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 12 

Abstract. The variability of water isotopes in Antarctic ice cores is of major interest for reconstructing past climate 13 

through changes in temperature and the hydrological cycle. Archived during the deposition of successive layers of 14 

snow, water molecules undergo various processes that can modify the isotopic signal initially imprinted in snowfall 15 

during the process of snow densification to ice (i.e. firn). Diffusion is a well-known effect that affects water isotope 16 

composition by smoothing the initial climate-related signal. Here, we focus on new water isotopes profiles of two 17 

firn cores from Little Dome C (LDC), dated thanks to sulphate concentration measurements, with the aim to 18 

identify the physical processes affecting the isotopic signal in the firn at the drilling site for the new Beyond Epica 19 

Oldest Ice (BELDC) deep ice core on the East Antarctic Plateau. We use a simple Virtual Firn Core model (VFC) 20 

to best fit our δ18O firn profiles. We conclude that the VFC should include a 8 cm surface mixing layer and that 21 

diffusion is overestimated below a depth of 3 meters.  22 
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1 Introduction 23 

The physico-chemical composition of ice and air bubbles trapped inside preserves highly precise climatic 24 

information, making ice cores extremely valuable paleoclimatic archives (Jouzel and Masson-Delmotte, 2010, and 25 

references therein). Each layer of snow deposited in polar regions preserves an imprint of the local and global 26 

climatic conditions at the time of precipitation. The accumulation rate on the East Antarctic Plateau is one of the 27 

lowest on Earth, allowing the preservation of a very long climate history in the ice stratigraphy. In 2004, the end 28 

of the drilling of the EPICA Dome C (EDC) deep ice core enabled reconstruction of past Antarctic climate 29 

variability over 800,000 years (EPICA Community members, 2004) and records of the glacial and interglacial 30 

cycles from Marine Isotopic Stage (MIS) 19 onwards (Jouzel et al., 2007). Recently, the ambition to produce an 31 

even older record led to the drilling of the Beyond Epica Oldest Ice (BELDC) deep ice core at Little Dome C 32 

(LDC), about 35 km from the previous deep drilling site (Chung et al., 2023), to reach older ice layers. This new 33 

core is expected to reveal unprecedented glacial and interglacial cycles and to relate the climate history from more 34 

than one million years ago (Barbante and the Beyond EPICA Team, EGU 2025). The BELDC core would provide 35 

a unique opportunity to characterize the Mid-Pleistocene Transition, a key period during which the periodicity of 36 

glacial/interglacial cycles changed from 41,000 years (early Pleistocene) to 100,000 years (late Pleistocene) (1.2 37 

Ma to ~600 ka, see Berends et al., 2021), and to retrace the temperature and atmospheric composition variability 38 

with a high degree of precision. 39 

Among the wide range of climatic properties preserved in ice, water stable isotopes are valuable proxies for 40 

continuous past temperature reconstructions as they are sensitive to every phase change along the water cycle. In 41 

the 1960s, Dansgaard (1964) and Lorius et al. (1969) demonstrated the empirical relationship between the isotopic 42 

composition of precipitation and surface snow, and local surface temperature, with a dependency on moisture 43 

transport distance and air mass elevation. This relationship is due to the temperature-dependent distillation of water 44 

associated with fractionation between the heavy and light isotopes of oxygen (18O, 17O, 16O) and hydrogen (D, H) 45 

that compose the water molecule. Therefore, the atmospheric air mass keeps the imprint of the successive 46 

condensation and fractionation events that occur during the moisture transport from the oceanic evaporation area 47 

and the precipitation site (Dansgaard, 1964, Craig and Gordon, 1965). 48 

The isotopic signature of water is expressed through the  notation as (Eq. 1) for oxygen isotopes: 49 

𝛿 𝑂 (‰) = (

(
𝑂18

𝑂16 )𝑠𝑎𝑚𝑝𝑙𝑒

(
𝑂18

𝑂16 )𝑉𝑆𝑀𝑂𝑊

− 1)18 ∗ 1000      (𝐸𝑞. 1) 50 

VSWOM is the Vienna Standard Mean Ocean Water isotopic standard reference, and is given in ‰.  51 

However, the interpretation of the water isotopic signal is subject to several factors which modify the relationship 52 

between the isotopic composition of snow and ice and the atmospheric temperature. Indeed, multiple processes 53 

can modify the isotopic signal during and after deposition, post-deposition effects being especially important in 54 

areas of low accumulation and long snow surface exposure (Touzeau et al., 2016). First, the isotopic record 55 

depends on the temperature when precipitation occurs which leads to a record largely influenced by the 56 

precipitation intermittency (Persson et al., 2011, Casado et al., 2018, 2020). Second, the topography of the site and 57 

wind blowing can lead to patchy deposition, depending on the surface roughness (Groot Zwaaftink et al., 2013, 58 
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Libois et al., 2014, Genthon et al., 2016, Picard et al., 2019). This effect is often described as a stratigraphic noise 59 

which adds up to the initial climate signal (Fisher et al., 1985, Münch et al., 2016, 2017, Münch and Laepple, 60 

2018, Hirsch et al., 2023). Ritter et al. (2016), Wahl et al. (2022), and Dietrich et al. (2023) also show non-61 

negligible exchanges between surface snow and atmospheric water vapour during summer which has a significant 62 

impact on the surface snow isotopic composition (Casado et al., 2021, Ollivier et al., 2025).  Finally, molecular 63 

diffusion in firn is expected to have the effect of a low-pass filter either fully erasing or reducing the amplitude of 64 

the climatic signal and/or noise for high frequencies in the archived signal (Johnsen, 1977, Johnsen et al., 2000, 65 

Gkinis et al., 2014, Laepple et al., 2018). Laepple et al. (2018) showed that diffusion can create an apparent 66 

wavelength of 20 cm at several very low accumulation sites in Antarctica which does not relate to any climatic 67 

signal but to the diffusion associated with stratigraphic noise. Diffusion is often described using the Johnsen et al. 68 

(2000) formulation in which diffusion occurs in the water vapor and is limited by the firn tortuosity. Diffusion is 69 

then implemented in firn models, characterised by the depth, the accumulation rate and the temperature-dependent 70 

diffusion length  (Gkinis et al., 2014).  71 

As a result, while near-seasonal resolution is achievable in areas with high accumulation rates such as Greenland 72 

(Vinther et al., 2010) or coastal and central Antarctica (Morgan, 1985, Masson-Delmotte et al., 2003, Küttel et al., 73 

2012, Jones et al., 2023), the ability to extract meaningful or robust climate signals from firn and ice core records 74 

on timescales shorter than multidecadal for the East Antarctic Plateau remains debated (Ekaykin et al., 2002, Pol 75 

et al., 2010, Münch et al., 2016, Landais et al., 2017, Casado et al., 2020). Indeed, the comparison of neighbouring 76 

snow pits with each other and with surface climate data shows a large variability in isotopic profiles on a short 77 

spatial scale which cannot be explained by a direct record of the climatic signal (Laepple et al., 2018, Casado et 78 

al., 2018). Because post deposition effects have a stronger effect in low accumulation sites, it is of primary 79 

importance to perform surface snow and firn studies to better interpret the isotopic records in deep ice cores.   80 

In this study, we present the first analyses of two shallow cores drilled near the BELDC drilling point. After the 81 

presentation of the methods, we present the ICORDA-LDC and Subglacior-LDC age models based on dating 82 

sulphate peaks identified as volcanic events, as well as the 18O profiles. For a site with very low accumulation 83 

rate such as LDC (Gautier et al., 2021), two firn cores are not sufficient to extract an annual climate signal (Casado 84 

et al., 2023), so we do not aim to present a climate interpretation of isotopic profiles. Rather, we investigate the 85 

physical characteristics, and specifically the frequencies distribution and amplitude, of the 18O signal recorded at 86 

LDC. To do this, we use a virtual firn core (VFC) model, which simulates the progressive accumulation of snow 87 

layers of isotopic composition and widths inferred from the isotopic composition and snowfall rate of each 88 

precipitation events extracted from the output of an atmospheric general circulation model (here LMDZ6-iso, Risi 89 

et al., 2010, Hourdin et al., 2020). The VFC model also includes description of diffusion and noise. We confront 90 

our two firn cores with the results of the VFC model and test adjustments to model parametrizations to best fit the 91 

observations at the drilling site of the BELDC core.  92 

2 Methods 93 

In this study, we focus on two shallow cores, Subglacior-LDC (120 m depth long, -75°30.752 S, 122°47.338 E) 94 

and ICORDA-LDC (130 m depth long, 75°17.586 S, 122°24.808 E), both drilled around Little Dome C, Antarctica 95 

(Fig. 1) in January 2018 and January 2023 respectively. These campaigns aimed to characterise the site around the 96 

future deep ice core, by conducting surface process studies to better constrain the climate record in the firn layers. 97 
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 98 

Figure 1 - Location of Little Dome C (LDC), Antarctica 99 

 100 

2.1 Firn cores analysis 101 

The Subglacior-LDC firn core was measured at the Laboratoire des Sciences du Climat et de l’Environnement 102 

(LSCE) for water isotopes in 2022-2023, and at the Institut des Géosciences de l’Environnement (IGE) for 103 

chemistry. The sulphates profile was published by Gautier et al. (2021) and is available online (DOI: 104 

https://doi.pangaea.de/10.1594/PANGAEA.932490) over 42 m of firn. Water isotopes were measured over 30 m 105 

of the core from discrete samples (2 to 3 cm depth resolution), by laser spectrometry using a ®Picarro L2130-i.  106 

The ICORDA-LDC firn core was measured in March 2024 using a Continuous Flow Analysis (CFA) facility, 107 

paired with a ®Picarro L2130-i water vapor analyser for continuous water isotope measurements on one side, and 108 

with a fraction collector for off-line ion chromatography analysis on the other side. The upper three meters of the 109 

firn core required discrete sampling due to the low structural integrity of the surface layer. For this part, samples 110 

of 2.5 cm were cut and melted individually into centrifuge tubes. For the other part of the core (81 m), sticks of 111 

1.00 x 0.03 x 0.03 m were cut and continuously melt and analysed by CFA. The CFA facility of the LSCE is set 112 

up on the model of Dallmayr et al. (2016, 2025) and has been described in Petteni et al. (2025). It is characterized 113 

by three main units:  114 

(i) The melting system in the cold room to generate a continuous stream of liquid water. The ice sticks 115 

are loaded vertically above the melt head, with a mobile encoder on top, recording its position while melting, at a 116 

frequency of ~1 Hz. Combined with the stick length, it allows to determine the depth scale for the continuous 117 

measurements. The melting rate is approximatively 2.5 ± 0.5 cm.min-1. Only the water from the inner part of the 118 

stick (18x18 mm) is transferred for analysis, thus eliminating contamination due to handling for the subsequent 119 

chemistry analysis. The inner meltwater is sucked up by peristatic pumps out of the cold room to CFA line.  120 

(ii) The isotope measurement unit. A homemade vaporiser at 170°C flushed by a constant flow of dry 121 

nitrogen converts the liquid water to vapor, feeding a ®Picarro L2130-i laser spectrometer. Water and nitrogen are 122 

set to maintain a humidity level between 18,000 and 22,000 ppm inside the spectrometer cavity, a range for which 123 

the humidity dependency of the isotopic measurements has been checked to be negligible.  124 
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(iii) The fraction collector under a laminar flow hood, protected from external contamination by a 125 

parafilm. It collects discrete 3 mL samples in vials protected by parafilm before being capped, and the sampling 126 

resolution varies between 0.015 to 0.032 m depending on the core density. 127 

2.2 Isotopes data calibration and resolution 128 

For discrete 18O measurements, the analytical uncertainty of the ®Picarro instrument is established at ± 0.20 ‰ 129 

(1). Calibration and correction were performed using the in-house working standard OC4 (18O: -53.93 ± 0.05 130 

‰), calibrated and corrected against the reference standards EPB9 (18O: -7.42 ± 0.05 ‰), Ross7 (18O: -18.94 ± 131 

0.05 ‰), and NEEM2 (18O: -32.89 ± 0.05 ‰). 132 

For the CFA, the calibration of isotope data was carried out by measuring standards at the beginning and end of 133 

the day of continuous analysis. The data have been reported and calibrated using in-house standards, calibrated 134 

against Vienna Standard Mean Ocean water (VSMOW) and Standard Light Antarctic Precipitation (SLAP) 135 

international waters. The choice of the in-house standards should minimize the difference between the standard 136 

values and the expected core values for Antarctica, to reduce the instrument’s memory effect. Here we used the 137 

NEEM, Adelie (18O: -40.55 ± 0.05 ‰), and OC4 standards. We select the three last minutes of the standards 138 

measurements, for an injection of 25 minutes. Then we apply a linear regression between the standards measured 139 

values and their known values to correct data based on this deviation. To estimate the uncertainty on the standard 140 

measurements, we use Adelie as the check standard versus NEEM and OC4 standards, and find an average standard 141 

uncertainty of 0.01 ± 0.07 ‰ (1) on 8 days of measurements. Petteni et al. (2025) characterized the mixing at the 142 

melting head and in the tubings with a mixing length of 0.7 cm, which, combined with the noise level of the 143 

®Picarro instrument used for the CFA analysis, yields an effective resolution at which a meaningful isotopic record 144 

can be disentangled of 1.6 cm. The resolution between the CFA data and the discrete measurements of the top part 145 

is thus comparable. 146 

2.3 Chemistry analysis 147 

The samples collected by the fraction collector were analysed at LSCE using ion chromatography to de termine the 148 

concentrations of major ions in the ICORDA-LDC firn core, especially the sulphate concentration (SO₄²⁻). Water 149 

samples were injected into two parallel Dionex ICS-5000+ ion chromatography systems, dedicated to the analysis 150 

of either cations or anions. For cation analysis, a 30 mMol MSA eluent flows at 0.17 mL/min through a CG16-151 

4µm (2 × 50 mm) guard column and a CS16-4µm (2 × 250 mm) separation column. For anion analysis, a 55 mMol 152 

KOH eluent flows at 0.3 mL/min through an AG28-4µm (2 × 30 mm) guard column and an AS28-4µm (2 × 150 153 

mm) separation column. The eluents then pass through Dionex DRS600 (2 mm) dynamically regenerated 154 

suppressors. The standard deviation for SO₄²⁻ measurements is estimated at 0.8 ppb from pooled variance of 155 

replicate samples. 156 

2.4 Virtual Firn Core (VFC) model 157 

We use the Virtual Firn Core (VFC) model, developed in Casado et al. (2020), based on the impact of precipitation 158 

intermittency on ice core records (Sime et al., 2011), and diffusion of a noise signal (Laepple et al., 2018). This 159 

model allows us to simulate what the firn cores at a site would be based on the precipitation amount, and the 160 

precipitation isotopic composition (δ18O in this study). For each precipitation event, the model adds to the existing 161 

snowpack a new layer with a δ18O value based on the precipitation isotopic composition and a thickness 162 
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corresponding to the amount of snow, creating a depth profile by the superposition of the different layers 163 

corresponding to successive precipitation events.  164 

To simulate the stratigraphic noise that disturb the isotopic signal, we follow Laepple et al. (2018) and Casado et 165 

al. (2020) and generate in parallel a temporally independent white noise, following a Gaussian distribution. The 166 

generated white noise is then applied to the virtual isotopic signal. The level of noise (%) describes the fraction of 167 

additional white noise in the signal. The noise scale determines the noise resolution, which corresponds to the 168 

smallest scale with potential isotopic variations. Here, we use a noise scale of 1 cm as in Laepple et al. (2018). 169 

The white noise is added to the δ18O profile as follows (Eq. 2): 170 

𝛿 𝑂𝑛𝑜𝑖𝑠𝑒 = (1 − 𝜉)1/2 ∗18 𝛿 𝑂𝑖𝑛𝑖 + 𝜉1/2 ∗ 𝑆𝐷𝛿 𝑂18 ∗ 𝜀    (𝐸𝑞. 2)18  171 

With SDδ18O the standard deviation of the initial isotopic signal (δ18Oini) in the snow column, ε the white noise, 172 

and ξ the fraction of noise in the initial signal, between 0 and 1 for a noise level ranging from 0 % to 100 %. 173 

In this study, we include into the VFC model the possibility of adding a surface mixing of the water isotopes. 174 

According to Ollivier et al. (in review), surface layers are indeed affected by mixing of the water isotopic signal 175 

through water vapor circulation in the first centimetres. We apply mixing in the model as a spatial moving average 176 

of the uncompacted snow isotopic profile, with a certain mixing scale. 177 

Once the noise and mixing have been applied to the isotopic profile, the model calculates the column densification 178 

with depth, based on the density model of Herron and Langway (1980). Then, the model applies diffusion to the 179 

firn column, using the classical isotopic diffusion scheme (Johnsen, 1977, Johnsen et al., 2000, Gkinis et al., 2014, 180 

see Appendix B, Fig. B1). It corresponds to the diffusion of the water molecules in the porous space of the upper 181 

firn. The diffusion effect is calculated in the model by the diffusion length, a depth-dependent parameter calculated 182 

from temperature, accumulation rate, atmospheric pressure, and snow density (Laepple et al., 2018). 183 

Finally, the firn isotopic signal is sampled with the same resolution as our observations, to allow comparison 184 

between the VFC model and the field data. 185 

The power spectral density (PSD) was calculated for each VFC profile using the Thomson Multi-Taper method, 186 

as implemented in the nitime Python library (https://doi.org/10.25080/WXDN0820), with tapers of NW=2.5 187 

normalized half-band width. For noise-inclusive reconstructions, we have shown an averaged spectrum 188 

corresponding to the average of a set of spectra obtained from ten emulated profiles in order to mitigate the random 189 

component introduced by the white noise distribution. Finally, we applied spectral smoothing on this averaged 190 

spectrum following the methodology of Münch and Laepple (2018). This method employs a Gaussian smoothing 191 

kernel whose width is proportional to the applied frequency, resulting in a constant smoothing width in logarithmic 192 

frequency space (Kirchner, 2005). A smoothing width of 0.05 in logarithmic units was selected. 193 

2.5 LMDZ6-iso 194 

Our simple virtual firn core model requires as inputs daily values of temperature, precipitation amount and 195 

precipitation-18O to compute the isotopic signature of the snow. Here we use the atmospheric general circulation 196 

model equipped with water isotopes LMDZ6-iso (Laboratoire de Météorologie Dynamique model equipped with 197 

water isotopes, resolution 2.5° x 1.3°), developed by the Institut Pierre-Simon Laplace (see Risi et al., 2010, 198 
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Hourdin et al., 2020). The simulations are nudged with the reanalysis ERA5 (see Hersbach et al., 2020), 199 

synchronizing observational data every 6 hours with real-time values of horizontal and vertical wind speeds, and 200 

temperature. Climate data for Antarctica are limited to the satellite era, since 1980. The model was evaluated for 201 

Antarctica in Dutrievoz et al. (2025) by comparing model outputs with field observations including surface snow 202 

and precipitation samples, temperature and water vapor continuous measurements, with a focus on Dumont 203 

d’Urville and Concordia stations. The model correctly depicts the temperature with a low bias for very cold 204 

temperature. The authors found that the isotopic simulation strongly depends on the supersaturation parameter Ⲗ. 205 

In our study, we chose the supersaturation parameter Ⲗ = 0.004 K-1 as for the Dome C site. With this 206 

parametrisation, we observe a bias of +2.6‰ for 18O, which is corrected when we implement the precipitation-207 

18O data into the VFC model. 208 

2.6 Synthetic data 2000 years 209 

Since the nudged LMDZ6-iso simulations only go back to 1979, we generate synthetic monthly data of 210 

precipitation-18O, scaled with the precipitation intermittency, following the approach developed in Casado et al. 211 

(2020), here spanning 2000 years, corresponding to the age range covered by the firn cores. 212 

The temperature signal is generated using a power-law relationship for the PSD of the climatic signal S(f) ∝ f-β 213 

with β the scaling exponent. This parameter is supposed to reproduce the climate variability over longer periods 214 

than current climatic models (Huybers and Curry, 2006, Lovejoy and Schertzer, 2013) to ensure that the probability 215 

density distribution of the synthetic time series is closely matching the way the variability in the climate system is 216 

structured across time scales (Franzke et al., 2020). 217 

According to the study of Münch et Laepple (2018) a value of β = 0.6 is realistic for Central Antarctica. Such a 218 

synthetic time series has spectral properties that are matching the ones we expect for the climatic signal in Central 219 

Antarctica over the last 2000 years, it is random by nature and there is no reason for the phase of the time series to 220 

match actual past temperature and isotopic composition variations, i.e. we do not expect features such as local 221 

maxima and minima to align with the isotopic signal in firn cores. This temperature time series can be converted 222 

into isotopic composition using a linear relationship of 0.5 ‰ °C-1, which corresponds to the current observed 223 

slope for Dome C precipitation (Stenni et al., 2016, Dreossi et al., 2024). 224 

To compute the effect of precipitation intermittency, without daily precipitation datasets, we add an amount of 225 

white noise to the synthetic climatic signal corresponding to the aliasing created by precipitation intermittency 226 

(Casado et al., 2020).  The virtual core is simply calculated as the sum of the synthetic climatic signal and of this 227 

white noise signal with a PSD of 0.48 ‰² m, representing the precipitation intermittency.   228 

3 Results 229 

3.1 Water isotopes 230 

We present the 18O profiles of ICORDA-LDC (84 m long, as well as a zoom on the top 30 m) and Subglacior-231 

LDC (30 m) firn cores (Fig. 2). Subglacior-LDC bag 4 is missing. The statistics (means and standard deviations) 232 

of the profiles are given in Table 1, on different scales, to compare the two profiles over the same lengths and 233 

distinguish the very porous upper part (first 3 metres) from the rest of the profile. 234 
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 235 

Figure 2 - 18O profiles of ICORDA-LDC (in pink) and Subglacior-LDC (in green) firn cores. 236 

 237 

Table 1 - Means and standard deviations of ICORDA-LDC and Subglacior-LDC 18O profiles 238 

  ICORDA-LDC Subglacior-LDC 

 Mean Standard deviation Mean Standard deviation 

Depth: 0-84 m -51.01 1.47 - - 

Depth: 0-30 m -51.10 2.14 -50.89 1.76 

Depth: 0-3 m -51.21 0.68 -50.67 0.60 

Depth: 3-30 m -51.10 2.15 -50.90 1.82 

 239 

The 18O mean value for ICORDA-LDC is lower than for Subglacior-LDC, with respective values of -51.10 ‰ 240 

versus 50.89 ‰ on the top 30 m of the cores. The origin of this offset is not clear, but can be interpreted either as 241 

evidence of the preferential evaporation of lighter isotopes within the bag during prolonged storage of Subglacior-242 

LDC. The standard deviation for ICORDA-LDC is higher than for Subglacior-LDC (2.14 ‰ versus 1.76 ‰ over 243 

30 m, or 2.15‰ versus 1.82‰ when removing the 3 m top part), which may be due to sampling resolution or 244 

increased diffusion for Subglacior-LDC during the storage. Since the ICORDA-LDC and Subglacior-LDC were 245 

drilled a few years apart, there is a depth and time shift between the profiles, and it is necessary to define the 246 

chronology to align them.  247 

3.2 Chemistry and construction of chronology 248 

Here we present the sulphate profiles for ICORDA-LDC and Subglacior-LDC (Fig. 3). The profiles exhibit a noisy 249 

baseline level between 50 and 100 ppb with highly variable intensity peaks that can reach over 1000 ppb. By 250 

comparing the two profiles, we identify common peaks for both firn cores, although the intensities of these peaks 251 

differ. The peaks at depth around 2 m, 13 m, 29 m, and 37 m are particularly noticeable on both profiles, with a 252 
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slight offset due to the drilling schedule. These sulphate peaks correspond to large volcanic events and the 253 

subsequent deposition of volcanic material on the surface of Antarctica, some of which have been identified and 254 

dated at Dome C (DC) (Gautier et al., 2016, 2018, 2019, dataset available here, DOI: 255 

https://doi.org/10.1594/PANGAEA.895169). We transfer this previous peak identification at DC to the LDC firn 256 

cores to establish the ICORDA-LDC and Subglacior-LDC chronologies. We estimate the mean accumulation 257 

between each volcanic tie point by summing the firn mass, based on the density of each bag measured in the field 258 

(Appendix A, Table A1), between two volcanic horizons. We then compute the number of years within each bag 259 

i, ti, according to the total mass of the bag and the mean annual accumulation of the corresponding period (accperiod 260 

in mm water equivalent per year mmwe.yr-1, or kg.m-2.yr-1)  (Eq. 3): 261 

∆𝑡𝑖 =
𝜌𝑖  𝑑𝑧𝑖

𝑎𝑐𝑐𝑝𝑒𝑟𝑖𝑜𝑑
   (𝐸𝑞. 3) 262 

i (kg.m-3) and dzi (m) refer to the density and the length of each bag.  263 

The age of a bag tbag is the cumulative time span from the first most confident tie point t0 (Eq. 4). 264 

𝑡𝑏𝑎𝑔 = 𝑡0 − ∑ ∆𝑡𝑖    (𝐸𝑞. 4)

𝑏𝑎𝑔

𝑖=0

 265 

 Finally, we find that the 84 meters of firn of ICORDA-LDC cover ~2195 years, and the 42 meters of Subglacior-266 

LDC cover ~553 years. Based on our results, the accumulation rate at LDC is estimated at approximately 24 267 

mmwe.yr-1, comparable to the value of Chung et al. (2025) for the top 80 meters of firn.  268 

 269 

Figure 3 - Sulphates records in ICORDA-LDC and Subglacior-LDC firn cores. The largest sulphates peaks were 270 
identified as volcanic eruption proxies, and dated based on the DC stack (Gautier et al., 2018, 2019) 271 

 272 

The common chronology allows us to compare the 18O profiles between ICORDA-LDC and Subglacior-LDC 273 

(Fig. 4). No consistent structures appear between the two profiles once they are aligned. We explain this by the 274 

very local effect of stratigraphic noise, already pointed out by (Fisher et al., 1985, Ekaykin et al., 2002, Laepple et 275 
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al., 2018).  In this context, to extract a meaningful climatic signal from ice cores records without the imprint of 276 

both precipitation intermittency and stratigraphic noise, it is necessary to either combine  a large number of cores 277 

or consider longer time scales (Münch and Laepple, 2018). As the signal-to-noise ratio (SNR) in a single firn core 278 

in Central Antarctica is around 0.1 at the interannual scale (Münch and Laepple, 2018), to obtain a SNR of 1, it is 279 

necessary to average roughly 10 cores (as the SNR scales with the number of cores)  (Casado et al., 2023). Here, 280 

with only two ice cores, our data series could thus not be used yet to extract a meaningful climatic signal on the 281 

overlapping period. We also note that no significant signal emerges following major volcanic eruptions. 282 

 283 

Figure 4 - 18O profiles in ICORDA-LDC (in pink) and Subglacior-LDC (in green) firn cores aligned on a common 284 
chronology based on volcanic tie points. The grey triangles indicate the volcanic tie points used for each core, the bold 285 
curves represent the moving average of the profiles over 20 years and the dotted lines show the mean value of each 286 
series.  287 

3.3 Virtual Firn Core (VFC) construction 288 

Despite the alignment of the two firn cores on the same age scale, the isotopic profiles do not show any clear 289 

correlation (Fig. 4) (corr = -0.02, p-value > 0.05). We present outputs of the VFC model on two different scales, 290 

the 3 m top-scale and 80 m long-scale, in order to study the effects of stratigraphic noise and mixing occurring at 291 

the surface, as well as the effect of diffusion that intensifies deeper. The upper 3-meters correspond to the last 30-292 

40 years which is the time covered by satellite data and we can thus use daily meteorological data from LMDZ6-293 

iso forced by reanalyses for VFC construction. When we work on the scale of the whole firn (80 m), we use the 294 

2,000 years synthetic data. A comparison of the 3 m top-scale inferred from the monthly synthetic data and monthly 295 

LMDZ6-iso data is displayed in the Supplementary Material (Appendix B, Fig. B2).   296 
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3.3.1 VFC without noise nor mixing 297 

 298 

Figure 5 - VFC 18O profile (a) before (in grey, VFCno diff) and after (in black, VFCdiff) diffusion, built from LMDZ6-iso 299 
daily climatic data on the 3 m top-scale. No noise nor mixing has been added to the model (Noise, Mix) = (ø,  ø). The 300 
stars indicate the minima used to count cycles in the diffused signal. The PSD of the signals is given by the spectra (b), 301 
with the smoothed signals in bold. A small peak in the frequencies is indicated by the vertical dashed line. The two solid 302 
lines in grey delimit the spectral domain where we evaluate the attenuation of the high frequencies after the inflection 303 
point (corresponding to Frequency = 2m-1). 304 

 305 

On the 3 m top-scale VFC 18O emulation without additional noise nor mixing, the 18O variability lies between -306 

45 and -55‰ (Fig. 5). The frequency of the cycles is higher just below the surface, with five cycles between 0 and 307 

1.5 meters deep, and conversely, wider cycles deeper (only three cycles between 1.5 and 3 meters deep). The 308 

diffusion effect slightly reduces the amplitude of the signal and remove the high frequency variability (short cycles 309 

of small amplitude) as observed when comparing the VFC 18O signal with and without diffusion (Fig. 5).  310 

Both diffused and non-diffused signal spectra exhibits a flat distribution for frequencies between 1 m-1 and 2 m-1 311 

(corresponding to a period of 1 m to 50 cm), followed by a pronounced decrease in power at higher frequencies. 312 

We refer to this threshold of 2 m-1 as the inflection point of the spectra. We then define the spectral slope as the 313 

attenuation slope of the high frequencies between the inflection point and an arbitrary upper limit set at Frequency 314 

= 10 m-1 (corresponding to 10 cm). This slope is steeper after diffusion, going from a PSD value of 0.5 ‰² m at 315 

the inflection point, to 0.04 ‰² m at the upper frequency limit, compared to 0.2 ‰²m before diffusion, highlighting 316 

how the diffusion cuts off the high frequencies. The spectra show a small peak corresponding to a period of 19 317 

cm, which may be compared to the apparent 20 cm cycle of diffusion acting on noise-dominated input, shown by 318 

Laepple et al. (2018). 319 

On the 80 m long VFC 18O emulation without additional noise nor mixing (Fig. 6), constructed from synthetic 320 

climate data, the effect of diffusion on the 18O profile is striking. The 18O, which varies between approximately 321 
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-56 and -46‰ before diffusion, is reduced to variations between -52 and -50‰ after diffusion. We calculate the 322 

spectra over three windows along the simulated profile to see how the frequency distribution evolves with depth: 323 

window 1 = [depth: 5 to 10 m]; window 2 = [depth: 40 to 45 m]; and window 3 = [depth: 75 to 80 m]. On the 324 

spectra, the spectral slope remains relatively flat for the non-diffused signal, as expected from the signal input, 325 

which contains a significant part of intrinsic white noise, while the spectral slope after diffusion displays a PSD 326 

decrease from 0.2 to 0.001 ‰² m in window 1, and a dramatic drop at greater depths in windows 2 and 3 (from 327 

0.08 to <0.00002 ‰² m).  328 
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 329 

Figure 6 - VFC 18O profile before (in grey, VFCno diff) and after (in black, VFCdiff) diffusion, built from monthly 330 
synthetic climatic data (a) on the 80 m long-scale. No noise nor mixing has been added to the model (Noise, Mix) = (ø, 331 
ø). We display three profile sections between (window 1, b) 5-10m, (window 2, d) 40-45m, (window 3, f) 75-80m depth 332 
and their spectra on the right (c, e, g, respectively). The two solid lines in grey delimit the spectral domain where we 333 
evaluate the attenuation of the high frequencies after the inflection point (corresponding to Frequency = 2m-1). 334 

 335 

https://doi.org/10.5194/egusphere-2026-871
Preprint. Discussion started: 4 March 2026
c© Author(s) 2026. CC BY 4.0 License.



14 

 

3.3.2 Addition of noise and mixing  336 

We evaluate the effect of noise and mixing on the simulation by performing sensitivity tests with varying noise 337 

levels ranging from 0 to 90 %, and mixing length ranging from 0 to 16 cm (Appendix B, Fig. B3, B4). The increase 338 

in noise implemented alone in the VFC model (without mixing) has only a limited effect on the spectral slope, 339 

except for extreme values of noise (90 %) which lower the PSD at the inflection point (Fig. 7 a, c). The addition 340 

of noise also slowly dampens the frequency peak at 19 cm, hardly identifiable beyond 50 % of noise. By contrast, 341 

the addition of surface mixing in the VFC model strongly impacts the signal  (Fig. 7 b, d). Even though the 342 

inflection point remains at 0.5‰² m, the spectral slope drops dramatically at high frequencies. The frequency peak 343 

at 19 cm remains visible up to a mixing scale of 12 cm. Therefore, mixing appears to be a first order factor in 344 

modulating the VFC signal in the 3 m top-scale, while noise has only a marginal effect as classicaly implemented 345 

(Laepple et al., 2018, Casado et al., 2020). 346 

 347 

Figure 7 - VFC  18O profiles built from LMDZ6-iso daily climatic data on the 3 m top-scale. In grey the profile before 348 
diffusion, and in black the profile after diffusion, both without noise nor mixing effect. In light blue and dark blue 349 
respectively the non-diffused and diffused profile with (a) 90 % of noise (Noise, Mix) = (90 %, ø), (b) mixing with a 16-350 
cm mixing scale (Noise, Mix) = (ø, 16 cm). We display the signal spectra on the right (c, d, respectively), the light blue 351 
and dark blue thin lines correspond to the average spectra for ten emulations each, and the bold lines correspond to the 352 
smoothed spectra. 353 

 354 
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On the 80 m long-scale, the addition of noise (Fig. 8 a, c, e) does not appear to have any significant effect on the 355 

non-diffused or the diffused 18O profiles and spectra. It also does not modify the amplitude and frequency of the 356 

simulated signal. 357 

The addition of mixing (Fig. 8 b, d, f), reduces the high frequencies of the non-diffused signal (PSD values from 358 

0.3 to 0.01 ‰² m compared to 0.2 ‰² m at the upper frequency limit without mixing) but has no visible impact on 359 

the diffused signal (spectral slope from 0.05 to 0.00001 ‰² m with and without mixing). 360 

      361 

Figure 8 - VFC  18O profiles built from monthly synthetic climatic data on the 80 m long-scale. In grey the profile before 362 
diffusion, and in black the profile after diffusion, both without noise nor mixing effect. In light blue and dark blue 363 
respectively the non-diffused and diffused signals with (a) 90 % of noise (Noise, Mix) = (90 %, ø), (b) mixing with a 16-364 
cm mixing scale (Noise, Mix) = (ø, 16 cm). We display a zoom section of the profiles between (c, d, respectively) 40-45 365 
meters depth and the spectra of each below (e, f, respectively). The light blue and dark blue thin lines correspond to the 366 
average spectra for ten emulations each, and the bold lines correspond to the smoothed spectra.  367 
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4 Discussion 368 

4.1 Data-model comparison 369 

We compare ICORDA-LDC and Subglacior-LDC with the VFC model results, over the 3 m top-scale (Fig. 9) and 370 

over the whole core lengths (Fig. 10). The depth scale for Subglacior-LDC was recalculated using the year of the 371 

top of ICORDA-LDC as the reference surface. 372 

 373 

Figure 9 - VFC  18O profiles built from LMDZ6-iso daily climatic data, before (in grey) and after (in black) diffusion, 374 

without noise and without mixing, compared with ICORDA-LDC 18O profile (a, in pink) and Subglacior-LDC (b, in 375 
green) on the 3 m scale. Signal spectra are displayed on the right (c, d, respectively). The dashed lines highlight the 376 
frequencies peaks and the grey solid lines delimit the spectra slopes. 377 

378 
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 379 

 380 

Figure 10 - VFC  18O profiles (a, b) and sections (c, d) built from monthly synthetic climatic data, before (in grey) and 381 
after (in black) diffusion, without noise and without mixing, compared with ICORDA-LDC  18O profile (a, c, in pink) 382 
and Subglacior-LDC (b, d, in green) on the long scale. Signal spectra are displayed below (e, f, respectively). The grey 383 
solid lines delimit the spectra slopes. 384 

 385 

The 18O profiles simulated from the VFC model without noise and without mixing do not match the firn cores 386 

data, at both scales (3 m top-scale and 80 m long-scale).  387 

On the 3 m top-scale, the cycles in the firn 18O profiles are fewer and wider than in the VFC. In addition, the 18O 388 

signal is particularly flat between 0 and 1.5 m for Subglacior-LDC, even compared to ICORDA-LDC. On the 389 

spectra, we note that the PSD at all frequencies is higher for the VFC than for the firn data. The VFC spectral slope 390 

after diffusion shows a decrease from 0.5 ‰² m to 0.04 or 0.02 ‰² m (depending on the sampling resolution), 391 

while ICORDA-LDC shows a spectral slope from 0.4 ‰² m to 0.0025 ‰² m and Subglacior-LDC from 0.17 ‰² 392 

m to 0.001 ‰² m. The frequency peak identified previoulsy at 19 cm in the VFC spectrum is also visible in the 393 

ICORDA-LDC spectrum at 18 cm, but not in the Subglacior-LDC spectrum.  394 

On the contrary, on the long-scale (80 m for ICORDA-LDC, 30 m for Subglacior-LDC) the PSD at all frequencies 395 

for the diffused VFC is lower than for the observations. The lower PSD in the VFC is associated with two different 396 

effects: a lack of low-frequency variability (which could be due to an underestimation of the interannual signal in 397 

the synthetic data as well as missing stratigraphic noise for instance) and an apparent over-estimation of the low-398 

pass filter associated with excessive diffusion of the signal at high frequency for depth below 5 m.  399 

4.2 Quantifying impact of mixing and noise at LDC 400 

For the 3 m top-scale, mixing at the surface improves the match between the VFC outputs and the observations by 401 

removing the high frequency variability. We conduct sensitivity tests by varying the mixing scale between 0 and 402 
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12 cm. Because noise level is also a component which may improve the model-observation comparison, we also 403 

run test with noise levels (% noise) between 0 and 90 %. We show a few data-model comparisons in the 404 

Supplementary Material (Appendix B, Fig. B5). For each sensitivity test, we evaluate the difference between the 405 

VFC model output and ICORDA-LDC measured series by calculating the Root Mean Square (RMS) score (Eq. 406 

5) from the differences in PSD at the inflection point (A) and at the upper limit point (B), (Fig. 11). We calculate 407 

the RMS score using the following formula: 408 

𝑅𝑀𝑆 𝑠𝑐𝑜𝑟𝑒 =  √
∆𝑃𝑆𝐷(𝐴)2 + ∆𝑃𝑆𝐷(𝐵)2

2
     (𝐸𝑞. 5) 409 

A low RMS score indicates good agreement between the model and the data. Conversely, a high RMS score 410 

indicates a poor model data agreement. 411 

  412 

Figure 11 – Model-observations RMS score for the various sensitivity tests of the VFC model, with a noise level varying 413 
from 0 to 90 % and a mixing scale ranging from 0 to 12 cm. Missing scores correspond to simulations where the 414 
frequency peak at 18-19 cm does not appear and which are thus excluded. A low RMS score (green) indicates a good 415 
match between the model and the observations, while a high RMS score (red) indicates that the model-observation fit 416 
is poor. 417 

As displayed in Fig. 11, the best combinations to optimize the model-data fit are (Noise, Mixing) = (50 %, 6 cm) 418 

and (Noise, Mixing) = (30 %, 8 cm). A third combinations (Noise, Mixing) = (20 %, 10 cm) gives close results 419 

but such a long mixing scale is not consistent with field observations and values obtained by Ollivier et al. (in 420 

review) and is thus rejected. By combining the RMS score with a direct visual comparison of the spectra (Appendix 421 

B, Fig. B6), we select the combination (Noise, Mixing) = (30 %, 8 cm) as the best noise and mixing setting for the 422 

model to reproduce the observations (Fig. 12).  423 
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 424 

Figure 12 - VFC  18O profiles (a) built from LMDZ6-iso daily climatic data, before (in light blue) and after (in dark 425 
blue) diffusion, with 30 % noise and mixing on a 8-cm mixing, compared with ICORDA-LDC  18O profile (in pink) on 426 
the 3 m top-scale. Signal spectra (b) are displayed on the right. The light blue and dark blue thin lines correspond to 427 
the average spectra for ten emulations each, and the bold lines correspond to the smoothed spectra. The dashed lines 428 
highlight the frequencies peaks and the grey solid lines delimit the spectra slopes. 429 

 430 

Based on surface and sub-surface water isotope data (top 6 cm), Ollivier et al. (in review) proposed a mixing layer 431 

of 4 cm at DC and imputed it to changes in wind strength and snow properties. Our study suggested that 4 cm is 432 

not sufficient to explain the observed water isotopes variability over the top 3 m at LDC. The isotopic variability 433 

with a 6 cm or 8 cm mixing layer needed for our data-model comparison is also in agreement with Ollivier et al. 434 

(In review). 435 

Neither our best settings nor any other combination of noise and mixing can reproduce well the profile and spectra 436 

of Subglacior-LDC, which displays a particularly flat signal from 0 to 1.5 m depth (Fig. 12, with (Noise, Mixing) 437 

= (30 %, 8 cm)). Furthermore, the Subglacior-LDC profile is very different from the ICORDA-LDC profile despite 438 

the proximity of the two boreholes. We suspect that the isotopic signal underwent a transformation between core 439 

drilling and analysis. Dallmayr et al. (2025) indeed show that water isotope distribution in firn samples is 440 

particularly sensitive to the storage time in cold rooms at -20°C, implying additional diffusion. Subglacior-LDC 441 

core has been stored for five years before analysis, and this long storage time is thus expected to have affected the 442 

very low-density material in the first meters below the surface, where we observe a flat isotopic signal. Based on 443 

Dallmayr et al. (2025), we implement an additional storage diffusion in the VFC model as follows (Eq. 6): 444 

𝑑𝑟𝑖𝑙𝑙𝑖𝑛𝑔
2 = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡

2 + 𝑠𝑡𝑜𝑟𝑎𝑔𝑒
2       (𝐸𝑞. 6) 445 
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with storage = 5.6 cm for five years of storage. Even when adding this storage diffusion, the VFC 18O profile never 446 

matches the shape displayed by Subglacior-LDC with large remaining differences in spectra slopes (0.25 versus 447 

0.17 and 0.0004 versus 0.001 ‰² m, Fig. 13b). We note that Dallmayr et al. (2025) estimated storage at a depth 448 

between 2.40 and 3.40 m, i.e. shifted slightly deeper than our 0-3 m depth interval. Because open porosity is larger 449 

closer to the surface, we expect storage from Dallmayr et al. (2025) to be underestimated for our application. A 450 

larger value of storage would improve the agreement between the measured and the simulated 18O profiles. This 451 

storage effect is minimized for ICORDA-LDC core due to the short storage time (a few months) prior to isotopic 452 

measurements.  453 

 454 

Figure 13 - VFC  18O profile (a) built from daily LMDZ6-iso climatic data, before (in light blue) and after (in dark blue) 455 
diffusion, with 30 % noise and mixing on a 8-cm mixing scale (Noise, Mix) = (30 %, 8 cm), and adding storage diffusion 456 
(in turquoise) as defined by Dallmayr et al. (2025) for five years of storage at -20°C (Noise, Mix, Storage diff) = (30 %, 457 
8 cm, 5.6 cm), compared with Subglacior-LDC  18O profile (in dark green) on the 3 m top-scale. Signal spectra (b) are 458 
displayed on the right. The turquoise, light blue and dark blue thin lines correspond to the average spectra for ten 459 
emulations each, and the bold lines correspond to the smoothed spectra. The grey solid lines delimit the spectra slopes. 460 

 461 

Back to the 80 m long-scale, the addition of noise and mixing is not expected to improve the reconstruction, as the 462 

signal is already too dampened by the diffusion and the PSD values are too low at all frequencies. The profiles and 463 

spectra for (Noise, Mix) = (30 %, 8 cm), are presented in the Supplementary material (Appendix B, Fig. B7, B8), 464 

but overall retain the same spectral slopes with and without noise and mixing. The main source of discrepancy 465 

between model and data is in the overestimation of diffusion. 466 

4.3 Implications for future VFC models 467 

Our study shows that the classically tuned VFC model cannot reproduce the 18O variability in the firn at LDC. 468 

We focus on two depth scales that highlight two distinct issues: the 3 m top-scale where the 18O variability 469 
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simulated by the VFC model is exaggerated, with an overrepresentation of high frequencies, which can be 470 

addressed by implementing mixing near the surface; and the 80 m long-scale where the VFC signal is too diffused 471 

compared to the measured profiles. No tuning of the VFC model based on classical diffusion calculations allows 472 

us to reproduce the LDC firn 18O profiles in both the upper part where more diffusion would be required, and at 473 

depth where less diffusion would be needed.  474 

Our firn data are not the only ones to suggest a too strong diffusion in reconstructions based on Johnsen’s 475 

diffusion model.  Van der Wel et al. (2015) monitored the isotopic diffusion of a layer of artificial snow 476 

when buried annually in Greenland and found less intense diffusion in the subsurface than predicted in 477 

the classical diffusion model. Touzeau et al. (2018) showed that the 18O semi-amplitude in shallow 80 478 

m cores from GRIP (in Greenland) was lower than that modelled. There is thus convergence across these 479 

studies and our results, challenging the correct quantification of the diffusion which may be too strong 480 

at some depths but not sufficient to produce the correct signal near the surface.  481 

In his foundational study, Johnsen (1977) initally mentioned two processes to explain the variability of 482 

water isotopes and signal attenuation in the firn: diffusion and barometric pumping. He dismissed the 483 

barometric pumping hypothesis, citing the presence of “frequent impermeable ice and crust layers in 484 

Dye 3 core (south Greenland)” that would prevent the process from occurring, leaving the diffusion as 485 

the preferred hypothesis. Yet, ice and crust layers are not very common in many very cold and dry sites, 486 

such as in Central Antarctica. However, only the diffusion hypothesis was considered in the large 487 

majority of subsequent studies. 488 

Neuman and Waddington (2004) developed an alternative model based on the barometric pumping 489 

hypothesis and suggest distinguishing between the first few meters of firn below the surface, affected 490 

by barometric pumping, and deeper firn. For these authors, diffusion alone cannot be responsible for 491 

signal attenuation, and they involve barometric pumping, linked to the material tortuosity. 492 

Complementary studies based on inert gas isotopic composition in firn or bubbles trapped in ice cores 493 

support ventilation or air advection in the top of the firn at Dome C, this process being often referred to 494 

as the rectifier effect (Harris-Stuart, 2024, Morgan et al., 2022, Grimmer et al. 2025). 495 

The surface firn ventilation hypothesis is probably more relevant at LDC than for Greenland for which Johnsen 496 

developed his firn diffusion formulation. Indeed, temperatures are much colder on the East Antarctic Plateau, 497 

preventing the layers in the firn from melt-refreezing. In addition, the texture of the firn in the upper 3 meters at 498 

LDC was so fragile and porous that it prevented the cutting of CFA bars. This empirical processing evidence 499 

suggests that this material is very conducive to air ventilation, and thus favourable to exchanges between the water 500 

vapor and the grains. In addition to firn ventilation, the low accumulation at LDC leads to prolonged exposure of 501 

snow at the surface, which may also permit direct mixing of snow grains lying at the surface under the influence 502 

of the wind. Thus, snow surface reworking is expected due to direct action of the wind on the surface and migration 503 

of micro-dunes, with effects on a multi-centimetre scale. Both snow reworking and firn ventilation can induce 504 

mixing of water isotopes at the surface and below the surface, and none of these processes are incorporated in 505 

diffusion-only models. 506 
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In our study, we propose improving the VFC model by adding a mixing parameter to improve the 507 

reconstruction of firn 18O profile, in order to represent the effects of barometric pumping and surface 508 

reworking. This improvement of the model in the upper part does however not correct the discrepancies 509 

between firn measurements and virtual profiles at deeper depths, where the implementation of diffusion 510 

using the classic approach supresses the high frequencies signal. Diffusion is necessary, as predicted by 511 

Johnsen (1977), because our observations lie between the non-diffused and the diffused signals, but its 512 

intensity is stronger than observed and needs to be re-evaluated. 513 

5 Conclusions 514 

This work aims to characterize isotopic processes in the firn at LDC. We present the first dated water isotopic 515 

profiles over the top 80 m at the LDC site, the drilling site of BELDC, and compare a VFC model to better 516 

understand the surface processes influencing the variability of water isotopes in the firn.  517 

In the first few meters below the surface, we demonstrate the need to consider a mixing process, involving a layer 518 

of approximately 8 cm, in addition to diffusion, to smooth the isotopic variability. This mixing probably results 519 

from barometric pumping and surface reworking. Compared to the mixing process, the addition of stratigraphic 520 

noise only marginally improves the data-model agreement. At the deeper scale (80 m), the comparison between 521 

the model and the data highlights an incorrect estimation of diffusion, which is too strong according to the classical 522 

approach, and from a perspective we stress the need to re-assess the intensity of firn diffusion at LDC to match the 523 

signal attenuation observed in firn cores. 524 

At the end, we draw attention to the importance of measuring water isotopes in firn quickly after drilling, so before 525 

that additional diffusion occurs during the cores’ storage in cold rooms at -20°C, as it was the case in the 526 

Subglacior-LDC top.   527 

  528 
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Appendix A 762 

 763 

Table A1- Density profile of ICORDA-LDC firn core, measured on the field 764 

Depth (m) Density (g.cm-3)  Depth (m) Density (g.cm-3)  Depth (m) Density (g.cm-3) 

1   41 0.629  81 0.774 

2   42 0.631  82 0.776 

3   43 0.633  83 0.783 

4   44 0.666  84 0.810 

5   45 0.649    
6   46 0.644    
7 0.388  47 0.649    
8 0.372  48 0.652    
9 0.385  49 0.667    
10 0.405  50 0.680    
11 0.420  51 0.681    
12 0.422  52 0.687    
13 0.442  53 0.681    
14 0.460  54 0.685    
15 0.497  55 0.683    
16 0.482  56 0.688    
17 0.487  57 0.687    
18   58 0.715    
19 0.504  59 0.695    
20 0.517  60 0.723    
21 0.529  61 0.705    
22 0.529  62 0.735    
23 0.535  63 0.725    
24 0.549  64 0.725    
25 0.544  65 0.730    
26 0.545  66 0.731    
27 0.557  67 0.724    
28 0.576  68 0.731    
29 0.570  69 0.742    
30 0.576  70 0.740    
31 0.576  71 0.757    
32 0.593  72 0.756    
33 0.585  73 0.763    
34 0.593  74 0.765    
35 0.597  75 0.772    
36 0.600  76 0.770    
37 0.607  77 0.762    
38 0.612  78 0.778    
39 0.608  79 0.793    
40 0.629  80 0.787    

 765 

766 
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Appendix B 767 

 768 

Figure B1 - 18O diffusion length at LDC following the classical isotopic diffusion scheme (Johnsen, 1977, Johnsen et 769 
al., 2000, Gkinis et al., 2014) 770 
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 771 

Figure B2 - Comparison between  18O profiles and smoothed spectra of diffused VFC reconstructed from LMDZ6-iso 772 
data in orange with daily data, in green with monthly data) and from monthly synthetic data (in dark grey) on the 3 m 773 
top-scale (a). Profiles show similar variability with a slight shift in values, the VFC from LMDZ6-iso data is more 774 
depleted by approximatively 2‰. The spectra (b) show the same characteristic peak at 18-19 cm, but a lowering of the 775 
inflection point between daily and monthly LMDZ6-iso data. The spectral slope with monthly synthetic data is slightly 776 
steeper than with monthly LMDZ6-iso data. 777 

778 
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 779 

 780 

Figure B3 - Sensitivity tests of the impact of noise level on the VFC reconstruction on the 3 m top-scale, using LMDZ6-781 
iso daily climatic data. We display the VFC spectra with noise from 0 to 90 % of noise, and without mixing. The raw 782 
VFC spectra (without noise) are displayed in grey (no diffusion) and black (with diffusion), while the noise tests are 783 
displayed in light blue (no diffusion) and dark blue (with diffusion). The light blue and dark blue thin lines correspond 784 
to the average spectra for ten emulations each, and the bold lines correspond to the smoothed spectra. The dashed line 785 
highlights the frequencies peak and the grey solid lines delimit the spectra slopes. 786 

 787 

 788 

Figure B4 - Sensitivity tests of the impact of mixing scale on the VFC reconstruction on the 3 m top-scale, from LMDZ6-789 
iso daily climatic data. We display the VFC spectra with mixing on scales from 0 to 16 cm, and without noise. The raw 790 
VFC spectra (without noise) are displayed in grey (no diffusion) and black (with diffusion), while the noise tests are 791 
displayed in light blue (no diffusion) and dark blue (with diffusion). The light blue and dark blue thin lines correspond 792 
to the average spectra for ten emulations each, and the bold lines correspond to the smoothed spectra. The dashed line 793 
highlights the frequencies peak and the grey solid lines delimit the spectra slopes. 794 

795 
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 796 

 797 

Figure B5 - Sensitivity tests to find the best fit between the VFC and ICORDA-LDC. Here we test a mixing scale of 4 798 
cm with 0 %, 30 % and 50 % of noise (a, b, c), and a mixing scale of 8 cm with 0 %, 30 % and 50 % of noise (d, e, f). 799 
We chose these parameters in order to better fit the spectral slopes and to conserve the ICORDA-LDC frequency peak 800 
around 19 cm (dashed pink line). The light blue and dark blue thin lines correspond to the average spectra for ten 801 
emulations each, and the bold lines correspond to the smoothed spectra. 802 

 803 

 804 

 805 

Figure B6 – VFC spectra on the 3 m top-scale, from LMDZ6-iso daily climatic data. VFC spectra comparison for best 806 
combinations of level of noise and mixing according to the RMS score, with (a) 50 % of noise and a 6 cm mixing layer, 807 
(b) 30 % of noise and an 8 cm mixing layer. The light blue and dark blue thin lines correspond to the average spectra 808 
for ten emulations each, and the bold lines correspond to the smoothed spectra. 809 

 810 
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 811 

Figure B7 - VFC  18O profile built from monthly synthetic climatic data, before (in light blue) and after (in dark blue) 812 
diffusion, with 30 % noise and mixing on a 8-cm mixing scale (Noise, Mix) = (30 %, 8 cm), compared with ICORDA-813 
LDC 18O profile in pink (on the left) on the 80 m scale. On the right, we display the profile section between 40-45 m 814 
depth and the signal spectra below. The light blue and dark blue thin lines correspond to the average spectra for ten 815 
emulations each, and the bold lines correspond to the smoothed spectra. 816 

 817 

 818 

 819 

Figure B8 - VFC  18O profile built from monthly synthetic climatic data, before (in light blue) and after (in dark blue) 820 
diffusion, with 30 % noise and mixing on a 8-cm mixing scale (Noise, Mix) = (30 %, 8 cm), compared with Subglacior-821 
LDC  18O profile in green (on the left) on the 80 m scale. On the right, we display the profile section between 15-20 m 822 
depth and the signal spectra below. The light blue and dark blue thin lines correspond to the average spectra for ten 823 
emulations each, and the bold lines correspond to the smoothed spectra. 824 
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