
1.  Introduction
Recent warming has accelerated surface melting, even in the highlands of the Greenland ice sheet (GrIS) (Otosaka 
et al., 2020; van den Broeke et al., 2016). Clarifying the relationship between temperature fluctuations and ice 
sheet melting from the pre-industrial era to the present is important for estimating ice sheet loss due to global 
warming. In the accumulation zone, the surface meltwater percolates through the snowpack and refreezes into 
melt features. Direct measurements of melt features involves analyzing ice cores to determine the melt-feature 
percentage (MFP), which is then used to reconstruct the history of surface melting (e.g., Fujita et  al.,  2021; 
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dome of GrIS (SE-Dome site; 67°19′17″ N, 36°47′03″ W, 3,161 m a.s.l.), where the annual mean temperature 
is −20.9°C and the accumulation rate is high and there is a large discrepancy among climate models regarding 
snow accumulation estimates. A time scale was established for 1799–2020 with a half-year uncertainty using 
annual counting of H2O2 concentration and five time horizons determined by electrical conductivity, melt 
events, and tritium concentration. The annual accumulation rate from the ice core shows no significant trend 
over 221 years and has an average of 1.04 ± 0.20 m w.e. year −1. In contrast, the frequency and thickness of 
refrozen melt layer (ML) have increased over 221 years, and are synchronized with temperature changes in the 
Arctic. The thickness of MLs correlates positively with the time-integrated summer temperature anomaly using 
a reanalysis of air temperature. The in-situ accumulation records in the southeastern GrIS provide an important 
basis for correcting reanalysis data such as ERA5, which in turn are valuable for improving regional climate 
models.

Plain Language Summary  In recent years, Arctic temperatures have been increasing faster than 
global temperatures. In the inland Greenland ice sheet (GrIS), the surface snow melts on warm days, then 
the meltwater percolates in the snowpack and refreezes into melt layers (MLs). Here we describe an ice core, 
collected from the southeastern GrIS, which contains records of precipitation and MLs from 1799 to 2020. 
We then compare these results with the climatic data. The annual precipitation rate obtained from the ice core 
shows neither a decrease nor an increase over 221 years, suggesting no significant trend in the southeastern 
region. On the other hand, with Arctic warming, the ML thickness per year has increased through the 19th–21st 
centuries. In addition, there is a positive correlation between ML thickness and summer temperature. We 
conclude that the annual precipitation rate in southeastern GrIS is constant regardless of Arctic warming and 
the ice core is favorable for reconstructing environmental records from the pre-industrial era to the present.
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Graeter et al., 2018; Kameda et al., 1995). The number of melt features and their thickness has been increasing 
with recent warming (Kameda et al., 1995). After examining recent shallow ice cores from the percolation zone 
of western GrIS, Graeter et al. (2018) argued that a warming of 1.2°C in the summertime led to a near doubling 
of the MFP in 1995–2015 compared to the 1870–1900 time frame. Despite the need to better understand the 
relationship between climatic changes and surface melt from the pre-industrial era to the present, reconstruction 
of melt layer (ML) thickness over time is challenging because there can be a large uncertainty in the age of melt 
features (e.g., Westhoff et al., 2022).

Ice core time scales can be established via annual-layer counting, thanks to the seasonal cycles of some proxies, 
and constrained by events of known absolute age. Large-scale or high-latitude volcanic eruptions are recorded in 
ice cores as acid layers. They may be detected as peaks in either electrical conductivity and dielectric constant 
(Clausen et  al.,  1997; Hammer,  1980; Mojtabavi et  al.,  2020), or sulfate concentration peaks (Rasmussen 
et al., 2008) using ion chromatography. Nuclear materials originating from H-bomb tests, reaching their peak in 
1963, have been recorded as tritium peaks and are particularly useful for anchoring the age of shallow ice cores 
(Qiao et al., 2021). For annual layer counting, seasonal variations in water isotope ratio and ion concentrations 
have been used to establish time scales for many ice cores (e.g., Sigl et al., 2016; Sinnl et al., 2022; Svensson 
et al., 2008). Hydrogen peroxide (H2O2) concentration is often used as a robust tool for annual layer counting 
because of its clear seasonality, which follows the annual insolation (e.g., Frey et al., 2006; Sigg & Neftel, 1988). 
However, in low accumulation sites where one desires to derive ice cores with long time records, H2O2 concentra-
tion in ice suffers from post-depositional effects such as remobilization in firn and decomposition by dust, which 
hampers precise dating by making its seasonal cycle unclear (Anklin et al., 1998; Gfeller et al., 2014). In contrast, 
Antarctic ice cores from high accumulation sites (>∼0.3 m year −1) have high H2O2 seasonal signals which are 
preserved over a few hundred years (Frey et al., 2006). In the GrIS, ice core drilling sites have accumulation 
rates of 0.23 m year −1 in the Summit (Vinther et al., 2010), 0.22 m year −1 in the NEEM (NEEM Community 
Members, 2013), and 0.12 m year −1 in the EGRIP (Gerber et al., 2021). It is expected that ice cores from higher 
accumulation sites than Summit, NEEM, and EGRIP in the GrIS may be dated to the preindustrial period using 
H2O2 concentration.

A precise relationship between the age and depth of an ice core, while accounting for thinning and densification, 
helps provide basic climatic parameters such as accumulation rate at the drilling site (e.g., Miège et al., 2013). 
The accumulation rate on the GrIS has been studied using a variety of methods, including ice cores, snow-pit 
observations, meteorological station data, radar observations, and climate modeling. According to the accumu-
lation map, which is based on estimates of accumulation rates from ice cores, snow pits, and weather stations in 
the various GrIS sites (Bales et al., 2009), the accumulation rate shows regional variations and increases from the 
northern to southern GrIS. Karlsson et al. (2020) conducted radar observations between the northern NGRIP and 
NEEM sites from 2007 to 2015 and reported accumulation rates of 0.11–0.26 m w.e. year −1. Miège et al. (2013) 
also measured accumulation rates in the southern region using ice core data and reported a maximum accumula-
tion rate of 1.26 m w.e. year −1.

The models have also reconstructed accumulation rates in the GrIS. According to the Fifth Generation Mesoscale 
Model modified for polar climates (Polar MM5), firn cores, and meteorological station data, accumulation in 
the southeast is about 30% of the total accumulation in the GrIS (Burgess et al., 2010). Therefore, interannual 
variations of accumulation in this region strongly influence the surface mass balance of the entire GrIS (Burgess 
et al., 2010). The models have different approaches, and uncertainties about different spatial and temporal reso-
lutions, different forcing fields, different ice sheet topographies and extents, etc. (Fettweis et al., 2020). Hence, 
Fettweis et al. (2020) aimed to improve on models' uncertainties by comparing different types of models, which 
are forced by the same ERA-Interim reanalysis forcing field. However, the discrepancies among the modeled snow 
accumulation rates are large, particularly in the southeast accumulation zone (2.0 m year −1; Fettweis et al., 2020). 
The limited field observations of accumulation in the southeast make it difficult to assess accumulation rates and 
patterns with models such as regional climate models, and general circulation models (e.g., Fettweis et al., 2020). 
Therefore, detailed field observations of accumulation rates, particularly in the southeastern region, are needed.

Due to the high accumulation rate (1.02 ± 0.21 m w.e. year −1) and seasonal accuracy in its time-scale (Furukawa 
et al., 2017), the southeast Dome (SE-Dome) ice core has the advantage of having minor post-depositional effects 
and high-resolution measurements of the aerosol species (Iizuka et al., 2018). However, a previously studied ice 
core drilled in 2015 (hereafter SE-Dome I ice core) was 90.45 m in length and contained environmental proxies 
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of only 60 years (Iizuka et al., 2018). To extend and add extremely high-resolution records, the work presented 
here recovered a much longer and older ice core 250 m in length (hereafter SE-Dome II ice core) in the same 
SE-Dome region (Iizuka et al., 2021).

In this study, we conducted physical, chemical, and optical measurements of the SE-Dome II ice core. The five 
time horizons were determined using electrical conductivity, melt events, tritium concentration, and the annual 
layers determined from the H2O2 data. Consequently, a time scale was established from 1799 to 2020 with a 
half-year uncertainty. We reconstructed the accumulation rate and ML thickness time series, compared it with 
reanalysis climatic data, and discussed the variations with Arctic warming.

2.  Methods
2.1.  SE-Dome II Ice Core

In spring 2021, a 250.79 m-long SE-Dome II ice core was drilled at SE-Dome in southeast GrIS (67°19′17″ N, 
36°47′03″ W, 3,161 m a.s.l.; Figure 1). The details of the ice core drilling were described in Iizuka et al. (2021). 
The SE-Dome II ice core consisted of 552 sections, with an average section length of 0.45 m. The top depth of the 
SE-Dome II ice core is 1.27 m from the ice sheet surface. We conducted the following measurements, except for 
the tritium measurement (Section 2.5), at the Institute of Low Temperature Science, Hokkaido University, Japan. 
After melt feature observation (Section 2.2) and bulk density measurement (Section 2.3), longitudinal samples of 
10 and 7 mm thickness were cut in the depth intervals, respectively, 1.27–88.80 m and 88.80–252.06 m, for the 
purpose of H2O2 measurements (Figure S1 in Supporting Information S1). Additional samples of 7 mm thickness 
were cut on the opposite side of the core in the depth interval 1.27–252.06 m, for measurements not relevant to 

Figure 1.  (a) The locations of the SE-Dome drilling site (red circle) and other ice core drilling sites (triangle) in Greenland ice sheet (GrIS). (b) The drilling site of 
SE-Dome I ice core (triangle, Iizuka et al., 2016) and SE-Dome II ice core (rhombus, Iizuka et al., 2021). Black and magenta solid lines indicate the surface and the 
bed elevations of the GrIS, respectively. The contour intervals are 100 m for the surface elevation and 200 m for the bed elevation. The ice surface elevation is based on 
ArcticDEM v3 (Porter et al., 2018). The bedrock topography is based on BedMachine v3 (Morlighem et al., 2017). The colored line indicates the ice thickness of the ice 
sheet obtained by airborne radar survey (IceBridge MCoRDS L2 Ice Thickness v1, Paden et al., 2010).
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this report. We then microtomed its remaining core to obtain parallel flat surfaces by equalizing the thickness 
(average of about 75 mm) for analysis of physical properties. We decided that reducing the thickness of the H2O2 
samples would not be a problem because the core reaches the close-off depth around 88.8 m. The average thick-
ness of the 189 ice sections above 88.8 m is 74 mm, and 77 mm for the 363 sections below 88.8 m.

In Iizuka et al. (2021), the relationship between depth and age in the SE-Dome II ice core was estimated by the 
SEIS2016 age scale and annual accumulation rate (1.02 ± 0.21 m w.e. year −1) from the SE-Dome I ice core 
(90.45 m depth; 1958–2014, Furukawa et al., 2017). Subsequently we estimated the four types of relationships 
between depth and age in the SE-Dome II ice core (Figure S2 in Supporting Information S1). Based on Figure 
S2 in Supporting Information S1, the bottom age of the SE-Dome II ice core falls within a range of 1783–1816.

In this study, water equivalent accumulation rate from the SE-Dome II ice core was obtained by correcting for the 
thinning due to ice flow with the Nye model (Paterson, 2006) and the estimated ice sheet thickness of 1,000 m 
(Figure 1), and using the annual average of high-resolution density as follows:

Accumulation rate
(

mw.e.year−1
)

=
1, 000

1, 000 − ℎ
∗ (𝑑𝑑𝑠𝑠 ∗ 𝜌𝜌𝑠𝑠)� (1)

ℎ = 𝑑𝑑1 + . . . + 𝑑𝑑𝑤𝑤−1�

𝑑𝑑𝑤𝑤 = 𝑑𝑑𝑠𝑠 ∗

(

𝜌𝜌𝑠𝑠

𝜌𝜌𝑤𝑤

)

�

where the ds is annual layer thickness (m), dw is water equivalent annual layer thickness (m w.e.), ρs is annual 
average density (kg m −3), ρw is water density (kg m −3) (≈1,000 kg m −3), and h is depth from the ice sheet surface 
(m w.e.). Based on this estimation, the bottom water equivalent depth of the SE-Dome II ice core falls at about 
206 m, while the converted bottom depth is about 230 m. This results suggest that the thinning is approximately 
10%. The annual layer thickness and converted annual layer thickness are described in Figure S3 in Supporting 
Information S1.

2.2.  Observed Melt Features

Visual observations of melt features were conducted on the 552 sections under a light-emitting diode light with 
920 lm (Elpa, ALT-1090IR(D)) in a cold room (−22°C). We divided the melt features into three types: (a) “melt 
layer (ML)” originating from a refrozen aquifer (Trusel et al., 2018; Figure S4a in Supporting Information S1) 
with more than 1 mm in thickness, (b) “percolated melt pipe (PMP)” consisting of refrozen meltwater during 
percolation without forming an aquifer (Figure S4b in Supporting Information  S1) with more than 1  mm in 
thickness (Pfeffer & Humphrey, 1998), and (c) “melt crust (MC)” with 1 mm or less in thickness (Figure S4c 
in Supporting Information S1). The MCs probably originate in snowpack crusts (e.g., Fegyveresi et al., 2018; 
Weinhart et al., 2021). Crusts are commonly high density and can be formed in different environmental condi-
tions: for example, long sunshine duration, high temperature, strong wind, low relative humidity, and high accu-
mulation (e.g., Weinhart et al., 2021).

To investigate how large a melt event was, the melt feature percentage (MFP %) was calculated with an ice density 
of 900 kg m −3 (Kameda et al., 1995) as follows:

MFP =
900 ∗ 𝑑𝑑𝑚𝑚

900 ∗ 𝑑𝑑𝑚𝑚 + 𝜌𝜌𝑓𝑓 ∗ 𝑑𝑑𝑓𝑓

∗ 100� (2)

where dm and df are melt features thickness and firn layer thickness in annual layer thickness, and ρf is annual 
average density in the annual firn layer.

2.3.  Density Measurements

We measured bulk density of whole sections by measuring the weight and size of the cores (volumetric 
method). In addition, a continuous density profile on a microtomed section was obtained using the X-ray 
transmission method (Hori et al., 1999). In this method, the intensity of X-rays transmitted through a core 
sample was continuously measured using an X-ray detector during the translation of the sample across the 
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beam. The X-ray intensity profile was then converted into a density profile using a calibration curve of X-ray 
intensities as a function of the thickness of pure ice. The spatial resolution of the density profile was approx-
imately 1 mm.

2.4.  Continuous Dielectric Profile (DEP)

To detect volcanic events, electrical conductivity was measured on whole sections using the continuous dielectric 
profile method (Moore & Paren, 1987; Wilhelms et al., 1998) at an average temperature of −22°C. This method 
produced a profile of electrical conductivity at 250 kHz and provided the signal of the acid content (Wolff, 2000). 
The analytical resolution was 20 mm.

2.5.  Tritium Measurements

The tritium content was determined using a liquid scintillation counter (LSC-LB3, Aloka Co. Ltd.). From Figure 
S1 in Supporting Information S1, 24 samples from 76.831 to 89.750 m in depth were measured to detect the depth 
corresponding to 1963 at the National Institute of Polar Research (NIPR), Japan. The average resolution of the 
samples was 565 mm, corresponding to a half-year time resolution.

2.6.  H2O2 Concentration Measurements and Dating of the Ice Core

Samples of 7 or 10 mm thickness were measured for H2O2 concentrations at depth resolutions of 3–7 cm (Figure 
S1 in Supporting Information S1). The total was 4,968 samples, covering the entire SE-Dome II ice core. The 
samples were put into pre-cleaned 15 mL tubes and melted at room temperature (+25°C). H2O2 concentrations 
were determined by the fluorometric method following Lazrus et al. (1985). Briefly, the samples are carried by 
peristaltic pump to the continuous flow system, where the fluorescent dimer is produced via a reaction of H2O2 
with 4-ethylphenol catalyzed by the presence of the enzyme peroxidase, and detected by the fluorescent detec-
tor (Jasco, FP-4025) at excitation and emission wavelengths of 326 and 410 nm, respectively, at pH >12. The 
uncertainty was estimated by replicate analyses of 20 sets of standards ranging from 0 to 350 μg kg −1, used to 
calibrate 140 samples in a measurement day. The uncertainties varied, depending on the concentration of stand-
ards, showing ±2.1 and ±7.4 μg kg −1 for 8.75 and 350 μg kg −1 standards, respectively. Absolute concentration 
of the liquid H2O2 standard was determined by titration with KMnO4 at the beginning and the end of the 3 month 
measurement period which showed little decay (within 5%). The SE-Dome II ice core is half-annually dated by 
assuming that minima and maxima in H2O2 concentration correspond to mid-winter and mid-summer, respec-
tively (see Supporting Information S1).

2.7.  ERA5 Reanalysis Climate Data

We used the ERA5 reanalysis data sets distributed by the European Center for Medium-Range Weather Forecasts 
(Hersbach et al., 2020) to compare climate records with the SE-Dome II ice core (1950–present). We extracted 
the hourly air temperature at the SE-Dome site (TPL, °C) from the hourly pressure level temperatures (Tp and Tp+1, 
°C) at the closest geopotential heights (zp and zp+1, m a.s.l.) including the site elevation (zsite, m a.s.l.) as:

𝑇𝑇PL =
𝑇𝑇𝑝𝑝+1 − 𝑇𝑇𝑝𝑝

𝑧𝑧𝑝𝑝+1 − 𝑧𝑧𝑝𝑝
(𝑧𝑧site − 𝑧𝑧𝑝𝑝) + 𝑇𝑇𝑝𝑝� (3)

where p is a pressure level that satisfies zp ≤ zsite < zp+1 (Khalzan et al., 2022; Sakai et al., 2015). With the hourly 
air temperature (TPL, °C), we calculated a positive degree hour sum (PDH, °C h) in summer (June, July, and 
August) of each year as:

PDH =
∑

max[0, (𝑇𝑇
PL

− 𝑇𝑇𝑇𝑇 )]� (4)

where TT is a threshold temperature (°C) because the snow melting could occur even below 0°C, and the ERA5 
based temperature could have a certain bias. We changed the threshold temperature from −8 to 0°C at a 0.5°C 
interval, and then obtained a correlation coefficient with the melt feature thickness between 1950 and 2020 for 
each threshold temperature (Section 3.3).

 21698996, 2023, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

038874 by IN
A

SP - N
E

PA
L

, W
iley O

nline L
ibrary on [06/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

KAWAKAMI ET AL.

10.1029/2023JD038874

6 of 15

3.  Results and Discussion
3.1.  Core Chronology

Figure 2 shows melt events, the tritium peak, and volcanic events in the SE-Dome II ice core. We observed 86 MLs 
in the ice core. The PMPs are observed above ∼38 m, at 16.693–16.823 m (130 mm in thickness), 16.826–17.356 m 
(530 mm in thickness), and 37.784–37.922 m (138 mm in thickness). An extreme melt event was found between 
16.652 and 17.356 m including two MLs of 11 and 5 mm in thickness, as well as two PMPs of 130 and 530 mm in 
thickness (Figure 2a). Such thick PMPs are only observed between 16.693 and 17.356 m, suggesting the events in 
the core are due to an extreme surface melting event in 2012 (Nghiem et al., 2012; “ME2012” in Figure 2a). In the 
deeper core section, a ML of 30 mm thickness was observed at ∼167.024–167.054 m depth. This is the only thick 
ML below 150 m, and the interval corresponds to 1886–1889 CE, as determined from the previous estimation of 
relationships between depth and age in the SE-Dome II ice core (Iizuka et al., 2021, and some additional consider-
ation as in Figure S2 in Supporting Information S1). Hence, this thick ML is identified as the 1889 melting event in 
widely found in GrIS ice cores (e.g., Neff et al., 2014; “ME1889” in Figure 2a). The time horizon in 1963 is deter-
mined by the tritium peak originating from the H-bomb test. A sharp tritium peak was found at 84.928−85.469 m 
depth (“TU1963” in Figure 2b), accounting for the H-bomb test in 1963 (Clausen & Hammer, 1988).

Figure 2.  Depth profiles of several proxies in the SE-Dome II ice core. (a) Thickness of melt layers, and percolated melt pipes (mm); (b) electrical conductivity (µS m −1) 
and tritium concentration (TU) from 76.831 to 89.750 m in depth; (c) H2O2 concentration (µg kg −1). “ME2012,” “ME1889,” “TU1963,” “KTM1912,” and “TMB1816” 
indicate time markers from melting events in 2012 and 1889, the tritium peak in 1963, and the volcanic eruptions of Katmai 1912 CE and Tambora 1816 CE.
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Figure 2b also shows the depth profile of electrical conductivity. The baseline increases to ∼80 m depth and 
then shows no change to the bottom of the ice core. The electrical conductivity has a peak at the depth with 
high acid concentration, implying volcanic events or high emission of anthropogenic substances. The two high-
est peaks (≥35.9 μS m −1) were found at 143.07 and 236.22 m, corresponding to the periods 1907−1918 and 
1800−1830 based on estimated relationships between depth and age shown in Figure S2 in Supporting Infor-
mation S1. Following volcanic chronologies of the NEEM ice core and the Humboldt ice core in northern GrIS 
(e.g., Sigl et al., 2013), the peaks at 143.07 and 236.22 m were interpreted to correspond to deposited acidic 
materials in 1912 and 1816 from the colossal eruptions of Katmai (Volcanic Explosivity Index [VEI] > 6) in 
1912 (“KTM1912” in Figure 2b) and Tambora (VEI > 7) in 1815 (“TMB1816” in Figure 2b). In summary, five 
time horizons were detected, corresponding to 2012, 1963, 1912, 1889, and 1816 in the SE-Dome II ice core.

Figure 2c and Figure S6 in Supporting Information S1 show the depth profile of H2O2 concentration. The average 
concentration is 71.0 ± 58.5 μg kg −1. Three authors (S.I., Y.I., and S.H.) counted local minima and maxima of 
H2O2 and estimated annual layers. The layer counting of the H2O2 data revealed that the 250.79 m-long SE-Dome 
II ice core covers the period between 1799 and 2020 (Figure 2c and Figure S6 in Supporting Information S1). The 
annual layers are consistent with the five time horizons (2012, 1963, 1912, 1889, and 1816) (light pink lines in 
Figure 2), validating the accuracy of our layer counting. Thus, the ice-core time scale (SE2time2023) established 
here with an uncertainty better than a year, provides an important basis for precise reconstruction of the histories 
of climate and aerosols for the industrial period (221 years, from 1799 to 2020).

It should be noted that the seasonal cycle in H2O2 concentration can be gradually smoothed due to evaporation, 
diffusion, and recondensation within firn as has long been discussed (e.g., Mosley-Thompson et al., 2001), possi-
bly varying the timing of the minimum and maximum. For ice cores collected around NEEM, northwest GrIS, 
Gfeller et al. (2014) assigned the H2O2 minimum to January and maximum to July based on the fact that H2O2 
winter minima lead δ 18O by about a month (Mosley-Thompson et al., 2001) with the δ 18O seasonality determined 
for NEEM (Steen-Larsen et al., 2011). On the other hand, for a shallow core at Dye-3, which is located in the 
southern GrIS relatively close to SE-Dome, Sigg and Neftel (1988) showed that H2O2 maxima are later than that 
of δ 18O, possibly suggesting the shift of H2O2 peaks after deposition. However, the post-depositional change in 
H2O2 at SE-Dome is expected to be less significant than that at Dye-3, owing to its better preservation of H2O2 
due to a higher accumulation rate (>1 m w.e. year −1 compared to ∼0.5 m w.e. year −1 (Buchardt et al., 2012)) and 
slightly colder temperature (−21°C (Iizuka et al., 2017) compared to −19.6°C (Sigg & Neftel, 1988)). This is 
supported by the analysis of H2O2 in multiple ice cores in West Antarctica by Frey et al. (2006) who showed that 
the post-depositional loss of H2O2 tends to be smaller in sites with higher accumulation and lower temperature. 
We therefore do not consider the shift of H2O2 peaks for the SE-Dome II ice core in the present work.

Surface melting and a high amount of impurities may decrease the H2O2 concentrations in snowpack (Anklin 
et al., 1998). Thus, extreme melting and high impurity content by volcanic eruptions may affect the H2O2 records 
in the SE-Dome II ice core. For example, the collapsed peak at 143.07 and 236.22 m corresponding to 1912 and 
1816 are determined due to the large eruptions of Mt. Katmai and Tambora. The low or collapsed peaks provide 
excellent opportunities for age validation. The low H2O2 concentration around 13.021 m corresponding to 2014, 
which coincides with high volcanic impurity flux in the autumn of 2014 from the eruption of Mt. Bardarbunga 
in Iceland (Amino et al., 2021) (VEI = 0; Figure S6a in Supporting Information S1). The collapsed H2O2 peak 
around 16.770 m dates to 2012, which is well known for the extreme melt event (Nghiem et al., 2012; Figure 
S6b in Supporting Information S1). The low H2O2 peak at 31.266 m dates to 2003 (Figure S6c in Supporting 
Information  S1), which was reported to be characterized by high dust concentration in the summer (Amino 
et al., 2021). The collapsed peaks at 217.170 and 219.720 m correspond to 1836 and 1833 with the large eruption 
of Mt. Cosigüina in Nicaragua (VEI > 5; Kohno & Fujii, 2002, Figure S6d in Supporting Information S1) and Mt. 
Babuyan in Philippine (VEI > 4; Sigl et al., 2013, Figure S6e in Supporting Information S1). Consequently, these 
characteristic layers with markedly low H2O2 peaks even in the deeper part of the ice core are fully explainable 
with the known events according to our chronology, thus supporting its high reliability. We conclude that the 
maximum uncertainty of our timescale is smaller than 0.5 years as it is constrained biannually.

We then compared our time scale (SE2time2023) with the GrIS ice-core chronology GICC21 (Sinnl et al., 2022). 
In Figure S7 in Supporting Information S1, the electrical conductivities of NGRIP, EGRIP, and SE-Dome II 
ice core are presented. GICC21 uses two volcanic tie-points with known event dates during 1800–2020: the 
1912 Katmai eruption and the 1816 Tambora eruption. For these volcanic tie points, SE2time2023 is considered 
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consistent with GICC21. Turning to other volcanic signal peaks, the 1894 peak is detected in the EGRIP (north-
ern Greenland) but not in the NGRIP and SE-Dome II ice core (central and southern Greenland). The 1833 
Babuyan eruption signal is detected in both EGRIP and SE-Dome II ice core. In contrast, the 1836 Cosiguina 
eruption signal is detected at all sites. The SE-Dome and other ice cores (NGRIP and EGRIP) agree in age within 
a year. Sinnl et al. (2022) noted that GICC21 has a dating error of 1 year per century due to its ability to go back 
into the much farther past (∼3,800 years). The age agreement between the cores suggests that the GICC21 times-
clae is precise within a year in recent years from 1816.

3.2.  Density and Snow Accumulation Rate Reconstructed From the SE-Dome II Ice Core

The bulk density is 423 kg m −3 at the top section (1.27–1.76 m) and increases with depth (Figure 3a). At about 
88 m, the typical close-off density of 830 kg m −3 is reached. Deeper than the close-off depth, the bulk density 
still increases with bubble compression and finally reaches 900  kg  m −3. Figure  3a also shows the profile of 
high-resolution density. As with the bulk density, the high-resolution density increases with depth and reaches 
830 kg m −3 at 88.9 m. In the deeper part of the ice core, the high-resolution density converges to 917 kg m −3 with 
much less variability than the bulk density. The high-resolution density profile shows high peaks that correspond 
to visually observed MLs and PMPs (Figure 2a). The high-resolution density profile of the SE-Dome II ice core 
is similar to that of the SE-Dome I ice core (Iizuka et al., 2017) as expected from their proximity. For example, 
the close-off density reaches 86.8 m depth in the SE-Dome I ice core, and 88.9 m for the SE-Dome II ice core.

Figure 3b shows that the result indicates that the maximum and minimum annual accumulation rates of 1.62 and 
0.57 m w.e. year −1 occurred in 1932 and 1802, respectively. According to the nonparametric Mann-Kendall test 
for monotonic trends (Kendall, 1975; Mann, 1945), the annual accumulation rate over the past 221 years shows no 
significant temporal trend (Figure 3b). Although the ice sheet thickness was estimated as 1,000 m (Section 2.1), 
we confirmed that the different ice sheet thicknesses in the Nye model (750 and 1,250 m) did not affect the 
result of no temporal trend in accumulation rates. The average annual accumulation rate between 1800 and 2020 
is 1.04 ± 0.20 m w.e. year −1. The SE-Dome II annual accumulation rates between 1960 and 2014 are in good 

Figure 3.  Time series of several proxies in the SE-Dome II ice core. (a) Bulk density (kg m −3) and high-resolution density (kg m −3), (b) accumulation rate 
(m w.e. year −1) from the SE-Dome II ice core and SE-Dome I ice core (Furukawa et al., 2017), and precipitation rate (m year −1) from ERA5 data, (c) the relationship 
between the annual precipitation rate from ERA5 and the annual accumulation rate from the SE-Dome II ice core from 1950 to 2020, (d) the distribution of converted 
annual layer thicknesses (annual accumulation rate).
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agreement with the SE-Dome I ice core with the SEIS2016 age scale (1.02 ± 0.21 m w.e. year −1 during 1960–2014; 
Furukawa et al., 2017; Figure 3b), supporting the robustness of our result. According to the precipitation rates 
based on the compiled data of GrIS ice cores (Mernild et al., 2015), the precipitation rates from the Summit ice 
core and TUNU2013 ice core in central-east and northeastern GrIS also show no significant trend between 1890 
and 2000. In contrast, in the precipitation rates from the ACT-11d ice core in the southwestern region, an increase 
in precipitation rate between 1890 and 2000 is observed (Mernild et al., 2015). These results suggest that the trend 
of annual accumulation rate in the SE-Dome site is similar to that in the northeastern and central-east GrIS. This 
indicates that there are differences in the accumulation rate trends between the western and eastern regions of the 
southern GrIS. The differences are likely due to the fact that the eastern region is prone to climate systems such as 
prevailing easterly winds and frequent cyclogenesis over eastern GrIS (Hanna et al., 2006).

We then compare the annual accumulation rate of the SE-Dome II ice core and precipitation rates from ERA5 
showing an average of 0.96 ± 0.19 m year −1 between 1950 and 2020 (Figure 3b). Figure 3c shows the relationship 
between the precipitation rate data from ERA5 and the annual accumulation rate from the SE-Dome II ice core 
between 1950 and 2020. The correlation coefficient is significantly positive in 1950–2020 (r = 0.61, R 2 = 0.38, 
p < 0.001; Figure 3c). The slope of the regression line is 0.62, indicating that the ERA5 reanalysis data has a 
small underestimation compared to the accumulation rates estimated from the SE-Dome II ice core.

In GrIS ice cores, the annual layer thicknesses tend to be distributed lognormally (e.g., Andersen et al., 2006). 
The annual accumulation rate (annual layer thickness) from the SE-Dome II ice core is also lognormally distrib-
uted (Figure 3d), suggesting that snow accumulation in the SE-Dome has been deposited homogeneously within 
a statistical order for the past 221 years with very little frequency of extremely low or high accumulation due to 
special events. The result being statistically homogeneous with very few anomalies in the annual accumulation 
rate is probably a characteristic of southeastern Greenland, and this may lead to reduced uncertainty in snow 
accumulation rate from modeling studies (Fettweis et al., 2020).

3.3.  Relationship Between the Melt Layer Thickness and Arctic Summer Warming

In the Arctic, temporal warming has occurred starting in the 1920s (Chylek et al., 2006). Subsequently, the Arctic 
temperature declined around 1970, warmed in the 1980s (Aizawa et al., 2022), followed by more warming into 
the present (Serreze & Francis, 2006). According to ice core studies, the recent temperatures in north and central 
GrIS are on average 1.5 ± 0.4°C higher than in the twentieth century (Hörhold et al., 2023). To investigate the 
temperature changes in the southeastern GrIS, in this section, we focus on the record of melt features from the 
SE-Dome II ice core to reconstruct summer air temperature. As described in Section 2.2, the melt features are 
divided into three types: MLs, PMPs, and MCs. In the following, we begin by investigating the characteristics of 
MCs and comparing them with other regions of the GrIS.

During the period spanning 1800–2020, the number of MCs is 355 (Figure 4a). Based on a decadal sum, the 
frequency of MCs has increased markedly from 8.0 ± 3.2 per decade before 1920, to 25.9 ± 5.4 per decade after 
1920. The MCs can be formed by various mechanisms such as strong wind, high temperature, and high accumu-
lation (e.g., Fegyveresi et al., 2018; Weinhart et al., 2021). The increase of MCs after 1920 might be due to minor 
surface melting on warm days, because the 1920s was a strongly warming decade (Chylek et al., 2006). Weinhart 
et al. (2021) suggest that there is a positive correlation (R 2 = 0.89) between the logarithmic accumulation rate and 
MC numbers per annual layer in the surface snow of both Antarctica and northern Greenland. They concluded that 
the formation of MCs is directly related to the number of snow deposition events per year. However, the annual 
number of MCs and accumulation rate at the SE-Dome site does not show a significant correlation (r = 0.13, 
p = 0.06; Figure S8 in Supporting Information S1). This result suggests that the formation mechanisms of MCs 
in the SE-Dome ice core, where there is a high annual accumulation rate (1.04 m w.e. year −1), may be different 
from the northern GrIS. There is only one ice core data of sufficiently high accumulation (>0.5 m w.e. year −1) in 
the southeastern region, so we are unable to demonstrate a reason for the lack of correlation between the annual 
number of MCs and the accumulation rate. Further study is needed about the number of MCs in various regions 
of the GrIS.

ML thickness is a proxy for the amount of refrozen meltwater (Trusel et al., 2018). In the case of PMP, the amount 
of refrozen meltwater was estimated as follows. The positive anomaly in high-resolution density for the PMP 
relative to the neighboring depths should reflect the amount of percolated meltwater. We calculated the residuals 
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of the density of the PMP and the nearest ML relative to those of the 1-m average around the PMP and the ML. 
Then the ratio of the PMP density residual to that of the ML was obtained. This ratio enables us to convert the 
length of the PMP to the equivalent length of the ML. By this estimation, the ML equivalent thicknesses are 31.20 
and 127.20 mm for 2012, and 34.50 mm for 1999. Based on this estimation, we use the ML thickness including 
the equivalent thicknesses of PMPs, as an indicator of the melt amount in the summer.

We then focused on the frequency and thickness of MLs and PMPs. Figure 4b shows the frequency of MLs 
including PMPs per year and its 10-year sum. The frequency has increased remarkedly from 0.18 per year 
before 1980, to 1.40 per year after 1980. Based on the nonparametric Mann-Kendall test for monotonic trends 
(Kendall, 1975; Mann, 1945), the 10-year sum of melt frequency shows a statistically significant increasing trend 
(p < 0.001, Figure 4b). Although the ongoing Arctic warming first started in the 1970s (Aizawa et al., 2022), our 
results suggest that the warming in recent decades began in the 1980s, creating an environment likely to form a 
ML at the SE-Dome site. Figure 4c shows the melt thickness per year between 1800 and 2020 in the SE-Dome II 
ice core, including the ML thickness and the thickness equivalents of the PMPs. Note that the thickness of MCs 
per year does not affect the trend of melt thickness because the melt thickness has 1–100 mm order while the 
average thickness of MCs per year is 1.61 mm. The average melt thicknesses per decade decreased in cold periods 

Figure 4.  The age profiles of melt features. (a) The number of melt crusts (MCs) per year and the 10-year sum number of MCs, (b) the number per year and 10-year 
sum number of melt layers and percolated melt pipes, (c) melt thickness per year and 10-year average thickness and (d) melt feature percentage per year (MFP) between 
1800 and 2020.
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during the 1960s with 1.80 mm thickness, then increased since the 1980s with 14.89 mm thickness per decade 
(Figure 4c). We did the nonparametric Mann-Kendall test with 10-year average thickness and the melt thick-
nesses show a statistically significant increasing trend (p < 0.001, Figure 4c). Both the decadal melt frequency 
and melt thickness have increased, however, the frequency declined while the thickness increased from the 2000s 
to the 2010s. This result suggests that the amount of melting at one time has increased since 2000. In summary, 
the melt frequency and melt thickness have been increasing at the SE-Dome site. The frequency has increased 
since the 1980s, suggesting that the warming at the SE-Dome site started in the 1980s. Also, each melting event 
has been more likely to form a thick ML since 2000.

We also investigated the relationship between the melt thickness per year, including the ML thicknesses and the 
equivalent thicknesses of PMPs, and the summer temperature (June, July, and August) using ERA5 data at the 
SE-Dome site. ERA5 data has been quality-assured from 1979 to present, and recently the period from 1958 to 
1978 was also quality-assured. We changed the threshold temperature TT (°C) from −8.0 to 0°C at an 0.5°C inter-
val and obtained the correlation coefficients with the melt thickness during three periods: 1950–2020, 1958–2020, 
and 1979–2020 (Figure 5d). Figure 5 shows the relationship between melt thickness per year and PDH at the TT of 
−4.5°C with the best correlation coefficient (r = 0.68, p < 0.001 in Figure 5a; r = 0.69, p < 0.001 in Figure 5b; 
and r = 0.79, p < 0.001 in Figure 5c). The period from 1979 to 2020 shows the best correlation. Nevertheless, 
all three periods show significant positive correlation coefficients. The threshold value of significantly below 
0°C could be attributed to a bias in the ERA5 temperature. The significant positive correlation between melt 
thickness and PDH suggests that the interannual variability of melt thickness is also consistent with the summer 
mean temperature at the SE-Dome site. Thus, we conclude that the melt thickness may be a proxy for the summer 
mean temperature.

Figure 5.  Scatter plot of melt thickness and positive degree hour sum (PDH) with TT = −4.5°C during three periods: (a) 1950–2020, (b) 1958–2020, and (c) 
1979–2020. (d) The correlation coefficient between melt thickness and PDH (°C h) given by threshold temperature (TT, °C) from −8.0 to 0°C during three periods. 
Both melt thickness and PDH are presented on a logarithmic scale due to the large variability.
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High MFPs were found in 1927 and 1889 when ERA5 data is not available (Figure 4d). During most summers of 
the 20th and 21st centuries, surface melting seldom occurred in highland dry snow regions of the GrIS (Keegan 
et al., 2014). In 1889, the widespread melting that extended inland occurred because of unusual warming and 
reduced albedo by black carbon from a remote forest fire (Keegan et al., 2014). The MLs formed by the 1889 melt 
event are also detected in other ice cores: for example, summit, NEEM, ACT-3, and D4 cores (Figure 1a; Keegan 
et al., 2014). As described in Chylek et al. (2006), the period from 1920 to 1930 is a strongly warming decade in 
GrIS. Our results suggest that the summer of 1927 was exceptionally warm in this warming period. A ML from 
1927 is also observed in the ACT-3 ice core (Figure 1a; Das, 2009), suggesting the 1927 surface melting event 
was extensive over the inland (at least in the southern and southeastern) GrIS. Westhoff et al. (2022) reported that 
three MLs were detected in the EGRIP ice core from 1800 to 1964, whose thicknesses are observed. The 1889 
CE melt event consists of two MLs with a total of 8.5 mm thickness and the 1950 CE melt event, with a ML of 
3.1 mm thickness. Our results show the 1889 CE event consists of two MLs with a total thickness of 40 mm and 
the 1950 CE event consists of two MLs with a total of 33 mm thickness. Comparing our results with Westhoff 
et al. (2022), we determine that the SE-Dome site is more likely to melt, and form MLs than the EGRIP in the 
northern GrIS.

Finally, we investigate the summer temperature trends at the SE-Dome site using ERA5 data and melt thickness 
from the SE-Dome II ice core. During periods between 1960 and 1969 with an average summer temperature 
of −9.09 ± 0.70°C, the average melt thickness per year is 1.8 ± 3.8 mm. Between 1845 and 1919, just before 
the strongly warming period of the 1920s, the average melt thickness per year is 1.8 ± 6.5 mm, suggesting the 
average summer temperature from 1845 to 1919 is almost the same as that of 1960–1969. The average summer 
temperature is −8.28 ± 0.93°C from 2000 to 2020 when thick MLs have been formed at one melting event in the 
SE-Dome site. Thus, the summer temperature has increased by 0.81°C from 1845–1919 to 2000–2020. Buizert 
et  al.  (2018) use ice core reconstructions and transient climate model simulations (TraCE-21Ka) to provide 
seasonally resolved surface air temperatures. The summer temperatures have increased 1.5–1.8°C in the northern 
region (NEEM, NGRIP, EGRIP, Camp Century, and Hans Tausen), 1.4 and 1.7°C in the central region (Summit 
and ReCAP), and 1.1°C in the southern region (Dye-3) from 1800 to 2000 (Buizert et  al.,  2018). Hörhold 
et al. (2023) shows that the annual temperature for the decade spanning 2001–2011 is 1.5 ± 0.4°C warmer than 
the twentieth century in the north-central region. Although the period ranges are different, these results suggest 
that the summer temperature increase in the SE-Dome site is representative of the summer temperature trend 
in  the southern GrIS. In addition, the northern region has a larger temperature gap than other regions such as 
southern SE-Dome site, not only in summer but also annually.

4.  Summary
In this study, we observed melt features and measured bulk density, high-resolution density, electrical conductiv-
ity, tritium concentration, and H2O2 concentrations on an ice core drilled in the southeastern GrIS (SE-Dome). 
Five time horizons were determined using electrical conductivity, melt events, tritium concentration, and annual 
layers were counted using H2O2 data. The resulting time scale covers the period from 1799 to 2020 with an 
uncertainty of 0.5 years. An age scale with half-year uncertainty provides the basis for future reconstruction and 
discussion of high-quality proxies, such as aerosols, back to the preindustrial era.

This accurate time scale with high-resolution density data also provides an annually resolved snow accumulation 
rate for the period from 1800 to 2020 at the SE-Dome site. The accumulation rate shows no significant trend 
over the 221 year period, with an average of 1.04 ± 0.20 m w.e. year −1 regardless of Arctic warming. This trend 
is similar to the precipitation trend in the central-east and northeastern GrIS but disagrees with that seen in the 
southwestern GrIS (Mernild et al., 2015). This result suggests that the precipitation trends differ between the 
southeastern and southwestern GrIS. We determined that the precipitation trend in eastern GrIS may be affected 
by the cyclicity over the eastern GrIS. This new accumulation rate data set for the SE-Dome site will be particu-
larly useful for validating climate models that show large discrepancies in simulated snow accumulation rates 
over the southeastern GrIS (Fettweis et al., 2020).

The frequency and thickness of refrozen MLs have on average increased at the SE-Dome with Arctic warming. 
Additionally, the time-integrated summer temperature anomaly positively correlates with the melt thickness per 
year. Exceptionally thick MLs are found in 1889 and 1927, indicating extensive melting events in the period when 
reanalysis data is not available. This study concludes that the accumulation trend is similar to that in the eastern 
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GrIS and the summer temperature trend is similar to that seen in the southern GrIS over the past 221 years at the 
SE-Dome site.

Data Availability Statement
The IceBridge MCoRDS L2 Ice Thickness v1 was provided by National Snow and Ice Data Center (Paden 
et al., 2010). The ERA5 reanalysis data were downloaded from the ECMWF server (Hersbach et al., 2020). The 
data used in this study are available in National Climatic Data Center, NOAA (https://www.ncei.noaa.gov/access/
paleo-search/study/38404), and also in Hokkaido University Collection of Scholarly and Academic papers, 
HUSCAP (http://hdl.handle.net/2115/90286).
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Text S1. Assumption for timing of minima and maxima in H2O2 
 
The SE-Dome Ⅱ ice core is half-annually dated by assuming that minima and maxima in 

H2O2 concentration correspond to mid-winter and mid-summer, respectively. This 

assumption is based on the fact that atmospheric H2O2 is predominantly produced via 

photochemistry (e.g., Frey et al., 2006; Gfeller et al., 2014). Support for this assumption 

comes from modeled monthly atmospheric H2O2 mixing ratios, averaged within the area 

where air mass reaching the SE-Dome travels within 3 days (longitude: 70°W to 0°, 

latitude: 55 to 80°N) taken from five outputs for different years (1960, 1973, 1986, 1999, 

and 2013) for the GEOS-Chem global chemistry transport model (Figure S5; Hattori et 

al. 2021, Wang et al., 2021). This suggests that H2O2 is minimized between December 

and January and maximized between June and July. Taken together with the fact that 

H2O2 production is induced by photochemistry, we therefore tie winter and summer 

solstice to the H2O2 minimum and maximums, respectively. 
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Figure S1. Cutting plan for the SE-Dome Ⅱ ice core.   
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Figure S2. Depth vs age for SE-Dome II ice core corrected for annual layer thickness. The 
magenta and orange lines show the case with a density of 850 kg m or 870 kg m−3 after 
closed-off depth. The light blue and dark blue lines show the case with an increase or 
decrease by 10% of annual accumulation rate. The black line show the actual dating in 
this study. 
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Figure S3. The relationship between annual layer thickness from SE-Dome Ⅱ ice core 
and converted annual layer thickness by Nye model. 
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Figure S4. Examples of (a) melt layers (MLs) (> 1 mm), (b) percolated melt pipes (PMPs) 
(> 1 mm), and (c) melt crusts (MCs) (≤ 1 mm).  
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Figure S5. The seasonality of the atmospheric H2O2 mixing ratio simulated by the GEOS-
Chem global chemistry transport model (version 12.5; see Hattori et al. (2021) and Wang 
et al. (2021) for details). The circle and cross plots show tropospheric and surface layer 
H2O2 mixing ratios averaged within the area where the air mass reaching the SE-Dome 
travels within 3 days (longitude: 70°W to 0°, latitude: 55 to 80°N). The shadows are 
standard deviation estimated from the five models for different years: 1960, 1973, 1986, 
1999, and 2013. 
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Figure S6. Depth profiles of H2O2 concentrations. The blue and red lines show the 
minimal and maximal H2O2 peaks in each year, which are considered to correspond to 
mid-winter and mid-summer. Low H2O2 concentrations disrupting the seasonal cycle are 
detected due to (a) the high dust flux from the eruption of Mt. Bardarbunga in Iceland in 
the autumn of 2014 (Amino et al. 2021), (b) the extreme melt event in 2012, (c) high dust 
concentration in 2003 (Amino et al., 2021), (d) the eruption of Mt. Cosigüina in Nicaragua 
in 1836, (e) the eruption of Mt. Babuyan in Philippine in 1833. 
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Figure S7. The age profiles of electrical conductivities from EGRIP (Mojtabavi et al., 
2020a), NGRIP1(Mojtabavi et al., 2020b), SE-Dome Ⅱ ice core. ‘KTM1912’, ‘CSG1836’, 
‘BBY1833’, and ‘TMB1816’ indicate the eruption events in 1912, 1836, 1833, and 1816. 
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Figure S8. The relationship between the annual accumulation rate from the SE-Dome Ⅱ 
ice core and the annual number of melt crusts from the SE-Dome Ⅱ ice core from 1800–
2020.  
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