,
with R? below 0.3 for raw data (EDC: R? = 0.24 raw, 0.32 filtered; Vostok: R? = 0.20 raw, 0.26 filtered), while RECAP shows
no correlation. For accumulation rates, we find the strongest correlation at SP and DF (SP: R2 = 0.38 raw, 0.74 filtered; DF:
R? = 0.53 raw, 0.72 filtered), while showing weaker correlations elsewhere (NGRIP: R2 = 0.24 raw, 0.41 filtered; Vostok: R2
= 0.19 raw, 0.34 filtered). Reconstructed temperatures show the strongest correlations with TAC at DF (R? = 0.55 raw, 0.75
filtered) and more moderate correlations at other sites. Simulated half-year summer temperatures, show significant correlation
at NGRIP, GRIP and SP (NGRIP: R? = 0.52 raw, 0.75 filtered; GRIP: R? = 0.53 raw, 0.74 filtered; SP: R? = 0.45 raw, 0.59
filtered), but remain less correlated at EDC (R? = 0.31 raw, 0.42 filtered) and Vostok (R? = 0.32 raw, 0.41 filtered).
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Figure 5. Comparison of measured and predicted TAC at two Antarctic ice core sites. (a.-b.) Vostok site: TAC predicted using a. simple linear

regression with HYSI only (R? = 0.26) and b. multiple linear regression with HYSI + annual temperature (R? = 0.63). (c.-d.) EDC site: TAC

predicted using c. simple linear regression with HYSI only (R? = 0.32) and d. multiple linear regression with HYSI + annual temperature

(R? = 0.55). Black lines in panels (a.-d.) show measured TAC data after applying a 10 kyr filter to remove millennial-scale variability.

Annual Temperatures reconstructions are from Jouzel et al. (2007). e. represents the reconstructed temperature EDC dataset plotted in gray

(Jouzel et al., 2007) superimposed with the EDC Half Year Summer Insolation (HYSI) index in blue. Blue and red bands represent the 95%

Prediction interval (Predicted value += MSE). Yellow boxes highlight significant visual improvements of the predicted signal. Interglacials

are numbered from MISs 1 to 19 (Past Interglacials Working Group of PAGES, 2016). Both TAC and predictor variables were filtered using a

16.7-kyr low-pass FIR filter to capture orbital-scale variations. All plots are displayed on the AICC2023 ice age scale (Bouchet et al., 2023).

TAC is shown on a reversed scale.
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Low-resolution sites (TALDICE, RECAP) show consistently poor correlations across all parameters (Fig. 4.), emphasizing
the critical importance of high temporal resolution for capturing TAC-climate relationships. Across all parameters, filtering
can improve correlations by removing high-frequency variability and noise, isolating the orbital-scale signal. We also note
that temperature regression slopes (Table A2) are consistent with the empirical V,-T relationship of Martinerie et al. (1992) at

Vostok but approximately half at EDC, suggesting site-specific differences in TAC controls.

To account for the combined influence of insolation and surface climate parameters, we performed multiple regression
analyses using HYSI together with individual local surface parameters (Fig. 4.b.). This approach improved the explained
variance of the different regressions, demonstrating the combined effects of orbital forcing and surface annual temperature or
accumulation responses. For instance, at DF, the combination of HY SI with accumulation rates raised R? values to 0.81 for raw
data and 0.87 for filtered data. Even sites with initially weak correlations showed improvements: EDC increased from R? = 0.24
(HYSI alone) to 0.52 with accumulation, and Vostok improved from R? = 0.20 to 0.60 with temperature (via the temperature
effect on pore volume V., see section 2.5). Combinations with simulated half-year summer temperatures are not significant due
to inherent correlations between these temperature simulations and HYSI, as half-year temperature is primarily determined by
local summer insolation (Raynaud et al., 2024). They are therefore not shown nor analysed in the multi-regression analyses

results.

To further investigate how combining the influence of the insolation and the temperature (Fig. 5.e.) could enable to better
predict the TAC changes, we examine in detail the Vostok and EDC records (Fig. 5.). We compare measured TAC (black curves)
with TAC predicted by a simple regression using either HY SI alone (blue curves) or HYSI combined with reconstructed annual
temperature (red curves). The regression equations are detailed in Table A4. This comparison enables to highlight the time
intervals when the combined influence of both parameters is important. At Vostok, TAC predicted by a simple regression with
HYSI alone (R? = 0.26; Fig. 5.a., blue curve) failed to capture the full amplitude of TAC variations during deglaciations, when
major shifts in surface climate conditions occur. When HYSI was combined with temperature in a multiple regression model
(R? = 0.63 ; Fig. 5.b., red curve), the predicted TAC closely matched observed variations, particularly during Marine Isotope
Stages (MIS) 1, 5, 7, and 9 (Fig. 5.b.). Similar improvements are observed at EDC, where the R? increases from 0.32 (HYSI
only, Fig. 5.c.) to 0.55 (HYSI + temperature, Fig. 5.d.). It is worth noting that lower TAC values between 25-40 ka in Vostok

may reflect gas loss from poor ice quality in the brittle zone.
3.3.1 Millennial-scale TAC changes in the EDC ice core

High-resolution TAC measurements from EDC measured at Bern University revealed significant millennial-scale variations
superimposed onto the HYSI orbital signal (Fig. 6.).

Panel (a) shows measured TAC data (blue) alongside HYSI (gray), displaying clear orbital-scale covariation. Beyond this
orbital variability, residual analysis obtained by removing the HY SI-predicted component from the raw TAC signal (Fig. 6.b.)

reveals positive and negative anomalies with amplitudes reaching £0.005 cm®/g. The most prominent millennial-scale TAC
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peaks occur during intervals centred around 240 ka and 335 ka (highlighted in yellow), coinciding with the large Antarctic

warmings during the glacial terminations TIII and TIV and associated with a 6D increase of about 60 %o in 5 ka (Fig. 6.c., e.).
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Figure 6. Investigation of millennial-scale TAC changes at EDC site. a. TAC signal raw (data mesured at University of Bern) and filtered,
superimposed onto the HYSI index. b. TAC residuals from the linear regression TAC vs HYSI superimposed to the TAC signal exclusively
predicted by the linear relationship of TAC vs HYSI. ¢. 6D raw superimposed (Jouzel et al., 2007) to dD filtered signal. d. TAC raw — TAC
filtered). e. Millennial-scale 6D anomalies (6D raw — D filtered). f. Normalized millennial-scale anomalies (TAC and 6D). Yellow boxes
represent time intervals of strong millennial-scale TAC variations parallel to 6D large changes. All variables are filtered using a 16.7-kyr

low-pass FIR filter. All plots are displayed on the AICC2023 ice age scale (Bouchet et al., 2023). TAC is shown on a reversed scale.
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Millennial-scale TAC anomalies obtained through high-pass filtering (Fig. 6.d.) confirm the presence of rapid variations
with amplitudes of +0.003 cm?/g (representing about 30% of the total TAC signal) and show synchronized patterns with
6D anomalies reaching +10 %o, particularly during these deglaciation periods (Fig. 6.e.). The normalized superposition of
millennial-scale anomalies (Fig. 6.f.) confirm that TAC and §D are synchronous with minimal time lag (on the centennial
order) around 240 and 330 ka, contrasting with the larger temporal offset observed between TAC and HYSI peaks around 240
ka. Beyond the two major highlighted events, smaller-scale variations can be seen throughout the record, with TAC residuals
showing both positive and negative excursions. It should be noted that time lags or leads can change regarding the strength of
the filter applied (here 16.7 kyr low-pass FIR filter).

4 Discussion
4.1 Spatial-scale of recent TAC and pore volume

The spatial-scale analysis of the relationship of TAC and pore volume (V) with surface parameters (e.g. elevation, atmospheric
pressure, temperature, wind) is an approach used in Martinerie et al. (1992, 1994) and Delmotte et al. (1999). We updated this
analysis using an expanded dataset with additional sites and surface parameters (e.g. HYSI) and calculated mean TAC for recent
periods (Table A1l.) from stable values below close-off depth according to these previous studies. The spatial-scale investigation
of TAC was conducted across atmospheric pressure ranges of 632-957 mbar and elevations of 130-3233 m. We observe strong
TAC-pressure correlations (R? = 0.96), consistent with the ideal gas law (equation 1.)and comparable to Martinerie et al. (1992)
(R% = 0.98) across our expanded dataset (Fig. 7.a.). Since recent TAC values primarily reflect the very large elevation range
of study sites, we focus our spatial-scale analysis on pore volume (V) calculated from TAC using equation (1). TAC and V,
values are provided in Table Al.

To quantify the temperature dependence of pore volume, we performed a linear regression between our calculated V. values
and close-off temperatures T, extrapolated to be the present-day surface temperatures following Martinerie et al. (1992). This
empirical relationship (R? = 0.86, Fig. 7.b.) closely matches Martinerie et al. (1992) and Delmotte et al. (1999) findings and
their equation used in subsequent V. studies (Raynaud et al., 2007; Eicher et al., 2016).

We also examined V.. correlations with the logarithm of accumulation rates, showing moderate correlation for all sites: R? =
0.55 (Fig. 7.c.). However, the accumulation-based correlation must be interpreted cautiously given the large spatial variability
in accumulation patterns and the known temperature-accumulation coupling (Martinerie et al., 1992).

Building on established temporal relationships between TAC and insolation (Raynaud et al., 2007, 2024), we investigate
for the first time the spatial correlation between V. and HYSI. The V. - HYSI relationship (Fig. 7.d.) shows a R? of 0.44
when all studied ice core sites are considered. However, a R2 of 0.89 is found when the analysis considers only sites located
in East Antarctica (Fig. 7.e.). This suggests that HYSI influences TAC values at spatial scale. In contrast, the linear regres-
sion including only Greenland and West Antarctic sites (Non-EAIS) suggest no significant link between TAC and HYSI (not

shown here). These results suggest a marked regional heterogeneity in V. - climate relationships. EAIS sites V. values are
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closely correlated to insolation and Non-EAIS sites V. values are controlled by combined surface climate processes including
insolation, temperature and accumulation rates. It should be noted that some coastal sites from the Law Dome area could have
experienced summer melting (Martinerie et al., 1992), they should therefore be considered carefully and potentially be source

of uncertainties.
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Figure 7. Scatterplots of the relationship between a. TAC (V) values (Table 3) and local atmospheric pressure (Table 1), b. V. values (Table
3) and Present-day Temperatures (Table 1), ¢. Present-day accumulation rates at all compiled sites (Table 1), d. Computed Half Year Summer
Insolation at all compiled sites (Table 1), e. Computed Half Year Summer Insolation at East Antarctic Ice Sheet (EAIS) compiled sites (Table
1) and (f) Present-day accumulation rates at Greenland and West Antarctic sites (Table 1). Linear regressions are in black, dashed lines
represent linear regression of Martinerie et al. (1992) compiled sites. Error bars represent the estimated maximum error for the Martinerie
et al. (1992) sites and the Martinerie et al. (1994) sites (Lipenkov, personal communication). “Shallow cores” include the BE-OI, B35 and

B37 shallow ice cores.

Next, we propose to investigate non-thermal influences on pore volume by studying the residual term V.., which can be
described for our present-day spatial analysis as the non-thermal residual pore volume. We calculated the V., following the
approach of Raynaud et al. (2007) and subsequent studies (Lipenkov et al., 2011; Eicher et al., 2016; Epifanio et al., 2023). We

applied equation (2) to calculate the temperature-dependent component of V., then computed the non-thermal residual V., as:
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T. P,

where 7. and P, represent the temperature and pressure at bubble close-off depth, T the surface temperature and Py and Tj
are standard temperature and pressure. V,.(T) is the expected pore volume based on surface temperature, calculated using the
empirical relationship of Martinerie et al. (1992).

In line with the observations in Fig. 7.e., we do not observe a correlation with HYSI and V., for the EAIS sites (Fig.
AS.b.), suggesting that the spatial correlation between pore volume and insolation is in fact highlighting the influence of
surface temperature as a the main driver for V.. In other words, the insolation signal at these EAIS sites reflect primarily
a temperature signature. For the sites located in Greenland and on the WAIS (Fig. A5.a.), we observe a correlation of V.,
with HYSI (R? = 0.32). These geographical discrepancies highlight a predominant thermal driver for the EAIS sites linked
to local insolation signals. The V. in Greenland and WALIS sites responds to a combination of parameters including surface
temperature, suggesting a possible joint influence of insolation and accumulation rates on metamorphism and close-off timing.

These geographical discrepancies point to different firn densification regimes, suggesting that V. controls operate through
different physical pathways depending on local climatic conditions. The correlation of TAC with V.-temperature and V.-
HYSI at EAIS sites suggest that insolation acts through summer surface temperature and temperature gradients (Raynaud
et al., 2024), which govern grain growth rates in the upper firn (Edwards and Epifanio, 2025). By contrast, Greenland and
WALS sites, exposed to lower HYSI than EAIS sites or very high accumulation rates (some similar to EAIS sites), depart
from this pattern. While some coastal EAIS sites also experience cloudiness and dynamic weather (Bromwich et al., 2012;
Wille et al., 2021), they remain under high HYSI to maintain an insolation control on snow metamorphism. In contrast,
Greenland and WALIS sites combine lower HYSI with greater cloudiness, which together reduce the effectiveness of direct
insolation on near-surface processes. This supports the idea that, below a HYSI threshold, accumulation-driven processes
could dominate. Rapid burial limits the time available for vapour metamorphism and grain rounding, resulting in different firn
structures with distinct densification behaviours (Alley et al., 1982; Freitag et al., 2004; Eicher et al., 2016). Variability in
layering, stratigraphic effects, and transient firn responses further complicate the V. signal (Gregory et al., 2014). This dual-
threshold regime behaviour could explain why some EAIS sites with both high accumulation and high HYSI still follow the
insolation trend, whereas high-accumulation Greenland sites with lower HYSI do not.

The distinct regional patterns become clearer when examining the temperature-accumulation relationships across our com-
piled sites (Fig. 8.a.). While a general positive correlation exists between temperature and accumulation rates, the relationship
exhibits scatter and different regional slopes. EAIS sites show a distinct temperature-accumulation trajectory compared to
Greenland and WALIS sites, reflecting different climatic regimes where accumulation is variably coupled to temperature de-
pending on factors such as coastal versus interior positioning, katabatic wind redistribution effects, and regional atmospheric
circulation patterns (Nicola et al., 2023). These regional differences are further influenced by variations in storm track activity
and cyclonic systems that deliver moisture to different parts of Antarctica (Marshall et al., 2017). The regional heterogeneity in

climate-accumulation coupling thus provides additional context for understanding why V. controls vary between polar regions.

22



460

465

470

https://doi.org/10.5194/egusphere-2026-953
Preprint. Discussion started: 26 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

__100] QA. ® OF Greenland
E‘ EDC -—--- EAIS
€ sof 4201 B GRIP WAIS
g € NGRIP —— Al sites
& = 400 RECAP
5 P SP
= = TALDICE
E g 3801 ® Vostok
3 £ WAIS
(v}
< 360 ¢ SR o
~ Sites studied by Martinerie et al., 1992
1 : . : : : Il Shallow cores
-60 -50 -40 -30  -20 —-60 -50 -40 —-30  —20
Temperature (°C) Temperature (°C)
R?=0.91;y=6.20x102x+5.0;n=6 R?=0.00;y=3.03x10""x + 380.2 ; n=6
———- R?=0.59;y=530x102x+4.1;n=19 --—-R?=0.75;y=1.36x+451.0;n=28
-——- R*=0.78,;y=3.20%x102x + 3.7, n =5 --—- R2=0.95;y=5.69%x10"x + 383.9;n=5
— R?=0.59;y=5.36x10"2x + 4.24 —— R2=0.42;y=1.24x + 438.6

Figure 8. Temperature relationships across polar ice core sites. Scatter plots showing a. present-day accumulation rates versus mean annual
temperature and b. insolation versus mean annual temperature for compiled ice core sites (Table 1). Linear regression lines show distinct

regional slopes, highlighting different climatic regimes for EAIS sites (blue), Greenland sites (red) and WAIS sites (green)

The regional differentiation becomes even more pronounced when examining temperature-insolation relationships (Fig.
8.b.). Here, two distinct groups can be identified: EAIS sites form a cluster at higher insolation values, while Greenland and
WALIS sites cluster together at lower insolation values.

Together, these findings argue against a unique parametrization of V. and instead support a regime-dependent interpretation:
in high-HYSI environments, grain size—controlled densification dominates and imprints a thermal—orbital signal on V. (Epi-
fanio et al., 2023), while in low-HYSI, high-accumulation regimes, V. becomes more sensitive to accumulation dynamics and
firn stratigraphy (Eicher et al., 2016). Future efforts should target high-resolution TAC data and micro-structural firn observa-
tions to constrain the thresholds and transitions shaping the pore volume signal and better understand temperature gradients in

the firn column.

4.2 Relative influence of surface climate parameters at orbital- and millennial scales on the TAC signal

The compiled TAC records across Antarctica and Greenland (Fig. 4., 5., 6., Table 2.) reveal variations at both orbital- and
millennial-scales. Across multiple sites, we observe a coherent anti-correlation between TAC and HYSI over time, consistent
with earlier interpretations linking TAC to orbital-scale local insolation variation (Raynaud et al., 2007; Lipenkov et al., 2011;
Skakun and Lipenkov, 2016; Eicher et al., 2016). We analysed this orbital signal at EDC over 800 ka (Fig. A3.a.) where the
obliquity-paced 40 kyr component dominates the TAC CWT-spectrum, while the 100 kyr cycle is less pronounced, as shown
previously over the 0-440 ka interval (Raynaud et al., 2007, 2024). Considering that dD is dominated by a 100 kyr-pacing (Fig.
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A3.c.) and that HYSI signal is not (Fig. A3.b.), we explain the previous spectral analyses by our regression analyses, which
show that the combined influence of HY SI and temperature captures long-term TAC variability more effectively than insolation,
simulated summer temperature or filtered TAC (Fig. A3.e.) alone. Our results suggest that HY SI governs the baseline evolution
of TAC, while millennial-scale climate variations (such as during deglaciations) impose second-order effects through shifts in
surface conditions (Table 3.). In particular, during glacial terminations, the amplitude of TAC anomalies increases relative to
the insolation baseline, highlighting the additional role of accumulation and temperature in shaping firn properties at orbital

scales (Fig. 5.).

Table 3. Summary of V. control mechanisms across polar regions

Parameter Proposed process Temporal-scale HYSI threshold Expression

Radiative (HYSI)  Summer temperature gradients  Orbital Higher HYSI TAC anti-correlated with HY SI

— grain metamorphism

Thermal + Rapid burial + compaction Orbital + Lower HYSI TAC decoupled from HYSI:
Mechanical limit grain growth and reduce Millennial acc./temp. becomes dominant.
(annual temp. + V.. Overriding of insolation Peaks during deglaciations.
acc. rates) effects

In addition to the orbital-scale TAC variations, our new EDC high resolution dataset over the time interval 220-430 ka
enables to detect millennial-scale TAC changes (Fig. 6.) as already observed at NGRIP and SP (Eicher et al., 2016; Epifanio
et al., 2023). These millennial-scale variations occur predominantly during periods of rapid climate change (Fig. 6.). TAC
changes vary also in amplitude across sites when examining the last glacial-interglacial transition (Table 4.), with the largest
TAC decrease observed at RECAP (—10.9%), followed by DF (—5.8%), NGRIP (—5.8%), and SP (—4.2%). In contrast, EDC
shows a minimal response (—0.8%), while WAIS and RICE display opposite trends with TAC increases (+2.8% and +4.5%,
respectively). These contrasting amplitudes are consistent with previous studies showing that millennial-scale TAC responses
are site-specific and depend on local accumulation rates and temporal variability. For instance, TAC decreases observed in
NGRIP during DO events have been attributed to abrupt increases in accumulation, which reduce pore volume through firn
compression (Eicher et al., 2016). Conversely, at SP, during Antarctic Isotope Maxima (AIM) events, accumulation correlates
positively with TAC (Epifanio et al., 2023), low accumulation allowing solar temperature gradients to affect grains for a longer
time. These contrasting behaviours point to a common mechanism—grain-size modulation—driven by different forcings at

different sites.

This site-dependent variability is also evidenced when examining in parallel changes in TAC and in HYSI over the last
25 ka for a selection of Greenland and Antarctic sites (Fig. 9.). While the glacial interglacial HYSI change is of comparable
magnitude across sites (1-2%), the amplitude of the TAC changes between the glacial period and the Holocene varies from

-11 to +1%. In particular, sites exposed to higher mean summer insolation (above 360-370 (W/m?)) during the Holocene (e.g.,
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Table 4. Site-specific comparison of TAC (cm®/g) and HYSI (W/m?) values between Holocene and the end of the last glacial period, showing

percentage changes (sites ordered by decreasing present-day HYSI)

Site TAC Holocene TAC Glacial ATAC HYSI Holocene HYSI Glacial A HYSI
RECAP 0.0876 0.0983 -10.9% 395 390 +1.3%
GRIP 0.0867 0.0907 -4.3% 390 385 +1.4%
NGRIP 0.0880 0.0935 -5.8% 379 373 +1.5%
TALDICE 0.0981 0.1013 -3.1% 388 383 +1.3%
EDC 0.0879 0.0886 -0.8% 380 374 +1.4%
DF 0.0814 0.0859 -5.2% 370 368 +0.6%
Vostok 0.0837 0.0877 -4.6% 369 363 +1.6%
WAIS 0.1153 0.1121 +2.8% 367 361 +1.6%
RICE 0.1452 0.1389 +4.5% 367 361 +1.6%
SP 0.0918 0.0958 -4.2% 354 348 +1.8%

RECAP, GRIP, NGRIP, TALDICE) show consistent TAC decreases from glacial to interglacial (Table 5.), roughly following
the insolation trajectory (Fig. 9.). In contrast, sites with HYSI lower than about 365 W/m? (e.g. WAIS, RICE, and SP) show an
increase or minimal change in TAC despite a similar insolation increase (Table 4.).

This inversion of behaviour suggests that TAC responses across the glacial cycle are not solely controlled by HYSI but also
depend on the site’s position relative to a climatic thresholds (temperature, accumulation) or insolation threshold as suggested
in Table 3. This glacial-interglacial transition thus provides a natural experiment demonstrating how sites with different mean
insolation values respond to the same orbital forcing. The threshold-like behaviour observed here confirms that TAC cannot
be universally interpreted through insolation alone, but requires understanding of the local climatic regime. This potential
threshold is further supported by the weak performance of single-variable regressions at SP (Fig. 4.a.), where TAC variations do
not align well with insolation trends. This could imply that when insolation falls below a certain level, surface-driven parameters
such as burial rate or firn temperature may become the dominant controls on TAC variability, overriding the insolation control
that prevails at higher-HYSI sites.

However, these interpretations face site-specific uncertainties: temporal elevation changes affect TAC via P, and T, (Equa-
tion 1.), and ice flow variations may also influence TAC, though both remain unconstrained here but may also influence TAC
responses differently across sites. Insolation control is strongest at cold sites (Vostok, EDC, DF) where winter temperatures
below -30°C result in extremely low water vapor concentrations in pores, hindering structural changes and concentrating grain
growth to summer months (Raynaud et al., 2007), and weaker at high-accumulation sites where rapid burial shortens surface
exposure, though HYSI-TAC correlations remain significant (GRIP, NGRIP) (Fig. 4.). Overall, our findings confirm that TAC
integrates multiple levels of climatic control: an orbital-scale control related to local summer insolation, a more irregular control

at shorter timescales related to changes in surface conditions, and possibly long-term variations associated with surface eleva-
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tion changes (Table 3). Importantly, the strength and coherence of these components vary by site, implying that TAC cannot be

interpreted without accounting for both the timescale, local surface parameters and the local firn densification processes.
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Figure 9. Temporal changes of TAC (in blue) and HYSI (in red) across the last 25 ka, sorted by decreasing HYSI. Grey shading marks the
Holocene, green the Holocene period where TAC increases, and white the end of the last glacial period (e.g. between 11.7 and 25 ka). Blue

and red horizontal lines denote Holocene and glacial means. TAC is shown on a reversed scale.

4.3 Implications for the use of TAC as an orbital dating tool

While TAC archives preserves orbital-scale variability paced by local summer insolation, our analyses demonstrate that in-
solation alone does not fully capture TAC amplitude variations. Incorporating surface temperature alongside HYSI better
reproduces the measured signal (Fig. 5., 6.), indicating that surface climate modulates the expression of orbital forcing in the
firn. This temperature influence is further evidenced by CWT spectral analysis (Fig. A3.), showing that while HYSI lacks sig-
nificant 100 kyr variability, the raw TAC signal contains pronounced 100 kyr cycles. The deviation between measured TAC and
the TAC predicted only from HYSI during terminations illustrates this point: while orbital cyclicity is present in both signals,
temperature effects introduce phase shifts and amplitude distortions (Fig. 5., 10.). We computed a temperature-corrected TAC
record at EDC by removing the temperature-dependent component from the TAC-signal (Fig. 10.) and as detailed it in Al.
for the method. Spectral analysis reveals that this correction eliminates much of the 100 kyr variability present in raw TAC.
The resulting spectrum (Fig. A3.d.) closely resembles the HY SI spectral signature (Fig. A3.b.), demonstrating that temperature

effects can mask the underlying orbital signal, thus affecting its use in orbital dating.
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To assess the impact of temperature correction on orbital tuning, we compare raw TAC and temperature-corrected TAC
(both on AICC2023 chronology) with the HYSI target to examine whether correction affects the timing and position of TAC
maxima and minima. During TII (~ 135-130 ka) and TIV (~ 340-335 ka), the corrected signal exhibits enhanced alignment
with the HYSI target, suggesting that temperature effects can mask or amplify the underlying insolation signal during periods
of millennial-scale climate change (Fig. 10.). Notably, the correction reveals two distinct peaks in corrected-TAC (labelled
"New TAC-peak") that are not visible in the uncorrected record, providing additional tie-points for orbital dating(Fig. 10.b.).
More tie-points have been identified in the entire record over the past 800 ka but will be shown in a separate study. Moreover,
phase differences between measured and temperature-corrected TAC reach up to 2-5 ka during these terminations (Fig. 10.).
For ice cores where TAC serves as a primary orbital dating tool, the phase relationships must be considered when establishing
tie-points, as purely insolation-based tuning may introduce systematic age offsets of several millennia during critical climate
transitions. Recent studies comparing TAC-based orbital chronologies between different Antarctic sites have confirmed similar
levels of uncertainty, with coherent timescales showing deviations typically within 2 ka when compared to optimized multi-

parameter chronologies (Khomyakova et al., 2025).

The corrections shown here use reconstructed surface temperature (7) rather than close-off temperature (7..), which requires
justification given the complex and not fully understood physical mechanisms linking temperature to TAC (Raynaud et al.,
2007, 2024; Edwards and Epifanio, 2025; Khomyakova et al., 2025). While 7. controls (along with P.) the density of air in
closed pores through the ideal gas effect, it cannot control pore volume (V) itself, which forms over hundreds to thousands
of years as snow travels through the firn column. It is the average temperature experienced during this transit that controls
V.. Consequently, an increase in T during warming should increase V. (and TAC), while an increase in 7. would decrease
TAC—opposite effects with different timings (Martinerie et al., 1992). In view of these complexities and uncertainties, we
choose T’s with a specific timing simply because it empirically improves the prediction of filtered TAC. Fig. 10 illustrates this:
corrected TAC leads measured TAC by 3-5 ka during warmings and lags by 2-3 ka during coolings, consistent with T effects.

Testing with T, (results not shown) identifies consistent orbital peaks, confirming the robustness of our approach.

Overall, rather than limiting its utility, TAC’s sensitivity to both radiative and climatic influences provides complementary
information for orbital dating. By incorporating our improved understanding of temperature and accumulation effects, and by
combining TAC with complementary proxies such as O2/Ny and atmospheric 5180 of O, (Bouchet et al., 2023; Harris Stuart
et al., 2024), we can use TAC’s multi-parameter response to strengthen ice core chronologies while gaining insights into past
firn conditions. Moreover, this temperature correction approach, which reveals additional tie-points, could prove valuable for

dating deep ice cores.
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Figure 10. EDC TAC signal and HYSI target over a. 105-155 ka time interval covering TII and b. 310-360 ka covering TIV. Measured raw
TAC from Bern dataset (red dots), measured raw TAC from IGE dataset (yellow dots), filtered composite TAC incorporating Bern + IGE
datapoints (red line), filtered TAC signal (IGE datapoints) used for AICC2023 orbital dating exercise (yellow line), temperature-corrected
TAC filtered (green line) are shown on the AICC2023 ice age scale (Bouchet et al., 2023). Half Year Summer Insolation (HYSI) target
is displayed in blue. All records are filtered using a 16.7 kyr low-pass FIR filter. TAC is shown on a reversed scale. Triangles indicate
minima and maxima of each curve. Horizontal grey arrows indicate phase lags (in ka) between tie points based on measured TAC versus
temperature-corrected TAC, demonstrating that temperature corrections can shift orbital alignment by 1-5 ka during these transition periods.

Annual temperature reconstructions from Jouzel et al. (2007) are used for the temperature corrections (Equation 4, Appendix Al).
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4.4 Limitations and perspectives

The interpretation of TAC as a proxy for past climate and chronology remains subject to several methodological and physical

limitations. In the following, we outline key challenges, and identify promising directions for future research.

- As seen in section 2.5, a primary challenge in interpreting TAC lies in the temporal alignment of the signal (Edwards
and Epifanio, 2025). TAC reflects physical processes that occur during pore closure (on the gas-age scale) yet it is measured
in the ice matrix, which follows the chronology of ice deposition. This offset (Aage), can exceed several millennia in low-
accumulation settings, introducing ambiguity when aligning TAC variations with orbital forcings or other gas-based climate
proxies. Given that TAC fundamentally represents air entrapped within the ice matrix, the physical processes controlling
TAC theoretically operate on both age scales. This ambiguity manifests differently depending on site conditions: at high-
accumulation sites, accumulation variations affect overburden pressure during bubble close-off, causing TAC to correlate with
d'5N on the gas age scale (Eicher et al., 2016), while at lower accumulation sites, effects are expressed on the ice age scale
because the mechanism controlling TAC is linked to surface grain metamorphism (Epifanio et al., 2023). Our site-by-site
comparison of TAC correlations (Table A2, A3) with surface parameters (accumulation and temperature) on both gas and ice
timescales reveals that the strength of these relationships can shift depending on the age model employed. In some cases,
stronger correlations emerge when TAC is interpreted on the ice-age scale (e.g. Vostok). In contrast, other sites show greater
consistency across gas-age scales (e.g. NGRIP). In other cases, the choice of the age scale does not significantly change the
result.

- The previously mentioned difference between the surface temperature 7T and the temperature at close-off depth T is sig-
nificant over time and should be taken into account when assessing TAC temporally. However, for the orbital-scale analyses
presented here, we verified that using T’s versus 7, does not significantly affect peak identification and main TAC-climate corre-
lations, as both parameters track similar long-term trends. This distinction becomes more critical for sub-orbital or millennial-
scale investigations where thermal diffusion and rapid temperature changes under transient climates (Raynaud et al., 2007) may
introduce additional complexity. Furthermore, isotope-based temperature reconstructions may carry significant uncertainties,
with errors of up to a factor of two at EAIS sites (Buizert et al., 2021), adding an additional limitation for TAC-temperature
correlations. For improved temporal analysis of TAC records, future studies (for instance single-site studies) should based their
analyses on firn thermal diffusion models (Goujon et al., 2003) to obtain accurate 7.

- Firn densification models indeed represent a critical area for development for predicting close-off depth and porosity, di-
rectly controlling TAC. Firn densification models such as developed by Goujon et al. (2003) parametrize densification through
temperature, accumulation-rates, and grain-geometry evolution, without explicitly accounting for insolation-driven metamor-
phism in the upper firn layers. An improved model would need to incorporate the competing effects of insolation, accumula-
tion, and grain size evolution on porosity and bubble close-off. Our results suggest that threshold behaviour may exist where
firn properties transition between insolation and accumulation-dominated regimes (depending on site-specific combinations
of HYSI), temperature, and snow burial rate. Identifying and parametrizing such thresholds in firn models would improve

mechanistic predictions of TAC variability under different climate conditions.
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- The sparse availability of high-resolution TAC datasets across sites and periods further limits our ability to fully characterize
TAC variability at both orbital- and millennial scales. Still, our new compilation highlights that millennial-scale variability is
present in several Greenland and Antarctic TAC records. Expanding high-resolution TAC measurements in polar ice core from
both hemispheres, especially at various accumulation and insolation sites, is necessary to refine spatial patterns and identify
systematic responses to orbital- and millennial-scale forcing.

- Originally, the sensitivity of TAC to surface atmospheric pressure offers a pathway for reconstructing past surface elevations
Raynaud and Lebel (1979). However, our results confirm that the TAC signal is strongly modulated by the pore volume at
close-off (Martinerie et al., 1992; Raynaud et al., 2007), which itself depends on firn microstructure, temperature gradients,
and accumulation. In this context, elevation-induced pressure changes may be indistinguishable from firn-structure-driven
variations. Nevertheless, if V. can be reliably reconstructed, either through empirical regression or physical modelling, the
pressure (and thus elevation) signal embedded in TAC may be recoverable. In particular, our spatial-scale analysis shows
that sites with similar elevations but different summer insolation display distinct TAC levels, pointing to the importance of
accurately capturing insolation-driven firn processes when using TAC to infer elevation.

- In addition, understanding how surface metamorphism translates to pore volume at close-off and thus TAC requires better
quantification of secondary factors. For example, dust content has been shown to modify grain boundary migration (Horhold
et al., 2012), potentially impacting firn permeability and close-off porosity. Similarly, wind-driven compaction can introduce
significant heterogeneity in the upper firn column (Martinerie et al., 1994), altering the efficiency of air trapping. Studies
combining firn density and microstructure measurements (Freitag et al., 2004; Horhold et al., 2011) across climatically diverse

sites could help refine knowledge gaps on firn dynamics impacting TAC.

5 Conclusions

This study presents new TAC measurements from EDC, TALDICE, EDML, and shallow ice cores BEOI, B34 and B37.
Multiple regression analyses show that HYSI combined with annual temperature or accumulation rates best explains TAC
changes, capturing both orbital- and millennial-scale signals. This multi-scale behaviour is particularly pronounced during
deglaciations, when rapid surface climate changes modulate the insolation-driven background. Spatial-scale analysis across
compiled sites extends the linear relationships of TAC and V. with surface parameters (atmospheric pressure, temperature,
accumulation and insolation) to a broader range of polar locations. We examine for the first time the relationship between V..
and insolation, revealing strong regional contrasts. EAIS sites exhibiting strong correlations between V.. and HYSI (R? = 0.89),
while Greenland and WALIS sites show weaker correlations. Our results suggest that the dominant controls on V. vary across
sites. At cold, high-insolation sites (high EAIS plateau and some coastal EAIS), summer insolation drives V. through surface
grain metamorphism. At sites with lower HYSI or warmer conditions, multiple climate parameters contribute to V, variability.
Further high-resolution records (notably at high HYSI coastal sites) are needed to fully resolve these controls across different

climatic settings.
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Given that surface temperature and accumulation modulate TAC alongside insolation during terminations, applying tem-
perature corrections before TAC-HYSI alignment can improve orbital tie point accuracy. Although TAC remains a valuable
orbital dating tool to constrain the ice core chronologies, temperature-corrected TAC signals can show phase differences of 1-5
ka with the raw TAC signal during terminations, emphasizing the importance of using TAC in combination with other orbital

630 proxies such as O/N rather than as a stand-alone orbital dating tool.

In summary, TAC represents a promising yet complex proxy integrating surface climate, firn physics, and orbital forcing.
While its application as an orbital dating tool remains of prime interest, our results demonstrate that improved understanding of
V. controls is essential both for refining TAC-based chronologies and for advancing its potential applications in paleoclimate
reconstruction, including past ice sheet elevation estimates. Unlocking this potential will require targeted data, refined models,

635 and a deeper understanding of the processes controlling air trapping in polar firn.
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(2007)). TAC is shown on a reversed scale. The dashed black line represents the mean V value over TAC dataset associated with the typical

1.5% analytical uncertainty range in grey. The Shallow cores b. B34; ¢. B37 and d. BEOI displayed against depth with their mean value

(dashed horizontal line)

33



https://doi.org/10.5194/egusphere-2026-953
Preprint. Discussion started: 26 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

TAC

(0-800 ka) (0-440 ka) (440-800 ka)

Period (kyr)

400 600 100 200 300 400 600 700
Age (ka} Age (ka) A Age (ka)
Half Year Summer Insolation
(0-800 ka)

(0-440 ka) (440-800 ka)

140 140
PO e e e e 100
B
o
z
& _‘—'_
400 800 0 100 200 300 400 500 600 800
Age (ka) Age (ka) Age (ka)
Reconstructed annual temperatures
(0-800 ka) (0-440 ka) (440-800 ka)
140
100

Period (kyr)

140
. C.

300 400 500 600 700
Age (ka)

100

200
Age (ka)
Annual temperatures corrected-TAC

440500 &
140 =

100

Period (kyr)

200 400 600 100 200 300 400 500 600 700
Age (ka) ) i Age (ka) Age (ka)
Filtered TAC in the 15 - 46 kyr band

(0-800 ka) 140 {0-440 ka) (440-800 ka)

100

@
s

=
=1

e 2 .d

Period (kyr)
Periad (kyr}
Period (kyr)

N o W 4

=1

e.
00 400 600 700

100 200 300 400
Age (ka) Age (ka) Age (ka)

100kyr cyclicity Obliquity 41kyr Precession 23kyr

500 600

0.0 0.9 1.8 2.7 3.6 45 54 6.3 7.2 8.1
Spectral Power

Figure A3. Continuous Wavelet Transform (CWT) Analysis at EDC over the past 800 ka for a. TAC b. Half Year Summer Insolation (HY SI)
c. Reconstructed annual temperature (Jouzel et al., 2007), d. TAC temperature-corrected records and e. TAC time series filtered in the 1546

kyr band often used in orbital dating. Records are shown on the AICC2023 ice age scale (Bouchet et al., 2023).

34



https://doi.org/10.5194/egusphere-2026-953
Preprint. Discussion started: 26 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

420
Raw TAC Raw HYSI (W/m?)
0.0861 — Filtered TAC —— Filtered HYSI (W/m?)
l 400
0.088 ]
— \ I f I ) .
Zo.0001| |\ M.\ / “ A ‘ ‘ 380 €
Il I\ i\ -~
£ | ’ ‘ A l =
o \ =
= 0.092 WA I L ‘ -
% [ ’ [l 360g
F 0.004{ | il | | I
0.096 340 Filtered data
=== Raw: R?=0.24
a . 0.098 0.098 é —— Filtered: R*=0.32
100 200 300 400 500 600 700 800 350 360 370 380 390 400 410
Age (ka) HYSI (W/m?)
Raw Reconstructed AR (ice m/year) iy 0.086
—— Filtered Reconstructed AR (ice m/year) :
0.088
»:?o 090
E
£0.092
¥]
=
0.094
3 Raw data
0.098 ? = Filtered data
=== Raw: R*=0.14
0.098 L —— Filtered: R?=0.23
100 200 300 400 500 600 700 800 0.015 0.020 0.025 0.030 0.035 0.040
Age (ka) Reconstructed AR (ice m/year)
Raw TAC Raw Reconstructed AT (°C) -50.0 0.086
— Filt R tructed AT (°
iltered Reconstructed AT (°C) 525
o 0.088
—55.0:
_57_53 50.090
2 %
-60.00 Lo.002
2 u
-625% B
c 0.094
-65.0 3 o
r Raw data
-675% ov0el %5, = Filtered data
--- Raw: R?=0.16
~70.0 0.008 — Filtered: R*=0.26
—64 —-62 -60 -58 -56 -54 =52 -50
100 200 300 Aglo(oka) 500 600 700 800 Reconstructed AT (°C)
R R o =40
aw TAC Raw Simulated HYST (°C) 0.086
0.0861 — Filtered TAC — Filtered Simulated HYST (°C)
—420 0.088
'_
Q @0.090
-44T E
o] < 0.092
g g
© =
—46 35 0.094
E
] 0.096 Raw data
: « Filtered data
-48 --- Raw: R*=0.31
- 0.098 0.098 : —— Filtered: R2=0.42
100 200 300 400 500 600 700 800 —-47 -46 -45 44 43 -42 -41

Age (ka) Simulated HYST (°C)
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“Shallow cores” include BE-OI, B35 and B37 data at shallow depths

Table Al: Total air content (TAC), calculated pore volume (V.), and non-thermal residual (V) for compiled ice cores over

the past millenia. V and V., of the Martinerie et al. (1994) sites will be published in a future study.

Core TAC (cm3/g) Ve (cm3/g) Ver (cm3/g) Method Datapoints Depth interval (m)

Ice cores compiled in this study

DF 0.0778 0.1047 -0.0023 Oyabu et al. (2020) 19 120.68-135.20
EDC 0.0872 0.1072 -0.0020 Lipenkov et al. (1995) 3 115-138
GRIP 0.0903 0.1216 -0.0049 Lipenkov et al. (1995) 10 122-320
NGRIP 0.0916 0.1194 -0.0091 Schmitt et al. (2014); Eicher et al. (2016) 3 133-326
RECAP 0.0990 0.1260 -0.0109  Lipenkov et al. (1995); Fegyveresi (2015) - see Vudayagiri et al. (2025)
RICE 0.1522 0.1551 0.0224 Mitchell et al. (2015) 35 70-210

SP 0.0970 0.1192 0.0034 Mischler et al. (2009); Fegyveresi (2015) 22 193-234
TALDICE 0.0961 0.1148 -0.0046 Schmitt et al. (2014) 4 91-133
Vostok 0.0814 0.1037 -0.0043 Lipenkov et al. (1995) 35 70-210
WAIS 0.1159 0.1338 0.0068 Schmitt et al. (2014) 60 121-264
SIR 0.1189 0.1221 -0.0087 Wolff et al. (2024) 41 70-144

Continued on next page
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Table Al — continued from previous page

Core TAC (cm®/g) V. (cm?/g) V. (cm®/g) Method Datapoints Depth interval (m)

Martinerie et al. (1992) cores - see Martinerie et al. (1992) for all methods and calculations

BHJ 0.1360 0.1445 0.0042 - - -
BHF 0.1380 0.1365 -0.0035 - - -
BHP 0.1320 0.1385 -0.0015 - - -
D-10 0.1285 0.1345 -0.0043 - - -
BHB 0.1265 0.1280 -0.0097 - - -
BHQ 0.1180 0.1340 -0.0022 - - -
DEO08 0.1215 0.1350 -0.0004 - - -
BHD 0.1200 0.1345 -0.0001 - - -
Byrd 0.1120 0.1310 -0.0007 - - -
Camp Century 0.1130 0.1310 0.0021 - - -
D-57 0.1080 0.1260 -0.0028 - - -
Mizuho 0.1060 0.1280 0.0036 - - -
South Pole 0.0925 0.1280 0.0045 - - -
Dome C 0.0865 0.1105 -0.0013 - - -
Vostok 0.0845 0.1075 -0.0021 - - -

Martinerie et al. (1994) cores - see Martinerie et al. (1994) for all methods and calculations

KM-60 unpublished  0.1340 -0.0007 - - -
KM-73 unpublished  0.1280 -0.0065 - - -
KM-105 unpublished ~ 0.1300 -0.0019 - - -
KM-140 unpublished  0.1240 -0.0060 - - -
KM-200 unpublished ~ 0.1190 -0.0084 - - -
KM-260 unpublished  0.1140 -0.0110 - - -
KM-325 unpublished ~ 0.1220 -0.0004 - - -
KM-369 unpublished ~ 0.1190 -0.0021 - - -
KM-400 unpublished ~ 0.1230 0.0028 - - -
D-47 unpublished ~ 0.1267 -0.0046 - - -
EUROCORE  unpublished  0.1223 -0.0040 - - -

Shallow ice cores (this study)

B34 0.0925 0.1160 -0.0006 Schmitt et al. (2014) 42 179-181
B37 0.0889 0.1116 -0.0051 Schmitt et al. (2014) 28 106-115
BEOI 0.0855 0.1073 -0.0015 Schmitt et al. (2014) 5 131-132
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Table A2: Linear regressions plotted on the ice age between TAC in cm®/g and half year summer insolation (HYSI) in W/m?2,
annual accumulation rates (acc) in w.e. cm/yr, annual temperatures (temp), and simulated half year summer temperature (temp-

simu) both in °C. DF_1 corresponds to DF between 0-38 ka and DF_2 to DF between 77-151 ka

Site Parameter Regression Equation R R?
HYSI Raw y=-3x10"%24+0.1784 —0.81 0.65
Filtered y=—-4x10"%2+0.2195 —0.88 0.78
acc Raw y = —0.4313x 4+ 0.0954 —0.81 0.65
Filtered y = —0.63192 4 0.0990 —0.90 0.81
temp Raw y=-8x10"*2+0.0398 —0.81 0.65
Filtered y=-1.1x10"32+0.0197 —0.92 0.84
DF_2 HYSI Raw y=—1x10"%2+0.1170 —0.64 0.42
Filtered y=—1x10"%240.1228 —0.67 0.45
acc Raw y = —0.0822z + 0.0881 —0.22 0.05
Filtered y = —0.14502 4 0.0896 —0.37 0.13
temp Raw y=—1x10"%2+0.0785 —0.19 0.03
Filtered y=-2x10"%2+0.0720 —0.32 0.10
EDC HYSI Raw y=-1x10"%2+0.1220 —0.49 0.24
Filtered y=—1x10"%2+0.1219 —0.57 0.32
acc Raw y=—0.14412 4 0.0942 —0.37 0.14
Filtered y = —0.1644x + 0.0946 —0.47 0.22
temp Raw y=-3x10"%2+0.0745 —0.40 0.16
Filtered y=-3x10"%2+0.0726 —0.50 0.25
tempsimu  Raw y=—1.0x10"3240.0491 —0.55 0.30
Filtered y=—1.0x10"32+0.0484 —0.65 0.42
GRIP HYSI Raw y=-3x10"%24+0.1893 —0.82 0.67
Filtered y=-3x10"%2+0.1921 —0.91 0.83
acc Raw y = —0.03422 4+ 0.0957 —0.56 0.32
Filtered y = —0.0371z + 0.0960 —0.75 0.57
tempsimu  Raw y=-5x10"%2+0.0797 —0.73 0.53

Filtered y=-5x10"12+0.0803 —0.86 0.74

NGRIP  HYSI Raw y=—1x10"%2+0.1424 —0.62 0.39
Filtered y=—1x10"%2+0.1398 —0.66 0.43

Continued on next page
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Table A2 — continued from previous page

Site Parameter Regression Equation R R?
acc Raw y = —0.03722 4 0.0966 —0.49 0.24
Filtered y = —0.04452 4 0.0972 —0.64 0.41
temp Raw y=-3x10"%2+0.0828 —0.45 0.20
Filtered y=—4x10"%2+0.0771 —0.71 0.50
tempsimu  Raw y=—-7x10"%24+0.0786 —0.72 0.52
Filtered y=—-7x10"%2+0.0780 —0.87 0.75
RECAP tempsimu Raw y=-12x10"32+0.0899 —0.37 0.14
Filtered y=—15x10"32+0.0804 —0.48 0.23
SP HYSI Raw y=-3x10"%2+0.2109 —0.57 0.32
Filtered y=—-4x10"%2+0.2336 —0.60 0.36
acc Raw y = —0.25452 4+ 0.1120 —0.62 0.38
Filtered y=—0.38122 4 0.1182 —0.86 0.74
temp Raw y=18x10"32+0.0044  0.60 0.36
Filtered y=25x10"32—-0.0368  0.76 0.58
tempsimu  Raw y=—2.7x10"32—0.0118 —0.67 0.45
Filtered y=—3.4x10"3x—0.0403 —0.77 0.59
TALDICE HYSI Raw y=—-1x10"%2+0.1352 —0.47 0.22
Filtered y=—-1x10"%240.1368 —0.52 0.27
acc Raw y = —0.0688z 4 0.1065 —-0.39 0.16
Filtered y = —0.0726z 4+ 0.1067 —0.44 0.20
Vostok HYSI Raw y=—1x10"%2+0.1215 —0.45 0.20
Filtered y=—1x10"%2+0.1213 —0.51 0.26
acc Raw y = —0.2629z + 0.0934 —0.44 0.20
Filtered y = —0.31962 4 0.0944 —0.58 0.34
temp Raw y=—6x10"%2+0.0542 —0.51 0.26
Filtered y=—6x10"*24+0.0506 —0.62 0.38
tempsimu  Raw y=—1.4x10"32+0.0239 —0.57 0.32
Filtered y=—1.4x10"32+0.0240 —0.64 0.41
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Table A3. Linear regressions plotted on the gas age between TAC in cm®/g and annual accumulation rates (acc) in w.e. cm/yr and annual

temperatures (temp) in °C. DF_1 corresponds to DF between 0-38 ka and DF_2 to DF between 77-151 ka

Site Parameter Regression Equation R R?
DF_1 acc Raw y=—4.408 x 10~ 1z +0.0956 —0.80 0.64
Filtered y=—6.662x 10~ 1z +0.0998 —0.90 0.80
temp Raw y=—8x10"%x +0.0384 —0.80 0.65
Filtered y=—-12x10"3240.0446 —0.90 0.80
DF_2 acc Raw y=—2.031x10"'z+0.0915 —0.43 0.18
Filtered y=—-2719x 101z +0.0930 —0.56 0.31
temp Raw y=—8x10"%x 4 0.0384 —0.80 0.65
Filtered y=—-11x10"324+0.0157 —0.91 0.84
EDC acc Raw y=—1.364 x 10"tz +0.0941 —0.36 0.13
Filtered y=—1542x 1071z +0.0944 —0.45 0.21
temp Raw y=—-3x10"%z+0.0753 —0.39 0.15
Filtered y=—-3x10"%2+0.0736 —0.48 0.24
GRIP acc Raw y=—424x10"2240.0975 —0.67 0.45
Filtered y=—4.42 x 107224 0.0979 —0.83 0.70
temp Raw y=9x10"%240.1189 0.49 0.24
Filtered y=8x10"%z +0.1158 —0.62 0.38
NGRIP  acc Raw y=—4.44 x 107224 0.0976 —0.65 0.42
Filtered y=—4.87x10"2240.0980 —0.76 0.58
temp Raw y=—3x10"%z +0.0795 —0.64 0.41
Filtered y=—4x 10424 0.0760 —0.82 0.68
SP acc Raw y=—2.623x10"1x+0.1129 —0.64 0.40
Filtered y=—3926x10"1z+0.1191 —0.87 0.75
temp Raw y=1.7x 1073z 4 0.0062 0.60 0.36
Filtered y=2.5x 10732 —0.0332 0.75 0.56
TALDICE acc Raw y=—6.89 x 107224 0.1065 —0.39 0.16
Filtered y=—728x10"2240.1068 —0.45 0.20
Vostok acc Raw - 0.04 0.00
Filtered - 0.09 0.00
temp Raw - 0.01 0.00
Filtered - 0.03 0.00

A.1 TAC temperature correction for the EDC core (Fig. 10)

To isolate the orbital signal from temperature effects, the TAC is corrected using the regression model from Table A4 (EDC,

HYSI + T). The temperature-corrected TAC is calculated as:
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Table A4. Multiple linear regression results for TAC predictions in Fig. 5

Core Model Const. Coef. HYSI  Coef. Temp Adj.R?> RMSE p-value
Vostok HYSI+T 0.0830 —8.81 x 10™° —6.05x10™% 0.629 0.00144 < 1078

Vostok HYSI 0.1215 —9.04 x 107° — 0.262 0.00175 < 10728
EDC HYSI+T 0.1025 —7.72x107% —2.95x10™* 0.546 0.00117 < 1077
EDC HYSI 0.1219 —8.18 x 107° — 0.323 0.00138 < 107%°

Note: Units are TAC (cm?/g), HYSI (W/m?2), Temperature (°C), RMSE (cm?/g). Data filtered with 16.7 kyr FIR low-pass filter.
Model equation: TAC = 3y + Buyst X HYSI+ Biemp X T
where Jy is Const., Suysi is Coef. HYSI, and Biemp is Coef. Temp.

TACcorrected = TACmeasured - ﬂtemp X (T - T) (3)
where T is the reconstructed annual atmospheric temperature from Jouzel et al. (2007) at a given age, T = —59.86 °C is
the mean temperature over the entire 0-800 ka period, and SBiemp = —2.95 x 10~ is the temperature slope from Table A4. By

subtracting Giemp % (T — T), we remove the temperature anomaly effect at each point: when temperature is above average,
the measured TAC is increased to compensate for the negative temperature influence, and vice versa. This correction removes
temperature-driven variability, isolating the orbital signal and other non-thermal factors that control TAC variations. All datasets
are plotted on the AICC2023 ice age (Bouchet et al., 2023).
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