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Abstract

Precise age scales are essential for reconstructing past climate variability at high temporal resolution. Here, we present a new
oxygen-isotope record for the SE-Dome II ice core from southeast Greenland and construct a multi-month-resolution age
scale spanning 1871-2020 CE. The chronology, named SE2025iso, was developed by aligning oxygen-isotope variations in
the ice core with isotope-enabled climate-model simulations. High snow accumulation at the SE-Dome site preserved multi-
month variations of oxygen isotopes, allowing age determination beyond seasonal extremes. Although absolute validation at
the monthly scale is challenging, the chronology has an estimated mean uncertainty of 2.0 months and is supported by
multiple consistency evaluations, including melt and tritium horizons, seasonal accumulation comparisons, and also volcanic
reference layers. The reconstructed snow accumulation rates correlate well with climate reanalysis data, except in summer.
The reconstructed accumulation record shows that the weak seasonality at SE-Dome persisted throughout the past 150 years.
This persistence suggests that the balance near the boundary between summer- and winter-dominated accumulation regimes
across Greenland remained broadly stable despite recent Arctic warming. Applying the SE2025iso age scale to chemical
records shows that hydrogen peroxide concentrations peak approximately 2—3 weeks after the summer solstice and that
volcanic sulfate records exhibit reproducible post-eruption peaks at multi-month resolution. Overall, the SE2025iso
chronology highlights the potential of high-accumulation ice-core sites for investigating multi-month-scale climate

variability and aerosol deposition processes.



40

45

50

55

60

65

70

https://doi.org/10.5194/egusphere-2026-3602
Preprint. Discussion started: 9 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

1 Introduction

A precise age scale is crucial for reconstructing paleoclimate records from ice cores. Ice core age scales are typically
established, in intervals where seasonal layers are sufficiently resolvable, by identifying annual layer boundaries using
multiple proxies such as ion concentrations (e.g., Na*, Ca?*, SO42~, NOs~, NH4s") (Andersen et al., 2006), visual stratigraphy
of dust layers (Alley et al., 1997), and electrical conductivity measurements (Hammer et al., 1994). Automated annual layer
counting methods (Winstrup et al., 2012) have been introduced to objectively identify the annual layer boundary (Sinnl et al.,
2022; Zhang et al., 2022). Although some studies on Greenland ice cores have successfully distinguished winter and summer
seasons (Vinther et al., 2010) or assigned month-level ages by assuming accumulation rate scenarios in a year (Gfeller et al.,
2014; Pasteris et al., 2014), resolving sub-annual to multi-month variability remains difficult. Such high-resolution dating is
important for identifying characteristic peak months of aerosol and chemical species, which provide constraints on their
emission, transport, and deposition processes. A key difficulty is that post-depositional processes, including vertical
diffusion, mixing, and surface redistribution, smooth monthly to intra-annual proxy variations (Ollivier et al., 2025b).

In recent years, continuous flow analysis (CFA) techniques have enabled measurements of chemical species and water
isotopes at sub-seasonal sampling resolution in polar ice cores. These developments have provided new opportunities to
investigate seasonal variability and its long-term changes (Hughes et al., 2020; Jones et al., 2023; Vance et al., 2024).
However, even with such high analytical resolution, the effective temporal resolution preserved in ice cores is often limited
by diffusive smoothing. The attenuated isotope signal of seasonal variability needs to be reconstructed using a back-diffusion
approach, and the potential uncertainties of such reconstructions have subsequently been discussed (Laepple et al., 2025;
Jones et al., 2023). These studies mainly focus on reconstructing seasonal amplitude and its climatic interpretation, whereas
resolving shorter, multi-month variability and establishing multiple chronological tie points within a single year remain
challenging.

A high-resolution chronology for the SE-Dome I ice core in Greenland was constructed using an oxygen-isotope-based
pattern-matching method (Furukawa et al., 2017). The SE-Dome I ice core (hereafter SE1 core) was retrieved from a high-
accumulation site (1.02 m w.e. yr ') in southeast Greenland (lizuka et al., 2016). This site likely experiences limited isotopic
modification after snow deposition on the ice sheet because the high accumulation rate reduces both diffusion-related
smoothing and precipitation intermittency. These conditions are advantageous for preserving continuous, high-resolution
isotopic records, enabling the identification of proxy variability on a multi-month scale. The SE1 core age scale (SE-Dome
Isotope age scale; hereafter, SEIS2016 age scale) was constructed by aligning oxygen isotope ratio (8'®0) variations in the
ice core with those simulated by isotope-incorporated general circulation models and covers the period from 1958 to 2015
CE. This high-resolution age scale enabled the reconstruction of seasonal aerosol variations (lizuka et al., 2018; Hattori et al.,
2021). However, the SE1 8'80 record is limited to this interval, and the reproducibility of its multi-month variability remains

unverified. In addition, the potential influence of vapor—ice isotopic exchange, which depends on the strength of the vapor
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flux (Dietrich et al., 2023), should be evaluated for the SE-Dome site, where relatively warm conditions may enhance vapor
fluxes.

Resolving age at a multi-month scale provides advantages for paleoclimate studies. First, sub-annual dating precision allows
for assessing snow accumulation rate variability on seasonal scales, essential for evaluating climate reanalysis data and
model simulations at fine temporal and spatial scales. Second, it allows for a more detailed analysis of the seasonal cycle of
chemical species, such as hydrogen peroxide (H20:) (Neftel et al., 1984), whose production rate is influenced by solar
radiation and atmospheric oxidation processes (Frey et al., 2005; Sakugawa et al., 2002). Previous studies have suggested
that the timing of H.0O- peaks in ice cores may not always align with expected seasonal maxima due to post-depositional
effects (Gfeller et al., 2014). Third, improved age resolution enhances the interpretation of volcanic eruption signals recorded
in ice cores by distinguishing short-term depositional events from background sulfate variations. Such a high-resolution
sulfate record will help to refine our understanding of stratospheric aerosol transport and deposition mechanisms following
significant eruptions.

Here, we present a new 6'#0 record from the 250.79 m-long SE-Dome II ice core (hereafter SE2 core) drilled at SE-Dome,
Greenland, and develop a multi-month-resolution age scale covering the past 150 years. Unlike existing Greenland
chronologies based mainly on annual-layer counting or volcanic synchronization, our age scale (SE2 2025 isotope age;
hereafter, SE2025iso age) uses reproducible multi-month $'80 structure constrained by isotope-enabled climate simulations.
This approach does not replace established Greenland annual chronologies, but provides a complementary age model for a
high-accumulation site where intra-annual isotope variability is unusually well preserved. For years prior to 1980 CE, we
constructed the age scale using the 3'80 variations simulated from the historical reanalysis dataset 20CRv2 (Compo et al.,
2011). We then evaluated the preservation of multi-month §%0 variability, reconstructed the seasonal accumulation regime
at the SE-Dome site, and illustrated the utility of the age scale through applications to H2O2 concentrations and volcanic

sulfate signals. The methods are described in Sect. 2, and the results and discussion are presented in Sect. 3.

2 Materials and Methods
2.1 Ice Core Sample and Isotopic Measurement

The 250.79 m-long SE2 ice core was drilled at the SE-Dome (67°11'30"N, 36°28'12" W, 3161 m a.s.l.) in Greenland in 2021
(lizuka et al., 2021) (Fig. 1). This new core extends the 90.45 m-long SE1 ice core (lizuka et al., 2016). The SE-Dome is
located at the apex of a domed topography with a high snow accumulation (1.02 m w.e. yr'!), and the distance between SE1

and SE2 is ca. 5 km (Furukawa et al., 2017; lizuka et al., 2021; lizuka et al., 2016).



100

105

110

115

120

https://doi.org/10.5194/egusphere-2026-3602
Preprint. Discussion started: 9 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Annual Precipitation {(mm)
ERAS

1900
1700
1500
1300
N 1100
N 900
700
500
300
100

“”j-}m@ﬁ';f%

77oN &

_____________________________
i
:

5000 40°W 20w

Figure 1. Locations of Greenland ice cores discussed in this study. Color shading shows annual mean precipitation over 1979-2014
CE from ERAS reanalysis (Hersbach et al., 2020).

For isotope analysis, the SE2 core was cut into 4968 segments, each 5 cm in length, and stored in 20 mL glass bottles with
plastic screw caps and rubber septa. The ice core samples were transported, frozen in glass bottles, and thawed before
measurement. The '30 values were analyzed using cavity ring-down spectroscopy (L2130-i, Picarro Inc.). For each analysis,
375 pL of each sample was aliquoted into autosampler vials. For each measurement, an autosampler injected 1.8 pL of liquid
water into the vaporizer (A0211, Picarro Inc.). The stable isotope ratio of oxygen (8'30) is expressed as 580 =
(Rsampie/Rvsmow — 1), where Rgmple and Ryvsmow are the '#0/1°0 ratios of the sample and Vienna Standard Mean Ocean Water
(VSMOW), respectively. Two laboratory standards were used to normalize 3'30 to the VSMOW-SLAP scale (Gonfiantini,
1978). The memory effect (analytical carryover between successive injections) was corrected (Gupta et al., 2009). Analytical
reproducibility was evaluated by repeated measurements of GL21 working standard water (5'%0: —27.07%o) in each batch.

The standard deviation (16) of GL21 over the measurement period (Dec. 2021-Oct. 2022) was +0.04%o (n = 83).

2.2 General Circulation Models with Isotopes

As targets for 8'80 pattern matching, we used isotope-incorporated general circulation models (GCMs), namely IsoGSM
(Yoshimura, 2015; Yoshimura et al., 2008) incorporating global spectral nudging (Yoshimura and Kanamitsu, 2008), and
MIROCS5-iso (Okazaki and Yoshimura, 2017). The latest version, soGSM3 (Bong et al., 2024), which is nudged by ERAS,
NCEP-R2, and JRASS, has a horizontal grid (ca. 200 km, T62), and its higher-resolution version, IsoGSM4 (ca. 50 km,
T248), uses 28 vertical layers up to 10 hPa (ca. 30 km altitude), and a 6-hour output interval. The spatial resolution of
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MIROCS5-iso was set to T42 with 40 vertical layers (Okazaki and Yoshimura, 2017). Monthly 8'*0O data for the grid
containing the SE2 core drilling site were obtained by averaging the 6-hourly values weighted by precipitation amount.

To align the 6'®0 pattern with that of the ice core, we used different isotope-incorporated GCMs based on the temporal
resolution of the ice core and the availability of reanalysis datasets. First, since the shallow section of the ice core (2018—
2020 CE) has higher resolution, a 2-weekly averaged dataset of [soGSM4 nudged by ERAS (Hersbach et al., 2020) was used.
Second, for the dating 1980-2017 CE, monthly-averaged data from the isotope-enabled model dataset (Bong et al., 2024),
including the average of IsoGSM3 and MIROCS5-iso (JRASS), were used to match the ice core 6'®0 pattern. The correlation
between monthly 3'80 values across the GCMs exceeds r = 0.70, indicating high consistency among the models. Following
Furukawa et al. (2017), we calculated the normalized isotope anomaly (5'8Oyor) defined as (8'¥Oraw — 8'%0uye ) / G180, Where
0" 0raw, 0"®0ave, O30 refer to the raw 380 value, its mean, and standard deviation, respectively. The multi-model mean
8'80por was then used to align the ice-core §'®0 record for chronology construction. Finally, for periods not covered by
climate reanalysis data (i.e., between 1871 CE and 1979 CE), IsoGSM nudged by the Twentieth Century Reanalysis data
Version 2 (20CRv2; Compo et al., 2011) was used (Yoshimura and Kanamitsu, 2013; Yoshimura, 2015) (hereafter,
IsoGSM20c run). The 20CRv2 assimilates surface pressure since 1871, with sea surface temperature and sea ice as boundary

conditions.

2.3 Development of the Isotope-Based SE2 Age Scale 'SE2025iso'

The SE2 age scale was constructed using 6'®0 pattern matching, following the method developed for the SE1 age scale
(Furukawa et al., 2017). The 880 of the GCMs (8" Omodet) and the 5'®0 of the SE2 ice core (6'*0ic.) were visually aligned to
months and depths using intra-annual peaks and characteristic variations as tie points, establishing the preliminary depth—
date relationship. To reduce errors of visual matching, we refined the age scale by three checks. First, three team members (S.
H., R. U,, and R. F.) independently performed 6'®*0 pattern matching using Analyseries Software (Paillard et al., 1996).
Discrepancies were reviewed and attributed mainly to minor alignment offsets during manual tie-point selection, and final tie
points were selected after reviewing discrepancies across the three independent matches. Second, we checked for
inconsistencies using hydrogen peroxide (H20:) seasonality, using the H>O, dataset of Kawakami et al. (2023). In Greenland
ice cores, H20: concentrations typically peak in July and reach a minimum in January (Gfeller et al., 2014). Tie points were
revised only when H20: maxima or minima deviated by more than three months from these expected periods. These
deviations were found in 14 sections, each representing a short core interval (typically 50 cm to 1 m) in which the offset
persisted until the following winter minimum. This adjustment was used only to identify sections with implausible seasonal
offsets and did not force H20: peaks to match July or any prescribed date. Third, we examined accumulation rates for
anomalies. Anomalous accumulation rates exceeding four standard deviations (4c) were flagged for review. Four sections
were identified as outliers and were corrected by shifting the tie points to the adjacent multi-month cycle peak (one cycle
earlier or later), thereby removing anomalous accumulation values. Finally, the SE2025iso age scale was derived by linear

interpolation between the tie points.
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2.4 Assessment of Post-Depositional Effects on Isotope Record

To estimate the impact of both diffusion and post-depositional processes at the SE-Dome, we used version 2.3 of the isotope-
enabled surface-exchange and snowpack model SNOWISO (Wahl et al., 2022; Dietrich et al., 2023). Based on inputs of
precipitation, sublimation, deposition, and isotopes in both precipitation and vapor, SNOWISO simulates one-dimensional
profiles of the isotopic composition (8'%0, D) in the snowpack. The model includes the impact of surface vapor-exchange-
induced fractionation, which changes the isotopic composition of the surface snow post-depositionally, and applies it to the
uppermost surface cell. In addition, snowpack diffusion (Johnsen, 2000) was applied to all cells at each timestep. The
simulation has a vertical resolution of 2 cm and a temporal resolution of 30 minutes. The input data are based on a 30 x 30
km simulation with the regional climate model MAR (Dietrich et al., 2024), forced by ERA-5. The MAR latent heat fluxes
were corrected based on observations from the accumulation zone of the Greenland Ice Sheet (Dietrich et al., 2024).
Precipitation and isotopes were taken from an ECHAM®6-wiso simulation (Cauquoin and Werner, 2021), forced by ERA-5.
To match the observed accumulation at SE-Dome, we scaled the modeled precipitation input by a constant factor of 1.209,
derived from the slope of the linear regression between observed annual accumulation and modeled precipitation over 1991—

2019.

2.5 Reconstruction of Snow Accumulation

By constructing an age scale, accumulation rates can be independently determined from the depth—age relationship. Using
the SE2025iso0 age scale, we determined annual and seasonal snow accumulation rates from 1872 to 2019. First, ice layer
thicknesses were converted to water-equivalent thicknesses using high-resolution (1 mm) density data (Kawakami et al.,
2023). Missing density values were interpolated linearly based on the averages of 1 cm above and below the gaps, and the
interpolated data were averaged at 1 cm intervals. Second, the water-equivalent thicknesses of specific time intervals
represent the snow accumulated during each period. However, ice at greater depths also experiences horizontal flow, leading
to the thinning of the layers. Therefore, in the final step, accumulation rates were corrected for ice thinning caused by

horizontal ice flow using the Nye model (Nye, 1963), assuming an ice sheet thickness of 1000 m at the SE2 site.

2.6 Detection of Volcanic Signals

To assess consistency with volcanic reference layers, we compared SE2 volcanic signals with those in the NEEM ice core
(Sigl et al., 2013). Volcanic eruptions produce elevated sulfur concentrations in ice cores. These signals typically peak
approximately one year after an eruption and serve as chronological markers. Volcanic sulfate deposition was identified
when the annual mean sulfate concentration exceeded a threshold. Following Traufetter et al. (2004), the volcanic signal

detection threshold is calculated as follows:

Vr = RML + kMADl @)
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where y; is the running threshold value, RM is the running median window of sample i, k is the threshold parameter, and
MAD is the median of absolute deviation, representing background sulfate concentration. Following previous studies, we
used k = 3 (Sigl et al., 2013) and set the window width to 21 years to reduce edge effects due to the short data period. We

used the annual mean non-sea-salt sulfate (nss-SO4*") concentrations of the SE2 core (lizuka et al., 2025).

3 Results and Discussion
3.1 The SE2025iso Age Scale
3.1.1 Isotope Record and Construction of the Age Scale

The 80 profile of the SE2 core is shown in Fig. 2. The %0 values range from —35.5 to —16.6%o, with a mean of —27.5%o
and a standard deviation of 2.91%.. The data exhibit a recurring annual pattern, with a characteristic wavelength of
approximately 1 m, corresponding to the annual accumulation rate. However, unlike a simple sinusoidal seasonal cycle, the
SE2 record reveals distinct sub-annual 6'%0 variations on a multi-month scale, with 20—40 cm variations. These finer-scale
variations suggest that additional meteorological factors beyond the seasonal cycle influence 6'®0 variability.

The SE2025is0 age scale was constructed by aligning 8'%0 variations in the ice core with those in isotope-incorporated GCM
simulations (see Sect. 2.3), establishing a depth—age relationship for 1871-2020 CE (Fig. 2). The modeled and observed 320
variations show a strong correlation (r = 0.70) based on 722 tie points. Notably, in years where the winter minimum is less
distinct (e.g., 2010, 2005, 1996, 1960, 1938, and 1917 CE), the model reproduces this feature in the ice-core record, reducing
the risk of accidental annual-layer misidentification (e.g., failing to identify winter minima and mistakenly counting two
years as one). Note that the automated annual-layer counting algorithm (Winstrup et al., 2012) yielded several-year offsets
likely because of the pronounced 2—3-month intra-annual peaks of the SE2 core record (see Sect. 3.2.2).

Multi-month (approximately 2—3 months) 6'®0 variations are consistently observed throughout the SE2 record. Although no
strict periodicity is observed, a minor minimum frequently appears in spring, summer, and autumn. This pattern is generally
reproduced in the model (e.g., 2013, 2002, 1990, and 1941 CE), indicating that these multi-month fluctuations likely reflect
meteorological variability. Although their amplitude appears slightly dampened before 1900 CE, the multi-month structure
remains identifiable down to 1871 CE.
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Figure 2. 8'%0 variations in the SE2 ice core and model simulations (1871-2020 CE). 6'*0 variations in the SE2 ice core (blue) and
model simulations (red). The bottom X-axis shows the calendar year (CE), with the corresponding ice core depth (m) indicated at
215 the top. For clarity, each panel covers 16 years.
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3.1.2 Model-Data Comparison and Age Uncertainty

To assess the influence of temporal changes in model quality on the §'*0 pattern-matching approach, we evaluated the
correlation between monthly §'%0 values from the SE2 ice core and those simulated by isotope-enabled GCMs using a 97-
month running window (Fig. 3a). The correlation remains statistically significant (p < 0.01 for r > 0.24) throughout 1874—
2013 CE, with r values generally exceeding 0.6. This correlation indicates that the model-data agreement is sufficiently
strong to justify the use of 3'*O pattern matching across the entire period. We re-examined the tie points for intervals
corresponding to correlation minima (e.g., 1979, 1963, 1962, 1943, 1942, 1924, 1921, 1903, 1904, and 1891). Adjusting tie-
point depths within plausible bounds did not improve agreement during these intervals. These results indicate that the
reduced correlation is mainly due to inherent differences between the model and ice-core records, rather than to systematic
age-scale misalignment. The correlation varies over time and generally increases toward the present, implying improved
model performance in recent decades. In particular, the correlation tends to deteriorate before 1940, coinciding with a
marked increase in the ensemble spread of surface pressure in the 20CRv2 reanalysis (Compo et al., 2011), an indicator of
reanalysis uncertainty (Fig. 3b). Thus, the lower correlation in earlier periods likely reflects the reduced quality of the

reanalysis data at that time and may also reflect diffusion-induced smoothing in the ice core.
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Figure 3. Model-data correlation and reanalysis uncertainty. (a) Running correlation coefficients between monthly 6'*0 values of
the SE2 ice core and isotope-enabled climate model simulations, using a 97-month window. (b) The ensemble spread of surface
pressure from the 20CRv2 reanalysis averaged over the region 60-80°N, 90°W-0°, was used as a proxy for reconstruction
uncertainty.
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Melt layers and nuclear test markers support the accuracy of the SE2025iso age scale at seasonal to annual timescales. The
2012 and 1889 surface melt events (Nghiem et al., 2012; Keegan et al., 2014) correspond to melt layers at 15.42—-16.09 m
and 165.75-165.78 m (Kawakami et al., 2023), respectively, corresponding to February to July 2012 and August 1889 on the
SE2025iso age scale. A tritium peak from the 1961-1962 H-bomb tests, typically appearing in 1963 ice cores (Clausen and
Hammer, 1988), was found at 83.66—84.20 m in SE2 (Kawakami et al., 2023), corresponding to February to July 1963 on the
SE2025iso age scale. These markers support the accuracy of the SE2025iso age scale.

Although an uncertainty estimation is difficult for the entire record, we performed an error evaluation under the following
assumptions: (1) uncertainty associated with peak identification of the tie points was set to +1 month, except for several
ambiguous tie points where +2 months was assigned; and (2) interpolation errors (95%-confidence limits) were estimated
using a Monte Carlo simulation based on fitting ensembles of straight lines to subsets of the age data (Scholz and Hoffmann,
2011). Thus, the estimated uncertainty mainly reflects tie-point identification and interpolation uncertainty. The results
indicate that the uncertainty ranges from 0.1 to 5.6 months (2.0 on average) (Fig. 4). For example, the interval from 1900 to
1910 CE exhibits the largest uncertainties—reaching 5 months—because of a limited number of tie points and rapid changes
in the depth—age relationship in this part of the core. In contrast, periods with sufficient tie points show uncertainties of 1.4—

2.7 months, indicating that the depth—age relationship is well constrained in most intervals.

Uncertainty of age (month)
w
1
T

1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year (CE)

Figure 4. Age uncertainty of the SE2025iso age scale. The horizontal axis represents year (CE), and the vertical axis shows the age
uncertainty (95% confidence limits) in months.

3.1.3 Post-Depositional Effects

An assessment of post-depositional effects on 6'®0 signals at the SE-Dome site shows a negligible peak shift after snow

deposition (Fig. 5). The simulation shows an average post-depositional impact on §'30 due to vapor exchange of +1.7%o. The

10
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interannual variability of 3'%0 decreases slightly (a 23.5% decrease in annual variance). We also extracted all maxima and
minima that could be identified in both the firn core simulation with and without post-depositional fractionation during vapor
exchange. The results show that 3'%0 peak shifts are -7.1 days and -4.9 days for summer and winter, respectively. Following
recent recommendations (Ollivier et al., 2025a), we tested the sensitivity of the simulated post-depositional impact to the
vertical grid resolution and found the results were robust. Finally, we also note that the model produces excessive smoothing
at the SE site. As a result, the 1-3-month variability visible in the ice-core record is reduced (Fig. 5). This mismatch likely
reflects limitations in the current post-depositional model for white-noise—related processes. In summary, post-depositional
processes increase the 6'0 values of snow but do not substantially shift seasonal maxima and minima, supporting age

determination by pattern matching between ice-core and model 80 records.
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Figure 5. Modelled post-depositional effects on the SE-Dome ice-core 3'%0 record. The blue line shows the result of the control
experiment, including post-depositional diffusion but excluding isotope exchange between vapor and snow. The red line shows the
experiment including both post-depositional diffusion and vapor—snow isotope exchange.

3.2 Multi-Month Variability of !20 in the SE2 Ice Core
3.2.1 Reproducibility of the SE-Dome 6'80 Records and Comparison with Other Greenland Cores

To evaluate the reproducibility of 6'*0 records at SE-Dome, we first compared the 5'*0 records of the SE1 and SE2 ice cores
(Fig. 6). The correlation between SE1 and SE2 is exceptionally high (r = 0.90), indicating that fine-scale intra-annual signals
are well preserved in both cores. In general, chemical proxies that reflect various aerosols exhibit spatial variability in ice
cores. For example, a study of the NEEM ice core found that at least five ice cores were required to capture 70% of
interannual atmospheric variability due to lower correlations among multiple ice cores from the same site (e.g., r = 0.7 for
NH4*, r = 0.6 for NOs~, and r = 0.3 for Ca?, Na*, and H-0:) (Gfeller et al., 2014). In contrast to these aerosol proxies, recent

work has suggested that the 5'*0 of snow is influenced by the 8'®0 of atmospheric vapor through post-depositional snow—
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vapor exchange (Dietrich et al., 2023). Because the vapor 6'®0 is expected to be more spatially homogeneous than snow
880, such exchange may increase the representativeness of 6'®%0 signals in ice cores. The high reproducibility of &'*0
between SE1 and SE2 is consistent with this interpretation and suggests that 6'*0 variability at SE-Dome is less affected by

local noise.

d NGRIP
1‘)./: 1 -30 94
| 3507
§
L.40S
20 22 24 26 28 30 32 34 36
Depth (m)

Figure 6. Differences in 630 signal smoothing across Greenland ice cores. (a) '%0 records of SE1 (black) and SE2 (red) ice cores,
with SE1 depth adjusted to match SE2. In this figure, the SE2 depth is shown relative to the top of the ice core, which is 1.27 m
below the snow surface. (b—d) 830 profiles of Dye-3 (blue), GRIP (green), and NGRIP (purple). Dots show sampling resolutions
for each core. Vertical orange bars mark annual layer boundaries. SE2 data follow the SE2025iso age scale, while Dye-3, GRIP,
and NGRIP use the GICC21 chronology (Sinnl et al., 2022).

To examine how accumulation rate influences multi-month signal preservation, we compared 8'®0 profiles of several
Greenland ice cores at similar depths of 20-36 m (Fig. 6). Because the cores were drilled in different years, layers
representing the same calendar year occur at different depths and experience different degrees of post-depositional vapor
exchange and diffusion; therefore, we performed a depth-based comparison. The comparison shows that the SE2 core
exhibits larger amplitude and more pronounced multi-month §'®0 variability relative to other Greenland ice cores (Fig. 6).
The smooth continuity between adjacent measurements suggests that short-period variability has been attenuated and is not
limited by sampling resolution. First, the SE2 core shows the largest 880 variability (26) of £6.9%0 among these cores,

compared to £4.3%o, £3.7%o, and £3.4%o for Dye-3, GRIP, and NGRIP, respectively. Assuming that the seasonal §'°0
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amplitude of precipitation is of similar magnitude among the Greenland sites (e.g., —45%o to —30%0 at NGRIP; Bory et al.
2002), the larger variability preserved in the SE2 core indicates weaker attenuation relative to the lower-accumulation sites.
This result is consistent with the expectation that high-accumulation sites experience weaker diffusive smoothing (e.g.,
Cuffey and Steig, 1998). Second, SE2 displays more frequent multi-month 6'%0 variability. In NGRIP and GRIP, §'*0
follows a simple seasonal pattern with a single peak per year, showing summer maxima and winter minima. Dye-3
occasionally displays two peaks per year. In contrast, SE2 frequently exhibits multiple peaks within a single year. The
accumulation rates of SE2 (lizuka et al., 2021), Dye-3 (Herron et al., 1981), GRIP (Johnsen et al., 1992), and NGRIP
(NGRIP members, 2004) are 1.02, 0.55, 0.23, and 0.19 m yr', respectively, indicating that higher accumulation rates

enhance the preservation of intra-annual variations in SE2.

3.2.2 Intra-Annual 8'%0 Structure and Implications for Dating

To evaluate the applicability of automated annual layer counting methods (Winstrup et al., 2012) to the SE2 §'*O record, we
conducted principal component analysis (PCA) on data from 1975 to 2005 CE (Fig. 7). Note that the PCA is applied to the
6'%0 record on the SE2025iso age scale, and the PCA is not used to construct the age model for the SE2 core. PC1 explains
57.9% of the variance and captures the primary seasonal cycle, peaking in July in agreement with summer temperature
maxima. However, PC1 alone does not resolve the detailed intra-annual structure required for dating with multi-month
precision. PC3 (7.8%) and PC4 (4.4%) display multiple peaks and troughs with distinct phase relationships across the year.
These components are consistently observed and exhibit reproducible phase structures across years. Their reproduction in
880 model outputs indicates that the multi-month-scale variations likely reflect atmospheric processes rather than random
noise. Preliminary analysis of Iso0GSM shows that some events appear to be linked to synoptic-scale low-pressure systems
over the ocean south of Greenland, but others are not, implying multiple controlling factors behind the multi-month-scale
variations. Although a detailed investigation of the mechanism of this phenomenon is beyond the scope of this study, these
results indicate that this intra-annual structure can be used for fine-scale age development. When we applied the automatic
counting method (Winstrup et al., 2012) to the SE2 8'®0 record, the resulting annual layer counts showed cumulative age
errors of up to £3 years below 150 m depth. This error represents the statistical uncertainty estimated by the counting
algorithm, not a comparison with independent age markers. A comparable PCA analysis performed for Dye-3, GRIP, and
NGRIP over near-surface ca. 30-year intervals shows that the PC3 and PC4 components are weaker in those cores (Fig. Al),

suggesting that SE2 exhibits a more pronounced multi-month structure than the other cores examined here.
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Figure 7. Intra-annual pattern of 3'®0 variability in the SE2 ice core. The principal component scores of PC1 (blue), PC2 (red),
PC3 (yellow), and PC4 (black) for 3'%0 variations are shown.

3.3 Snow Accumulation at the SE-Dome Site
3.3.1 Reconstructed Accumulation Rates

The SE2025iso age scale enables the reconstruction of long-term snow accumulation rates at the SE-Dome site. Fig. 8
presents the annual and seasonal accumulation rates from 1872 to 2019 CE. The mean yearly accumulation rate over this
period is 1.08 m w.e. yr!, with interannual variability ranging from 0.58 to 1.60 m w.e. yr . The mean accumulation rates of
SE1 and SE2 are correlated (r = 0.67), indicating general consistency between the two cores for annual-average data.
Seasonal accumulation rates are 0.27, 0.26, 0.26, and 0.29 m w.e. yr'! in spring (MAM), summer (JJA), autumn (SON), and
winter (DJF), respectively, indicating that snowfall is relatively evenly distributed throughout the year. This balanced
accumulation likely reduces seasonal bias in proxies deposited mainly through wet deposition. No significant long-term
trend over the entire record is detected in annual accumulation rates, suggesting that mean snowfall levels have remained
stable. However, slight trends may arise depending on the assumed ice-sheet thickness used for thinning correction (see Sect.

2.5), requiring caution when interpreting long-term accumulation trends.
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Accumulation (mm) / Precipitation (mm)
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350 Figure 8. Accumulation rates reconstructed from SE2 ice core (red) and precipitation data of IsoGSM20c¢ run (blue). Panel (a)
shows annual accumulation, and panels (b), (¢), (d), and (e) show seasonal accumulation for spring, summer, autumn, and winter,
respectively. Accumulation rate from SE1 ice core (Furukawa et al., 2017) is also shown in (a) (black).
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3.3.2 Seasonal Accumulation Regime

The ice-core-derived accumulation rates are compared with precipitation from reanalysis datasets (Table 1). Because
accumulation rates are calculated from layer thicknesses based on the SE2 chronology, this comparison can be used both to
assess the chronology and to characterize the accumulation regime at SE-Dome. The SE2 accumulation rates show
statistically significant correlations with ERAS precipitation at the annual scale and in all seasons, although the summer
correlation is weak (r = 0.21, p < 0.05; Table 1). For the extended period covered by the IsoGSM20c run (1871-2010 CE),
significant correlations are obtained at the annual scale and in all seasons except summer. Note that the IsoGSM20c

precipitation is similar to the 20CRv2 dataset because the IsoGSM20c run uses the incremental correction method

(Yoshimura and Kanamitsu, 2013).

Table 1. Correlation coefficients and mean accumulation rates. Top section: Correlation coefficients (r) between accumulation
rates from SE2 ice core and precipitation data. Bottom section: Mean accumulation rates (m yr™) from ice cores and mean

precipitation values (m yr™) from the reanalysis datasets.

EGUsphere\

Annual Spring Summer Autumn Winter
Correlation coefficient (r) between SE2 accumulation rate vs. precipitation amount
SE2-core vs ERAS
(1940-2020 CE) 0.68** 0.32%* 0.21* 0.44** 0.54**
SE2-core vs IsoGSM20c¢ run
(1871-2010 CE) 0.38** 0.25%* 0.09 0.29** 0.38**
Accumulation rate (m yr ) and precipitation (m yr )
SE2 core (1940-2020 CE) 1.07 0.28 0.25 0.25 0.29
SE2 core (1871-2020 CE) 1.08 0.27 0.26 0.26 0.29
ERAS (1940-2020 CE) 0.86 0.20 0.13 0.24 0.29
IsoGSM20c run (1871-2010 CE) 1.17 0.30 0.23 0.32 0.33

(*%p<0.01, *p<0.05)

Seasonal mean accumulation rates also indicate model and reanalysis biases. Both ERAS and IsoGSM20c run datasets show
relatively low summer precipitation compared to other seasons (the bottom section of Table 1), suggesting that these datasets

may underestimate summer accumulation at this site. This summer underestimation is consistent with previous findings from
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the SE1 core (Furukawa et al., 2017), and the SE2 record extends this evidence back to 1871 CE. Reproducing seasonal
accumulation at the SE-Dome site remains challenging for climate models due to steep spatial gradients in coastal
precipitation (Fig. 1). Seasonal differences in precipitation across the Greenland Ice Sheet are characterized by distinct
patterns: summer-dominated accumulation in the northwest, weak seasonal accumulation in the central region, and winter-
dominated accumulation in the southeast (Fig. 9). Although ERAS5 has been shown to reproduce the large-scale spatial
distribution of decadal-mean accumulation across Greenland (Schneider et al., 2023), our analysis focuses on seasonal
variability. In the ERAS data, SE-Dome is located within the winter-dominated accumulation region of southeastern
Greenland, resulting in relatively low summer precipitation at the site (Fig. 9). In contrast, the SE2 core data indicate nearly
uniform accumulation throughout the year, suggesting that SE-Dome is better characterized as a transition site between
summer- and winter-dominated accumulation regimes. The SE2 record therefore provides an important benchmark for

evaluating model performance in regions with strong spatial gradients in seasonal precipitation.

Precipitation (JUA—DJF) (mm)
ERAS BZ‘iN?_?\_wgﬁga
&

, 1y

100

77°N

T2°N

67°N

62°N

60°W
50°W 40°W 30°W

Figure 9. Spatial distribution of seasonal precipitation differences over Greenland. The color scale shows the difference in
precipitation between summer (JJA) and winter (DJF) based on ERAS over 1979-2014 CE. Positive values indicate a higher
accumulation rate in summer than in winter. The circle symbol indicates the SE-Dome site.

Seasonal contrasts in snow accumulation across the Greenland Ice Sheet result from regional differences in atmospheric
circulation and moisture transport pathways (Fig. 10). During summer, the western side of Greenland is characterized by
prevailing southerly winds from the ocean in the lower atmosphere (Schuenemann et al., 2009; Mattingly et al., 2020), which
favor orographic precipitation. In contrast, the eastern side is characterized by either prevailing winds from the interior or
weak background flow under the influence of an orographically induced anticyclone. During winter, cold winds from the
interior prevail over the western side, resulting in conditions unfavorable for precipitation. Meanwhile, the southeastern side

lies north of the storm track of extratropical cyclones, where easterly winds prevail (Schuenemann et al., 2009) and provide
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favorable conditions for orographic precipitation. These contrasting seasonal circulation regimes create spatial gradients in
accumulation seasonality and establish a transition zone across the ice sheet. SE-Dome appears to lie near the transition

between them.
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Figure 10. Atmospheric circulation and moisture transport over Greenland and the surrounding region. Upper panel: Seasonal

difference in precipitable water (JJA—DJF; color), mean sea level pressure in summer (JJA; contours), and 700 hPa wind vectors

in summer (JJA; arrows). Lower panel: Seasonal difference in precipitation (JJA—DJF; color), mean sea level pressure in winter
405 (DJF; contours), and 10 m wind vectors in winter (DJF; arrows).

Interpretation of such seasonal accumulation patterns is often limited by temporal resolution and chronological uncertainty.
A recent synthesis showed that about 80% of accumulation records represent annual or multi-annual averages, whereas sub-
annual constraints remain scarce and often rely on simplified seasonal-layer identification (Lindsey-Clark et al., 2026). In the
410 SE2 record, no multi-decadal interval exhibits persistently greater accumulation in either summer or winter. This result
indicates that the balanced seasonal accumulation regime at SE-Dome, a site near the transition between contrasting

accumulation regimes across Greenland, has been maintained throughout the past 150 years. This persistence also suggests
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that the atmospheric circulation and moisture transport balance responsible for the weak seasonality at this site did not

change substantially over this interval, despite recent Arctic warming.

3.4 Consistency Checks and Applications of the SE2025iso Age Scale
3.4.1 Seasonal Pattern of H2O2 Concentrations

As an example of applying the SE2025iso0 age scale to a chemical proxy, we analyzed previously published H-O: data from
the SE2 core (Kawakami et al., 2023). In constructing the SE2025iso age scale, H2O. seasonality was used only as a
secondary constraint for limited sections, and H20: peaks were not forced to align with the summer solstice or any
prescribed date. We therefore use SE2025iso to evaluate the mean seasonal pattern of H>O: concentrations obtained by
compositing the H20: records. On the SE2025is0 age scale, mean H2O: concentrations reach their maximum and minimum
on 12 July and 4 January, respectively, with standard deviations of 29 and 28 days (Fig. 11). Generally, H.O- is primarily
formed by photochemical reactions (Frey et al., 2005; Sakugawa et al., 2002), and its maxima and minima are thought to
correspond approximately to the summer and winter, respectively (Mosley-Thompson et al., 2001). Our results are consistent
with previous studies reporting that the maxima and minima of H.O: concentrations in Greenland ice cores occur in July and
January, respectively (Steen-Larsen et al., 2011; Gfeller et al., 2014). However, our previous age scale, SE2time2023, was
constructed assuming that the H.O. maxima and minima correspond to the summer and winter solstices, respectively
(Kawakami et al., 2023). Therefore, the dating of H-O> maxima and minima on the SE2025iso age scale is delayed by ca. 2-3
weeks compared to the previous H202-based age scale, SE2time2023 (Kawakami et al., 2023).

500
i — H,0, mean
£ T Summer solstice
-2 H,0, max.
202
400 4 - . = Winter solstice
...... H,0, min.

0 100 200 300
Days from Jan. 1st

Figure 11. Climatological seasonal pattern of H:O: with SE2025is0. A composite of SE2 core H:O: concentrations over the past 150
years, plotted against months. Blue dots indicate individual H:O: concentration values. The blue line and the orange shading
represent the mean seasonal trend and its interannual variability (£1c), respectively. Yellow and blue dashed-dotted lines show the
summer and winter solstices, respectively. Orange and purple dashed lines indicate the maxima and minima of H:0:
concentrations, respectively.
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3.4.2 Multi-Month Features of Volcanic Sulfate Deposition

To evaluate the consistency of SE2025iso with existing Greenland ice core chronologies, we compared the SE2025iso
timescale with the NEEM-S1 timescale (Sigl et al., 2013; Sigl et al., 2015) using volcanic reference layers. Ten volcanic
eruptions were identified in the NEEM-S1 ice core after 1871 CE (Sigl et al., 2013). We detected eight nss-SO4> peaks from
significant eruptions, confirming the annual consistency between SE2025iso and NEEM-S1. These eruptions and their
corresponding years are as follows: Pinatubo (1992 CE, Indonesia), Agung (1964 CE, Indonesia), Bezymianny (1957 CE in
Kamchatka), Hekla (1947 CE, Iceland), Katla (1918 CE, Iceland), Katmai (1912 CE, Alaska), Ksudach (1908 CE,
Kamchatka), and Krakatoa (1883 CE, Indonesia). For Bezymianny (1957 CE), no peak was detected in the annual mean
nss-SO4> data, but a significant short-lived peak was observed in the raw and monthly-averaged data. Sulfate peaks
associated with Raikoke (1924-1927 CE, Kauril Islands) and Grimsvetn (1872 CE, Iceland) were not detected in the SE2 core.
These two eruptions were relatively high-latitude and moderate in magnitude, which may have resulted in site-specific
differences in sulfate deposition due to variations in atmospheric transport pathways. Note that the NEEM-S1 timescale (Sigl
et al., 2013; Sigl et al., 2015) is linked to the NGRIP chronology (Vinther et al., 2006) through volcanic reference horizons,
which are observed in NGRIP sulfate records (Plummer et al., 2012). Thus, the agreement of volcanic horizons indicates that
the SE2025is0 age scale is consistent with the Greenland ice-core chronology framework for major volcanic events. Having
established this annual-scale consistency, we then used the multi-month resolution of SE2025iso to examine the detailed
structure of volcanic sulfate deposition.

High-resolution sulfate records from the SE2 ice core reveal distinct deposition patterns. Among the volcanic signals, five
eruptions from remote regions—Pinatubo, Agung, Krakatoa, Bezymianny, and Ksudach—exhibit similar features in the SE2
core. Comparisons of these five volcanic signals in NEEM-2011-S1 (nss-Sulfur), NGRIP (Sulfur), and SE2 cores (nss-SO4*)
are shown in Fig. 12. The eruption dates shown in Fig. 12 were based on the Smithsonian Institution's Global Volcanism
Program database (Global Volcanism Program, 2024). In the SE2 nss-SO.4?" record, these eruptions are characterized by a
narrow sulfate peak lasting approximately 2 months and delayed by ca. 1.5 years after the eruption. This structure is
reproducible across these five events in SE2, whereas similar features are not apparent in the NEEM or NGRIP records,

likely due to their lower temporal resolution.
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Figure 12. Non-sea-salt sulfate concentration records from the SE2 core (this study) (red line), the NGRIP core (Plummer et al.,
2012; Sigl et al., 2015) (blue line), and the NEEM-2011-S1 core (Sigl et al., 2015) (yellow line). Panels (a), (b), (¢), (d), and (e) show
each volcanic eruption event for Pinatubo, Agung, Bezymianny, Ksudach, and Krakatoa. The NGRIP and NEEM-2011-S1 data
were plotted on the NS1-2011 time scale (Sigl et al., 2015). Thick lines are monthly data. The purple triangle at the bottom shows
the dates of volcanic eruptions.

To investigate the timing of sulfate deposition with multi-month resolution, we conducted two analyses using the SE2025iso
age scale (Fig. 13). The first approach aligned the nss-SO4?" records from each eruption by setting the major eruption date as
day zero. Although explosive eruptions involve multiple events, we assigned the first significant eruption as the start date:
June for Pinatubo, March for Agung, March for Bezymianny, March for Ksudach, and May for Krakatoa. The results
showed substantial variability in the timing of sulfate peaks (Fig. 13a). Notably, Agung is delayed relative to Krakatoa
despite their similar latitudes. These results indicate that the transport and deposition time to SE-Dome differs among
eruptions. In the second approach, we plotted the data relative to January of the eruption year. For example, for the June

1991 Pinatubo eruption, the monthly records were plotted relative to January 1991 (Fig. 13b). This method aligns the
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horizontal axis by month, allowing direct comparison of seasonal patterns. Because sulfate aerosols also include biogenic
sources and tend to peak in summer, this analysis helps distinguish background seasonality from eruption-related signals.
Sulfate peaks associated with major eruptions consistently appeared from April to July of the following year (Fig. 13b). To
clarify this seasonal pattern, we constructed a composite profile based on the calendar-aligned data (Fig. A2). The composite
shows a background seasonal cycle and a sharp nss-SOs*" peak in the summer following each eruption. The repeated
occurrence of sulfate peaks following major eruptions indicates that the SE2 record preserves a reproducible seasonal
structure in post-eruption sulfate deposition. The present data do not distinguish among stratospheric transport, stratosphere—
troposphere exchange, and oxidation, but they provide a high-resolution target for evaluating these processes in aerosol-

transport models.
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Figure 13. Monthly-resolution timing of sulfate aerosol deposition in the SE2 ice core following explosive eruptions. (a) The time
series is aligned to the eruption date for each event. (b) The time series is aligned to January of the eruption year, enabling a
comparison of seasonal deposition timing across events.

4 Conclusions

This study presented a new 3'%0 record from the SE2 ice core and developed its age scale (SE2025is0) for 1871-2020 CE

with multi-month precision by synchronizing isotope records between the SE2 ice core and climate models. The SE2 core
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preserves clear intra-annual signals formed by large-scale atmospheric circulation, enabling the development of this high-
resolution age scale beyond seasonal extremes. Because there are no absolute monthly markers, strict tests of monthly
absolute accuracy are not possible. However, we evaluated the chronology by comparing ice-core-derived snow
accumulation with model/reanalysis precipitation at the seasonal scale and volcanic timings with established Greenland ice-
core chronologies at the annual scale. The reconstructed accumulation rates correlate well with model precipitation data,
except in summer, and their seasonal means indicate that reanalysis data underestimate summer precipitation at SE-Dome.
The weak seasonality in accumulation at SE-Dome persisted throughout the past 150 years, implying that the atmospheric
circulation and moisture-transport balance near the boundary between summer- and winter-dominated accumulation regimes
across Greenland remained broadly stable despite recent Arctic warming. Applying SE2025iso to H20O. data identified
seasonal maxima and minima on 12 July and 4 January, respectively, suggesting a temporal lag in the deposition of
photochemically reactive species. Finally, the SE2 core record exhibits distinct multi-month features in volcanic sulfate
deposition, suggesting complexity in the transport and deposition of volcanic sulfate. These findings demonstrate that high-
accumulation Greenland ice cores can preserve reproducible multi-month isotope variability and that SE2025iso provides a

chronological framework for investigating sub-annual proxy variability and deposition processes in southeast Greenland.

Data availability

The SE2 "0 data and the SE2025is0 age-scale dataset, including the tie points used for age-scale construction, are available
from the Hokkaido University Collection of Scholarly and Academic Papers at https://doi.org/10.14943/2115.98166. The
same dataset will also be archived in the NOAA/WDS Paleoclimatology database before final publication at

https://www.ncei.noaa.gov/access/paleo-search/study/41203.
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Figure Al. Principal component analysis (PCA) of seasonal 6'*O variability in four Greenland ice cores. Principal component
loadings (PC1-PC4) are shown as a function of day of year. Panels (a), (b), (c), and (d) show the results for SE2, Dye3, GRIP, and
NGRIP ice cores, respectively. Percent variance explained by each component is indicated in parentheses. To ensure comparable
diffusion effects among sites, PCA was performed on near-surface intervals of approximately 30 years in length: 1975-2005 (SE2),
1982-1950 (Dye-3), 19801950 (GRIP), and 1973-1940 (NGRIP). PC3 and PC4 represent multi-month variability and account for
a larger fraction of total variance in SE2 than in the other cores, consistent with enhanced preservation of sub-seasonal 6'*0O

variability at the high-accumulation SE2 site.
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