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Abstract

Atmospheric nitrous oxide (N2O) is an important long-lived greenhouse 

gas and effective stratospheric ozone destroyer. Despite its essential roles in 

climate, the control mechanisms of atmospheric N2O remains poorly understood. In 

order to reconstruct atmospheric N2O during pre-industrial era, I precisely analyzed 

ice core samples from NEEM site in North Greenland and Styx Glacier in East 

Antarctica. The N2O records cover the last two millennia with a precision better 

than 1.9 ppb and averaged temporal resolution of ~10 years, sufficient to constrain 

centennial-scale variations. The N2O records from Styx and NEEM ice commonly 

show distinctive centennial-scale variations. The timings of rapid N2O changes are 

coincident each other. The rates of rapid N2O changes are comparable to current 

ones which is strongly affected by anthropogenic sources. These findings suggest 

that there was significant natural and/or anthropogenic variability of atmospheric 

N2O during pre-industrial era. In these centennial-scale N2O variation, the portion 

of oceanic source changes seemed to be more significant than terrestrial sources, 

although temperature and precipitation changes in the terrestrial regions also 

seemed relevant with short-term N2O change in part. The negative correlation with 

sea surface temperature near Peruvian margin and productivity and denitrification 

reconstruction data suggests enhanced oceanic N2O flux during the La Niña-like 

state, and possibly, the solar activity changes contributed to the centennial N2O 

variation as an ultimate cause.
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1. Introduction

1.1. Sources and sinks of atmospheric nitrous oxide (N2O)

Nitrous oxide (N2O) is one of the most important trace gases in the 

atmosphere. Tropospheric nitrous oxide has a strong ability absorbing infrared ray 

from the Earth, and its greenhouse warming potential (GWP) reaches ~300 times 

higher than that of carbon dioxide (CO2) in 100 year time horizon (Forster et al., 

2007; Stocker et al., 2014). N2O also participates in the stratospheric ozone (O3) 

cycle, mostly acting as a major ozone destroyer in the stratosphere (Crutzen, 1974; 

Prather et al., 2001; Wuebbles et al., 2009; Ravishankara et al., 2009). Atmospheric 

N2O has increased continuously from early nineteenth century likely caused by 

enhanced human agricultural activity and manure production by livestock (Kroeze 

et al., 1999; Nevison et al., 2003; Galloway et al., 2008; Davidson, 2009). Since 

latter half of the 20th century, nitrogen fertilizer and other anthropogenic sources 

such as wastewater system, fossil fuel combustion, and industrial nylon production 

have been growing and leading the atmospheric N2O increase.

The global N2O cycle is summarized in Figure 1. In natural ecosystem, N2O is 

emitted as an intermediate product mostly produced via microbial activity 

including both nitrification and denitrification processes (Khalil et al., 2002; 

Nevison et al., 2003). Nitrification is the microbial process that aerobically 

oxidizes ammonium ion (NH4
+) which is created from decomposed organic 

compounds to nitric oxide (NO), nitrite (NO2
-), and nitrate (NO3

-). Denitrification 

is a multi-stage process that reduces NO3
- into molecular nitrogen (N2). In both of 

these ways, the intermediate product N2O escapes to atmosphere before complete 
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oxidation to NO3
- and reduction to N2 (Bremner and Blackmer, 1981; Nevison et al., 

1996). Although the majority of nitrogen exists as N2 in the atmosphere (99%), the 

N2 gas is not biologically available due to a strong triple covalent bond, making N2

almost inert. Nitrogen fixation represents the step that transforms atmospheric 

molecular nitrogen to reactive nitrogen (NOy, NHx, and organic N), which are 

easily employed in the ecosystem. This step is mainly driven by biological fixation 

and lightning in the natural ecosystem (Hill. 1979; Postgate, 1998). The nitrogen 

fixation is limited to a few microorganic species, while the frequency of lightning 

is limited in the nature. Thus, recent input of anthropogenic reactive nitrogen drives 

further acceleration of biogeochemical nitrogen cycles and re-distribution among 

nitrogen inventories including atmospheric N2O. Current monotonic increase of 

atmospheric N2O concentration has led to an estimation of anthropogenic source to 

reach 1 over 3 of total emission (Khalil et al., 2002; Nevison et al., 2007). Although 

more than half of N2O emissions are considered as natural sources, the global 

budgets of natural N2O sources and sinks are highly uncertain (Davidson, 2009).

The current global N2O budget estimation shows that more than 60% of N2O 

comes from natural sources (Table 1). Terrestrial soils and ocean are both known as 

major natural sources of N2O. Among natural sources, microbial N2O production in 

terrestrial soils is considered as contributing ~60% to the total natural N2O flux, 

and this is thought to be a single largest source of atmospheric N2O (Davidson, 

2009). The production rate of soil microbacterial N2O is known to be strongly 

dependent on soil moisture content and temperature (Potter et al., 1996; Bollmann 

and Conrad, 1998; Butterbach-Bahl et al, 2013). Moisture content of soil regulates 

the oxygen availability to microbe. Soil N2O emissions have their optimum in the 
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range of 70–80% water-filled porous space (WFPS), and higher moisture content 

lead to complete denitrification to N2. Increasing temperature raises the enzymatic 

reaction efficiency and metabolism of microbes. Thus, a temperature rise directly 

enhances the metabolic N2O production. In addition to that, following increase of 

respiration rate makes anoxic condition and lead to indirect increase N2O 

production because denitrification is favorable in the anoxic condition. The low 

latitudinal tropical forest soil has the optimum N2O producing condition and is 

regarded as the largest terrestrial source area in the world (Stehfest and Bouwman, 

2006). A global soil N2O modeling study shows that N2O flux from low latitudinal 

terrestrial soil is strongly correlated with volumetric water content (VWC), while 

that from high latitudinal soil area well corresponds to soil temperature (Saikawa et 

al., 2013).

Ocean also has an important role as global N2O source, but its budget is 

considerably uncertain. In the ocean, reactive nitrogen species exist in limited 

content, and these are closely related to production rate on surface layer (Tyrrell et 

al., 2003). For N2O, the suboxic (oxygen concentration of 0 to 20 μmol l-1) water 

overlying the oxygen minimum zones (OMZs) serves as the most concentrated 

source region in the ocean (Khalil et al., 2002; Nevison et al., 2007; Babbin et al., 

2015). The OMZs are well-developed near tropical Pacific and Arabian Sea 

(Riemann et al., 2010). Similar to terrestrial region, in these OMZs, both 

nitrification and denitrification processes control the net N2O production. At the 

oxycline zone, the boundary between suboxic-anoxic layers, consumption of N2O 

via complete denitrification is prohibited by high concentration of O2, and N2O are 

mainly produced (Körner and Zumft, 1989). Although many studies were 
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conducted for estimating the marine N2O flux, there is little consensus. 

Primary sinks of atmospheric N2O are photochemical reaction (90%) with 

ultraviolet and reaction with excited oxygen (OD) in the stratosphere (Nevison et 

al., 2005; Park et al., 2012). Stratosphere-troposphere exchange (STE) is the 

process that mixes N2O-depleted stratospheric air mass and N2O-rich tropospheric 

air mass. A recent study shows that the seasonal cycle of atmospheric N2O is 

significantly accounted for STE (Park et al., 2012). Although these studies lighten 

our understanding on atmospheric N2O, the natural control mechanisms still remain 

obscure due to strong anthropogenic influence.

1.2. Previous ice core studies

Gases trapped in polar ice core are the most direct proxies which can be used 

for investigating paleo-atmospheric environment. Gas records from ice cores have 

reached last 800,000 years, and those reconstructions are considered to have 

invaluable information for better understanding natural climatic feedback including 

greenhouse gases concentration change (Jouzel et al., 2007; Lüthi et al., 2008; 

Bereiter et al., 2015). Among greenhouse gases, CO2 and CH4 have been 

intensively studied, and recent ice core studies on these gases tried to reveal 

centennial to multi-decadal scale concentration change (Chappellaz et al., 1993; 

Ahn et al., 2012; Sapart et al., 2012; Mitchell et al., 2013; Marcott et al., 2014; 

Bauska et al., 2015). Despite its importance in climatic feedback and ozone 

chemistry, N2O has not been deeply investigated due to lack of sufficient precision 

of analytical method, except specific climatic events accompanying rapid 

atmospheric concentration change such as glacial-interglacial transitions, 
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Dansgaard-Oeschger events, and pre-boreal transition in the last glacial period 

(Flückiger et al., 1999; Flückiger et al., 2002; Sowers et al., 2003; Spahni et al., 

2005; Schilt et al., 2010; Schilt et al., 2014). 

On millennial timescale, the variation of N2O is in parallel with that of CH4, 

falling and rising between 180 ppb and 280 ppb in the interglacial-glacial cycles 

(Flückiger et al., 2002, 2004; Spahni et al., 2005; Schilt et al., 2010). This feature 

indicates the variations in common sources of CH4 and N2O might contribute to 

millennial scale concentration changes. However, on centennial and other short-

term scales, decoupling of temporal evolution of the two greenhouse gases is found 

(Schilt et al., 2010). During the last glacial period, N2O concentration reaches 270 

ppb which is regarded as typical concentration in the Holocene, while CH4

concentration does not climb to near its Holocene levels (Chappellaz et al., 1997; 

Flückiger et al., 1999). Beside of the variations, the timing of N2O rise is different 

from that of CH4. The discrepancies may imply that climatic controls on N2O 

sources are different from those of CH4. The predominance of natural N2O 

emissions from low latitudinal marine and terrestrial sources might be the reason of 

the different centennial scale N2O evolution, whereas CH4 has dominant terrestrial 

wetland sources (Schmittner and Galbraith, 2008).

Although the previous N2O ice core studies reveal long-term variations such 

as interglacial-glacial cycles, pre-boreal transition to warm climate, and millennial 

scale variation during the Holocene (Flückiger et al., 2002; Sowers et al., 2003, 

Spahni et al., 2005; Schilt et al., 2014). N2O variations in higher temporal scales 

are still poorly understood, in part due to the analytical precision of ~4 ppb in 

existing N2O measurement methods (Machida et al., 1995; Flückiger et al., 1999; 
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Flückiger et al., 2002; Sowers et al., 2003; Flückiger et al., 2004; Spahni et al., 

2005; Macfarling-Meure et al., 2006; Schilt et al., 2010; Schilt et al., 2014). 

Especially, for the last two millennia, although this period is thought to be the most 

important period for comprehending the natural climate variability and slowly 

growing human influence on climate, there is little consensus among published 

N2O data on centennial to multi-centennial scales (Machida et al., 1995; Flückiger 

et al., 1999, 2002; Sowers, 2001; Macfarling-Meure et al., 2006). To understand the 

short-term N2O variation during past two millennia, the precise high-resolution 

data are necessary.

1.3. Objectives

The last two millennia are thought to present fundamental information for 

comprehending climate evolution with combination of natural variability and 

anthropogenic influence. N2O records for this period with high precision and 

temporal resolution are necessary for understanding the fundamental control 

mechanism predicting future changes. As a result, the demands for high quality 

paleo-atmospheric greenhouse gases data for paleoclimate modelling projects such 

as PMIP 3 (Paleoclimate Modelling Intercomparison Project 3) and PAGES 2k 

(Past Global Changes project 2k) arise continuously, but there is no exiting N2O 

records with sufficient precision and temporal resolution.

The aim of this study is to investigate multi-centennial scale N2O changes 

during the last two millennia by reconstructing precise N2O records from Antarctic 

and Greenlandic ice cores. First, I describe a new analytical method for N2O 

concentration in ice cores by improving instrumental conditions and air extraction 
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procedures. The precision estimated from replicate measurements of Styx Glacier 

ice core, Antarctica is better than 2.2 ppb for ~20 g of ice sample. Since two 

individual pieces of ice were measured for each depth, I used the mean value for 

data interpretation. The standard error of the mean (SEM) for the dataset was 1.9 

ppb on average.

Second, I present new N2O records during the last two millennia obtained 

from two different ice cores, Styx Glacier from Antarctica and NEEM from 

Greenland. Total 563 pieces of ice core samples for 246 depths are analyzed, and 

the average temporal resolution is ~8 years for whole last two millennia, suitable 

for investigating centennial scale variations. Finally, using the high-precision N2O 

records, I investigate the N2O control mechanisms. Especially, I scrutinize the link 

between solar forcing and N2O concentration via terrestrial and marine source 

changes. This study will deepen our understanding on natural atmospheric N2O 

evolution.
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2. Materials and Methods

(Part of this section was published in Environmental Science and Technology)

High-Precision Measurement of N2O Concentration in Ice Cores

Yeongjun Ryu, Jinho Ahn, and Ji-Woong Yang

School of Earth and Environmental Sciences, Seoul National University, 1 

Gwanak-ro, Gwanak-gu, Seoul Republic of Korea

Publish in: 

Environmental Science and Technology

ACS Publication
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Washington, DC 20036, USA
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To determine the quantitative mass balance of sources and sinks, instrumental 

measurements of atmospheric N2O began in the late 1970s (CSIRO Marine and 

Atmospheric Research and the Australian Bureau of Meteorology). The data permit 

us to recognize short-term variations of N2O with a precision better than 0.1 ppb. 

However, considering the relatively long lifetime of N2O of ~120 years, the 

instrumental records are too short to examine the N2O control mechanisms.

In this aspect, gases occluded in polar ice cores can provide the most direct 

information for the paleo-atmospheric environment and extend existing 

atmospheric records to the distant past. Reconstructed greenhouse gas records from 

ice cores revealed that the atmospheric greenhouse gas levels have unprecedently 

increased since industrial revolution (Machida et al., 1995; Ahn et al., 2012; Spart 

et al., 2012; Mitchell et al., 2013; Flückiger et al., 1999). Recent high-resolution 

CO2 and CH4 ice core records clearly show preindustrial variations of greenhouse 

gases on millennial to centennial timescales (Ahn et al., 2012; Sapart et al., 2012; 

Mitchell et al., 2013). However, existing N2O records do not clearly show 

submillennial variations, partly due to significant analytical uncertainties of >~3.4 

parts per billion (ppb) (Flückiger et al., 1999; 2004; Macfarling-Meure et al., 2006; 

Schilt et al., 2010). The large uncertainty for N2O analysis is attributed to its 

relatively small mixing ratio in the atmosphere, which is about 1000 times lower

than that of CO2, and around 45 times higher water solubility than that of 

atmospheric air which can increase analytical uncertainty during air extraction 

procedure (Fog and Sangster, 2003).

Three principally different methods are used to extract air from ice core 

samples: crushing or milling ice at cold temperatures, known as ‘dry’ extraction 



10

(Sowers and Jubenville, 2000; Macfariling-Meure et al., 2006; Ahn et al., 2009; 

Bereiter et al., 2013) sublimating ice (Schmitt et al., 2014); and melt-refreezing ice, 

known as ‘wet’ extraction (Flückiger et al., 1999; 2004; Spahni et al., 2005; Schilt 

et al., 2010). Among the extraction methods, a dry extraction method with a 

“cheese grater” was adopted to obtain the highest-resolution greenhouse gas 

records for the last two millennia from Law Dome ice core (Macfarling-Meure et 

al., 2006). The “cheese grater” is composed of a metal cylinder with a perforated 

plate, and the gas is extracted during vigorous sliding and shaking motion of the 

cylinder which grates ice finely. Macfarling-Meure et al. (2006) measured CO2, 

CH4, and N2O concentrations and used the standard deviation (1σ) of replicate 

measurements from 15 depths as the uncertainty. Although the results from Law 

Dome ice core study showed remarkable centennial scale variation of both CO2 and 

CH4, in the case of N2O, the precision of 6.5 ppb was not sufficient to investigate 

submillennial variations. Besides, requiring ~1 kg of ice in the method is a huge 

drawback in economic efficiency of ice core samples. Other dry extraction methods 

include crushing and pulverizing smaller size (10~20 g) of ice (Ahn et al., 2009; 

Bereiter et al., 2013), but those methods have not yet applied to N2O analysis, 

probably due to labor-intensive analytical work.

The dry extraction methods have limits in that the air extraction efficiency is 

~90% or less, and they are not applicable to ice from bubble-clathrate transition 

depths where air exists in both bubbles and clathrate crystals. In contrast, 

sublimation method has about 100% extraction efficiency and well employed to ice 

from bubble-clathrate transition zones. The sublimation method extracts air in ice 

core by sublimating ice in a cold chamber with infrared ray. However, the 
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sublimation method requires a long time for analysis (e.g., only 2 samples can be 

analyzed in a day) and are not practically adequate for reconstructing time series of 

atmospheric concentration records. Thus, the sublimation method is not appropriate 

for high temporal resolution studies requiring many sample measurements. 

The melt-refreezing method is more efficient than the other extraction 

methods in time and labor. This method was popularly applied in previous N2O 

studies despite high solubility of N2O in water (Flückiger et al., 1999; 2004; Spahni 

et al., 2005; Schilt et al., 2010). The analytical uncertainty was defined differently 

from that in wet extraction N2O studies. Schilt et al. (2010) measured five adjacent 

Talos Dome ice core samples (~40 g) from nine different depths and used the 

standard deviation (1σ) of those five measurements as the uncertainty (5.6 ppb). 

Flückiger et al. (2004) defined the uncertainty as a combination of uncertainty from 

the detector (1σ of three individual measurements for each extracted gas and that 

from the extraction procedure (bubble-free ice measurements). They used ~40 g of 

ice for the measurements and suggested that the reproducibility of Holocene Dome 

C N2O was within the analytical uncertainty of 3.7 ppb. However, previous results 

from this wet extraction method had a large uncertainty of ~3.4 ppb, insufficient 

for N2O studies in centennial to submillennial time scales. 

In this study, I propose a highly improved melt-refreezing method, being 

sufficient for reconstruction of high temporal resolution of ancient atmospheric 

N2O concentration. I optimized the conditions of GC-ECD (Gas Chromatography –

Electron Capture Detector) to obtain a better precision with reduced interruption 

from CO2 in the sample gas mixture (Zheng et al., 2008; Wang et al., 2010; Zhang 

et al., 2013). In addition, with additional accurate measurements for re-trapped gas 
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in refrozen ice, I highly improved the correction for re-trapped gas during 

extraction procedure. Because of the high solubility of N2O in water, this correction 

is critical to improve the analytical precision and accuracy. The high-precision 

method is verified using data from the Styx Glacier ice core in Antarctica and 

allows the study of high-resolution N2O concentrations on multi-decadal to 

centennial timescales.

2.1. Sample Materials

Styx Glacier ice from East Antarctica (73.85°S, 163.69°E) and NEEM ice 

from Summit, Greenland (77.45°N, 51.06°W) were used in this study. Both 

sampling sites have sufficient snow accumulation rates for high-resolution ice core 

study (Table 2). In each site, air samples from firn layer, the semi-permeable 

topmost layer above complete ice, were also collected and analyzed (Fujita et al., 

2014; Jang et al., in preparation).

2.1.1. Styx Glacier ice

Styx Glacier is located in northern Victorian Land, East Antarctica and 85 km 

distant from Korean Jang Bogo Research Station (Figure 2a, 2b). Shallow ice core 

was drilled on Styx Glacier in 2014-2015 austral summer season by Korean ice 

core drilling project (Han et al., 2015). The mean annual temperature and snow 

accumulation rate of the coring site are -31.3 ºC and 0.13 Mg m-2 yr-1, respectively 

(Han et al., 2015; Yang et al., in preparation). The Styx Glacier ice core was drilled 

down to 210.5 m and gas data were obtained to 170 m depth, except samples from 

below brittle zone. Recent CH4 measurement on Styx Glacier ice samples at 
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Laboratory for Ice cores and Paleoclimate in Seoul National University shows 170 

m of Styx Glacier ice covers last 1400 years when synchronizing CH4 data with 

that from WAIS Divide ice core in WD2014 scale (Yang et al., in preparation). The 

finalized temporal resolution for Styx N2O records is ~13 years, which is 

appropriate to better than centennial-scale studies.

2.1.2. NEEM ice

NEEM (North Greenland Eemian Ice Drilling) ice was drilled during 2008-

2010 International NEEM project for reaching back through the previous 

interglacial, the Eemian. The drilling site (77.45°N, 51.06°W, surface elevation of 

2484 m) is located 313 km east of the closest coast, Peabody Bay in northern 

Greenland (Figure 2c) (Steen-Larsen et al., 2011; Bourne et al., 2013). The current 

average snow accumulation rate of the NEEM site is 0.22 Mg m-2 yr-1 in ice 

equivalent, similar to other ice cores from Greenland (GRIP and GISP2 ice cores) 

(Rasmussen et al., 2013). The main core was drilled about 2580 m deep, and the 

revised chronology of main core showed the whole ice core covered 108 ka (kilo 

age). Near the main coring site, for the purpose of analyzing the gases trapped in 

ice core, shallow ice core, NEEM S1, was also drilled. High-resolution CH4 study 

of this shallow ice core was conducted by using the continuous melting system for 

last 1800 years, and they revised the chronology of ice core samples with CH4

synchronization method and using delta age difference (182 +3/-9 years) (Rohdes 

et al., 2013). In this study, I used only shallow part of NEEM main core (~ 500 m) 

enveloping last 2200 years and adopted revised high-resolution chronology of 

NEEM S1 shallow core.



14

2.2. Air extraction from ice

I applied the melt-refreezing extraction method similar to that used for ice 

core CH4 analysis (Raynaud et al., 1988; Chappellaz et al., 1993; Mitchell et al., 

2013; Yang et al., 2017). Figure 3 illustrates the front view of the new extraction 

system. The extraction system consists of three parts: a vacuum line, sample cups, 

and an ethanol bath. The vacuum line is composed of Swagelok 0.3175 cm 

electronic polished stainless steel tubing and 0.635 cm vacuum coupling radiation 

(VCR) fitting. In the line, the vacuum is provided by a high-efficiency vacuum 

pump system (High Cube 60, Pfeiffer Vacuum GmbH, Germany) which maintains 

the pressure at lower than 0.1 mTorr. The evacuation efficiency is monitored by a 

Pirani vacuum gauge (Convectron 275 Pirani gauge, Granville-Phillips, USA). By 

attaching two pressure gauges, a capacitance manometer (Baratron 626B [0.12% 

accuracy, 0.01-100 Torr range], MKS, USA) and a capacitance transducer 

(Baratron 722B [0.5% accuracy, 0.1-100 mTorr range], MKS, USA), on the Valco 

six-port valve (Valco, VICI AG, Switzerland), I quantified the amount of gases 

inside the sample loop.

The ice core samples were cut by a band-saw in a -20 ºC walk-in freezer. 

Cutting and trimming about 2 mm from each side of the ice samples, yielded 

samples weighing ~20 g with dimensions of 2.3 cm × 2.1 cm × 4.5 cm. Each ice 

piece was loaded in a glass sample cup, and then the sample cup was bolted onto a 

Conflat flange (MDC, USA). The sample cups were composed of glass 8.4 cm in 

height fused onto a 6.985 cm stainless steel Conflat flange (Larson Electronic 

Glass, USA). A clean copper gasket was used to seal the Conflat flange. Twelve 



15

sample cups were attached to an injection line and used on a single day experiment. 

To estimate daily-offset, I used four pieces of bubble-free ice made of high-purity 

water, and an air-based standard gas (329.9 ppb N2O), calibrated from National 

Oceanic and Atmospheric Administration (NOAA) Global Monitoring Division 

(GMD) Central Calibration Laboratory (CCL) on NOAA-2006A N2O scale. In a 

single day, I loaded 8 pieces of ice core samples (4 duplicate sets from four 

different depths) in 8 samples cups. After loading the ice, the cups were submerged 

in a pre-chilled ethanol bath at <-75 ºC and then evacuated. Ethanol was circulated 

by a stirrer set to minimize the local temperature gradient in the bath. The inside of 

two-folded stainless steel wall of the bath was maintained in a high vacuum state to 

keep minimal thermal conductivity and improve the insulation efficiency. After 

evacuating sample cups for about 50 min, the pressure inside the injection line 

reached lower than 1.0 mTorr on the Convectron 275 vacuum gauge, where the 

amount of air was negligible, and only water vapor remained. During the 

evacuation, continuous sublimation from the surface of ice removed any absorbed 

air on the ice surface. In this aspect, higher water vapor pressure at higher 

temperature could help to fast sweep out air; however, if the temperature increased, 

vapor pressure from the ice sample would reach a measurable amount owing to the 

exponential growth in vapor pressure with temperature and make it difficult to 

measure the exact amount of sample air (Waxler, 1977). Furthermore, the water 

vapor could damage the capillary column and increase the baseline current from 

the radiation source (in this instrumental system, 63Ni) in ECD, which can worsen 

the detection limit (Barani et al., 2006). For these reasons, I maintained the 

temperature of the ethanol bath at about -75 ºC to create nearly dry conditions 
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inside the sample loop.

After evacuating the ambient air, the sample cups were submerged in a 60 ºC 

water bath on a stage to melt ice and liberate air trapped in the ice samples. After 

fully thawing, the sample cups were submerged again in the cold ethanol bath to 

refreeze the ice melt. This refreezing procedure removed most of the dissolved air 

in the ice melt and raised the extraction efficiency, although small fraction of air 

still remained in the refrozen ice. 

2.3. Concentration measurement procedure

The concentration of N2O was analyzed by an online Agilent 7890B gas 

chromatograph equipped with a micro-electron capture detector (μ-ECD, G3440B-

231) and a flame ionization detector (FID) system. The FID was installed because I 

initially intended to measure N2O and CH4 concentrations simultaneously, but I 

focused on developing a method for high-precision N2O analysis in this study. 

Figure 4 provides the overall scheme of the instrumental setup.

Air sample is transferred from each sample cup to the GC by expansion and 

fill the sample loop at 100 ºC. The sample loop with a volume of 5 cm3 was 

connected to a Valco six-port valve (V1). The pressure of air in the sample loop 

was measured by a capacitance manometer connected to a neighboring port. I used 

highly pure N2 (>99.9999% N2) as the carrier gas owing to its compatibility for the 

two different detectors. A molecular sieve was employed to remove water vapor in 

the carrier gas before injection into the GC column. After switching the mode of 

V1, the air in the sample loop was injected into the GC column with a constant 

flow of the carrier gas. I applied a porous-layer open tubular (PLOT) column (HP-
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PLOT-Q-30 m, 0.530 mm outer diameter, 40 μm layer thickness) for separating 

N2O from the air sample. The flow rate of the carrier gas and the temperature of 

the column were adjusted to obtain the most proper shape of the chromatogram for 

analyzing and separating different peaks precisely.

The finalized conditions made CH4 and N2O peaks at retention time of 1.30 

and 1.95 min, respectively. An additional Valco six-port valve (V2) was adopted to 

separate the flow of the two gas species and to direct each gas to the FID and ECD, 

respectively. I change the V2 mode at 1.5 min to switch the direction of the sample 

gas flow from FID to ECD. The total running time for single measurement was 2.3 

min. For sufficient evacuation of the injection line, however, I cycled each run at 3 

min.

During the time required to stabilize the temperature in the ethanol bath after 

submerging the sample cups to refreeze the ice melt, the GC was pre-run with a 

standard air about 20 times. After the pre-run, I made a calibration curve covering 

the typical pressure range of air from ~20 g of ice sample. The calibration was also 

repeated after the sample analysis to correct instrumental drift. The air from each 

sample cup was analyzed four times; then the results were averaged. In order to 

measure the N2O trapped in the refrozen ice, the sample cups were evacuated again 

to remove the residual air in the head space. The same melt-refreezing step and GC 

procedures Ire repeated to measure the amount and N2O concentration of the re-

trapped air. After GC analysis for a day, the column temperature was increased to 

100 ºC for column conditioning. I cleaned the sample cups each day with Alconox 

detergent for preventing probable contamination, such as micro bacterial N2O 

production (Miteva et al., 2007; Rohde et al., 2008).
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2.4. Optimization of gas chromatograph

The setting for the gas chromatograph has a substantial effect on sensitivity. 

Adjusting the GC column temperature and the flow rate of the carrier gas enables 

us to optimize the shape of the peak and retention time for each gas species. While 

these two parameters remained constant, I also optimized conditions of the 

detectors, particularly for the ECD to maximize the N2O measurement sensitivity. I 

focused on three main parameters: temperature in the ECD, composition of the 

makeup gas, and flow rate of the makeup gas.

In this step, I investigated the possible bias in measuring N2O by chemical 

reaction of CO2 in ECD as postulated in recent studies for modern air (Zheng et al., 

2008; Wang et al., 2010; Zhang et al., 2013). The CO2 bias was supposed to be 

caused by variation of electron pool in ECD, enhancing N2O signal despite perfect 

separation of two gas peaks in the GC (Wang et al., 2010). The proposed reactions 

for CO2 and N2O in the ECD are summarized in the following reactions (Pellizzari, 

1974; Wang et al., 2010)

CO2 +β ⟶ CO2
+ + β  ʹ+ e (RXN 1)

CO2 + e ⟶ CO2
- (RXN 2)

N2O + e ⟶ N2 + O- (RXN 3)

Carrier and makeup gases used for ECD should have an ability to receive 

high-energy beta particles from radioactive sources and emit lower energy 

electrons. Pure N2 or a mixture of Ar and CH4 are commonly used as the carrier 
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and makeup gases for ECD, and their flow creates a current of electrons in the 

ECD. In this case, two different kinds of reactions for analytes can occur: 

dissociative and non-dissociative reactions (Pellizzari, 1974). RXN 1 is an 

endothermic and dissociative reaction that can be activated under higher 

temperature conditions, which can supply extra electrons in the ECD. On the 

contrary, RXN 2 is an exothermic reaction and can be dominant in lower 

temperature conditions. Because CO2 in RXN 2 can capture electrons from the 

carrier and makeup gases, CO2 can be detected in the ECD at lower temperatures. 

RXN 3 is also an endothermic dissociative reaction of N2O in which electrons are 

captured in the ECD. This reaction is reported to be activated at high temperatures.

The measurement of N2O is mainly based on RXN 3, in which N2O captures 

the electrons from the carrier and makeup gases; thus, higher-temperature 

conditions enhance the sensitivity of ECD for detecting N2O. However, RXN 1 

also can be strengthened at high temperature, and extra electrons from CO2 may 

cause biased response for N2O. To investigate the interference by CO2 in the 

experimental conditions, I modified the GC conditions as follows. 

First, I changed the temperature in the ECD and observed the variation in peak 

areas. This experiment was designed to examine the behaviors of N2O and CO2 in 

the ECD and to determine the most sensitive conditions for N2O. The temperature 

was raised stepwise at 10 ºC intervals from 200 ºC to 390 ºC and back to 200 ºC to 

reduce the systematic error that occurs in raising and lowering the temperature in 

the ECD. I used Ar-CH4 (5%) as the makeup gas in the ECD with a constant flow 

of 20 cm3 min-1, and pure N2 (> 99.9999%) as a carrier gas at a constant flow rate 

of 35 cm3 min-1. The pressure of standard air (329.9 ppb N2O and 300 ppm for 
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CO2) injected in the sample loop was 10.0 Torr, similar to the typical pressure 

during ice core analysis. As shown in Figure 5, N2O clearly shows exponential 

increase in peak areas with temperature, which corresponds to the suggested 

endothermic electron capture reaction (RXN 3). On the contrary, the observed 

pattern of CO2 demonstrates an apparent exothermic electron capture reaction 

(RXN 2). The difference originates from distinct molecular electron affinity for 

each gas species (Chen et al., 1998). Based on the results, I set the ECD 

temperature to 390 ºC, slightly lower than the temperature limit of ECD of 400 ºC 

to maximize the sensitivity of N2O.

At the high temperature, however, N2O might be overestimated because CO2

supplies extra electrons by RXN 1. Because the bias is dependent to the amount of 

CO2 in the ECD, I tested the interference of CO2 by changing composition and 

flow rate of the makeup gas in the ECD. Three kinds of different makeup gases 

were used to fill the ECD: Ar-CH4 (5%), N2-CO2 (990 ppm), and pure N2 (> 

99.9999%). I tested the influence of CO2 concentration in the ECD by regulating 

the flow rate of N2-CO2 (990 ppm) makeup gas in the ECD and compared the 

results with pure N2 experiments. During the experiment, I changed the flow rate of 

the makeup gases from 1 cm3 min-1 to 60 cm3 min-1; thus, the amount of CO2 in 

ECD was readily increased. In same way, the Ar-CH4 (5%) was employed as the 

makeup gas, and the flow rate was gradually raised. The results are given in Figure 

6, in which the prominent distinction was shown among the three different makeup 

gas species. While the peak area of N2O declined with increasing flow rate of Ar-

CH4 (5%), the results from pure N2 and N2-CO2 (990 ppm) experiments show an 

apparent increase in the N2O peak area with the increased flow rate before reaching 
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a certain level of flow rate.

The discrepancies in peak areas between N2-CO2 (990 ppm) and pure N2

experiments could originate from the increased electron pool due to the existence 

of CO2 as excess electron supplier in ECD. In this case, the flow rate with 

maximum N2O peak area in N2-CO2 (990 ppm) experiment may reflect saturation 

level of CO2 electron supply as suggested in previous studies (Wang et al., 2010; 

Zhang et al., 2013).

Under the same context with CO2, CH4 in Ar-CH4 (5%) can also provide 

excess electrons to the ECD by the endothermic electron, emitting reaction. 

Because CH4 has lower ionization potential than CO2, CH4 acts as a more efficient 

electron supplier in the ECD (Zheng et al., 2008; Pellizzari, 1974). In experimental 

condition, 5% of CH4 could supply sufficient amount of electrons to ECD even at 

meager flow rates. 

The common decline pattern of N2O peak area at high flow rates of all three 

types of makeup gas was also found. This pattern might be related to a fraction of 

the sample gas to the carrier and makeup gases in the detector. As the flow rate of 

the makeup gas increases, the relative amount of the sample gas over the carrier 

and makeup gases decreases, and the electron capture efficiency of N2O can be 

reduced. Therefore, by reducing the flow rate of the makeup gas, I can obtain larger 

peak areas with the same amount of sample. However, the scarce flow rate of the 

makeup gas does not provide a stable current of electrons in the detector, which 

creates higher noise over signal ratios. I optimized the makeup gas flow rate at 20 

cm3 min-1 for an ice core sample of ~20 g, where I can extract about 2 cm3 of air 

at standard temperature and pressure (STP) conditions. Based on the tests described 
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above, I finally selected Ar-CH4 (5%) gas as the makeup gas for ECD because it 

produces a more stable and sensitive response to N2O concentration than others. 

Table 3 summarizes the optimized settings for GC.

2.5. Correction for re-trapped air

The melt-refreezing extraction method was firstly developed for measuring 

CH4 in the ice core samples, where CH4 has ~20 times lower solubility than that of 

N2O at 0 ºC fresh water condition (Raynaud et al., 1988; Chappellaz et al., 1993; 

Mitchell et al., 2013; Yang et al., 2017). During melting procedure, some part of air 

can dissolve in ice melt. Refreezing step is employed to reduce the amount of 

dissolved gas in the ice melt. However, the accurate correction for re-trapped N2O 

in ice melt should be accomplished.

The previous studies adopted bubble-free ice experiment to correct the re-

trapped N2O in the ice melt (Flückiger et al., 1999; 2004; Spahni et al., 2005; Schilt 

et al., 2010). They used several pieces of bubble-free ice with air based calibrated 

standard N2O instead of actual ice core samples, and those went through the same 

experimental procedures. In this experiment, they determined the loss of N2O from 

the initially injected standard air during the melt-refreezing procedure and then 

corrected all ice core N2O results by assuming the N2O loss of ice sample is equally 

to that of the bubble-free ice.

However, this approach may not adequately reflect the actual N2O re-trapped 

in the refrozen glacier ice because actual bubbly ice can behave differently from 

the bubble-free ice. Thus, I tried to directly quantify the re-trapped N2O by 

introducing additional evacuation, melt-refreezing and GC measurement steps. For 
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the additional procedure, I used a new capacitance transducer (Baratron 722B 

[0.5% accuracy, 0.1-100 mTorr range], MKS, USA) due to relatively small amount 

of re-trapped air. In typical conditions, the pressure of re-trapped air covered from 

10 to 50 mTorr, three orders smaller than that from first extraction procedure. Also, 

I employed a high concentration N2O standard air of 9900 ppb to measure the re-

trapped N2O precisely, considering its high solubility in water.

I measured the re-trapped N2O from 76 pieces of actual ice core samples and 

87 bubble-free ice pieces. The analytical error during the additional analytical step 

for re-trapped air in the ice melt was ~0.2 ppb. The amount of re-trapped air from 

ice core samples and bubble-free ice pieces varied significantly in daily

experiments (Figure 7). The average fraction of re-trapped air to firstly extracted 

air for actual ice core sample and bubble-free ice was clearly different; 0.31 ± 

0.10% and 0.14 ± 0.04%, respectively. On the other hand, the concentrations of re-

trapped N2O in actual ice core samples and bubble-free ices were 5800 ± 2100 ppb 

and 6000 ± 2100 ppb, showing no clear difference.

To further investigate reason for the difference in the amount of re-trapped air, 

I first tested the effect of ice chemistry on the amount of re-trapped air with two 

types of bubble-free ice; one was made of high purity water (i.e., the ice I use for 

daily offset correction) and the other was made of ice core ice. I prepared the 

bubble-free ice core ice by repeating gas extraction (melt-refreezing) and 

evacuation with ice core sample; thus, the ice chemistry is identical to ice core 

sample, but it is almost gas free. The amount of the residual gas in the bubble-free 

ice core ice was checked by measurement of pressure after one more melt-

refreezing extraction, and I found the pressure of the remnant gas was lower than 
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the detection limit of the capacitance transducer (0.1 mTorr). Then, I examined the 

influence of solubility originating from different ice chemistries (Weiss and Price, 

1980). After evacuating sample cups with the two types of bubble-free ice, same 

amount of standard air (329.9 ppb N2O) was introduced to the sample cups. The 

amount and N2O concentration of the re-trapped gas was analyzed after evacuation 

and a more gas extraction (melt-refreezing). These measurements were conducted 

for 11 ice core ice and 8 high-purity ice. The fraction of re-trapped air of bubble-

free ice core ice and high-purity ice were 0.16 ± 0.03% and 0.14 ± 0.04%, 

respectively, and the measured N2O concentration of re-trapped air did not show 

clear difference (5100 ± 800 ppb vs 5600 ± 1300 ppb). The results demonstrated 

that the significantly large amount of re-trapped air in actual ice core samples did 

not originate from the ice chemistry.

A plausible cause for the enhanced amount re-trapped air in ice core ice 

compared to the bubble-free ice (0.31% vs. 0.14%) can be associated with physical 

characteristics of the ice core (Carte, 1961). The pressurized gas bubbles in ice core 

perturb the ice melt by bubbling during ice melting and may facilitate gas 

dissolution in water. These results indicate that the bubble-free ice experiments 

with high-purity ice should not be considered as the same condition with actual ice 

core experiments, as assumed in the previous studies.

On the other hand, the N2O concentrations of re-trapped air in both ice core 

and bubble-free pure ice were similar and only ~20 times higher than its original 

mixing ratio. If I postulated the complete equilibrium between gas and water at 0 

ºC (Fogg and Sangster, 2003). Although this lowered N2O in re-trapped air might 

be attributed to the extraction procedure, the causes were not discussed far in this 
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research.

In the results, correction for the re-trapped N2O in ice core samples 

corresponded to ~16.5 ppb, ~6% of total N2O concentration, varying significantly 

through ice pieces in the daily experiments. Regarding all these problems discussed 

above, I concluded that I should correct for the re-trapped N2O by direct analysis of 

the re-trapped air for each ice sample.

2.6. Blank correction

In the bubble-free ice experiments, I found a discrepancy in the N2O 

concentration level between the assigned concentration of the standard air and my 

measurement results (after the re-trapped N2O was corrected). Although the results 

from four pieces bubble-free ice in a single day measurement agreed well in 

standard deviation (1σ) of 1.4 ppb on average, the systematic offset for 23-day 

experiment varied in the day-to-day analysis. This was also reported from other ice 

core studies and was supposedly regarded to be caused by contamination during the 

gas extraction procedures from adsorption-desorption reaction or friction on metal 

surface of the extraction system (Sowers et al., 2000; Ahn et al., 2009; Bereiter et 

al., 2013). Thus, I presumed this systematic offset accounts for daily-varying 

system condition, and the offset was applied uniformly to all ice core results from a 

daily experiment.

The final uncertainty of our ice core data was defined as the pooled standard 

deviation (PSD, 1σ) of 76 pieces of Styx Glacier ice core samples from 22 different 

depths (16 sets of quadrupled ice pieces and six sets of duplicated ice). This 

definition of uncertainty is consistent with those in other previous studies 
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(Macfarling-Meure et al., 2006; Schilt et al., 2010) which used the standard 

deviation (1σ) of replicates or adjacent ice samples as the uncertainty. In our study, 

the analytical uncertainty estimated for the Styx ice is 1.5 ppb.

2.7. Method validation and implications for future research

In In order to examine the precision of our technique, we quadruplicated ice 

core samples at the same depth and measured each duplicated pair with time 

intervals of several days to months. Shallow ice core samples from Styx Glacier,

East Antarctica (73° 51.10’ S, 163° 41.22’ E, 1623 m in altitude) were used for 

this purpose (Han et al., 2015). The mean annual temperature and snow 

accumulation rate of the drilling site were -31.7 ºC and 0.13 Mg m-2 yr-1, 

respectively. 

The results from two different day experiments on same depths accord well 

within the error range (Figure 8a). We also conducted a t-test for each measurement 

set (Table 4). For two-pair sets from 16 depths, we calculated the t-value with the 

pooled standard deviation (PSD, 1σ) of the means of 32 pairs. At the confidence 

level of 95%, all data points were placed, indicating the lack of significant 

differences between the two sets of results obtained on different days.

Comparison with the dry extraction method was conducted to test whether our 

melt-refreezing method accurately corrected for the re-trapped N2O in melting ice. 

The dry extraction is less efficient in experiment time but helps to avoid N2O 

dissolution in melting ice. We utilized the needle crusher system installed at Seoul 

National University for ice core CO2 analysis (Ahn et al., 2009). The results from 

the dry extraction method at six depth intervals agree well with those from the 
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melt-refreezing method at a confidence level of 95% (Figure 4a and Table 5). 

Our data from the Styx Glacier ice core shows variations in the centennial-

scale (Figure 8b). We synchronized the Styx gas age by the correlation of CH4 with 

the WAIS Divide ice core timescale (WD2014) (Yang et al., personal 

communication) and plotted them together with previous N2O records. Although 

we cannot exclude the possibility of N2O artifacts from in-situ contamination, our 

method suggests that there might be a potential of short-term N2O variations. The 

high precision of our new N2O measurement techniques will allow the 

investigation of atmospheric N2O concentration with higher temporal resolution 

than the existing records and permit the decipherment of the control mechanisms.
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3. Results

3.1. N2O concentration during the past two millennia

High precision N2O records were obtained from Styx Glacier and NEEM ice 

samples with a mean uncertainty of 1.9 ppb. The gas ages of Styx Glacier ice were 

synchronized with WAIS (West Antarctic Ice Sheet) Divide core records on 

WD2014 age scale by CH4 correlation (Sigl et al., 2016; Yang et al., in preparation). 

The gas chronology of NEEM ice for the last 1800 years (to 270.58 A.D. at depth 

of 408.96 m) was constrained with NEEM S1 high-resolution CH4 records and the 

ice age-gas age difference (Δage) of 182+3/-9 years (Rohdes et al., 2013). The age 

of NEEM ice sample at depth of > 408.96 m was estimated by extrapolation of the 

depth-age relation at shallower depths. I assume that the age uncertainty of sample 

below 408.96 m is 20 years, twice larger than the mean age uncertainty of the 

NEEM ice samples at the shallower depths.

With the individual chronologies, Styx and NEEM N2O records are plotted 

(Figure 9). For Styx Glacier, 265 pieces of ice samples from 142 different depths 

were analyzed with a mean temporal resolution of ~13 years, covering 500-1880 

A.D. The NEEM data extends the N2O records to 200 BC, with 308 measurements 

from 142 different depths, yielding a mean temporal resolution of ~14 years. 

NEEM and Styx ice samples for 34 depths were re-measured with time intervals of 

several days to months to confirm the reproducibility of measurements. The results 

agreed well within the uncertainty range. 

The both NEEM and Styx N2O records show drastic increases and decreases 

on centennial to multi-centennial timescales. Especially for the last millennium, 
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there exist several abrupt changes accompanying variation of 2 ± 1 ppb in a decade, 

similar to modern increasing rate influenced by anthropogenic sources. 

Considering the smoothing effect occurred during the firn densification and bubble 

close-off process in the firn layer, the actual atmospheric N2O change would be 

faster. In a previous study, artifacts from in-situ microbial activities were reported 

for abnormally high N2O values (Miteva et al., 2008). However, this is not the main 

cause of the abrupt changes in the Styx and NEEM records because the two 

different ice cores show coincidental N2O changes despite their different Δages, 

strongly supporting that the rapid changes on centennial-scale change are robust.

While the sudden N2O decreases and increases concurrently occur in both 

NEEM and Styx ice core records, the amplitudes of those rapid changes are 

different (Figure 9). The gas age in an ice core has a distribution by gradual bubble 

close-off and diffusion in the firn layer (Schwander et al., 1993; Trudinger et al., 

1997; Buizert et al., 2013). Thus, we may observe different degrees of smoothing 

of gas records, depending on glaciological conditions at coring sites. The NEEM 

ice has almost twice higher snow accumulation rate than that of Styx Glacier (0.22 

Mg m-2 yr-1 vs 0.13 Mg m-2 yr-1). As a result, the smoothing window of NEEN ice 

is likely narrower than Styx ice. However, the amplitude of NEEM N2O does not 

always larger than Styx N2O, indicating there are other factors or possible 

alteration in minor level which contribute to amplitude of N2O.

To make the composite record Monte Carlo simulations were carried out. 

1000 different sets of N2O composite were produced by combining NEEM and 

Styx records, in which each N2O data point varies randomly with Gaussian 

propagation in its uncertainty. For each produced N2O dataset, a smoothed record 
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was produced with a 50-year cutoff window using the method of Enting (1987), 

reflecting the error of each data point. The smoothed data had 10 years temporal 

resolution, similar to that of the original composite data. The average of the 1000 

composite records were used for the final composite data and the uncertainty 

envelop was obtained from two times of the standard deviation (2σ) of the 1000 

N2O datasets (Figure 9). In the N2O composite records, multiple centennial scale 

local minima are identified. In addition, the long-term trend indicates a gradual 

decrease until 600 A.D. and a following increase, confirming the local minimum at 

600 A.D. as shown in previous low-resolution ice core records (Fluckiger et al., 

2004; Macfarling-Meure et al., 2006). 

3.2. Changes of N2O flux

By using a two-box model for atmospheric N2O concentration proposed by 

Schilt et al. (2014), total N2O flux change was calculated. The originally proposed 

two-box model is composed of four components: stratosphere, troposphere, 

terrestrial source, and oceanic source (Schilt et al., 2014). However, in this study 

the terrestrial and oceanic sources are combined because the two sources cannot be 

separately constrained due to lack of high temporal resolution N2O isotopic data. 

Three governing equations and basic schematics of the modified two-box model 

are shown in Figure 10a. Total N2O flux (Ftotal) and air mass exchange between 

troposphere and stratosphere (STE) control the tropospheric N2O concentration. 

The stratospheric N2O concentration is controlled by the stratospheric sink flux 

(Fsink) and the STE. Lifetime of N2O (τN2O), STE (Extrop,strat), and fraction of 

stratospheric air mass to total air mass (χstrat) are adopted from other studies 
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(Ishijima et al., 2007; Prather et al., 2012). The Styx N2O record is splined with a 

cutoff age of 50-year using the method of Enting (1987). 1000 series of modeling 

results were obtained from randomly resampled N2O records assuming normally 

distributed uncertainty. Whole datasets are averaged, and uncertainty is estimated 

from 2σ of the modelling results. Figure 10b shows calculated total N2O flux 

change from the two-box model.

The model results for the total flux ranges from 6.5 to 11.5 TgN yr-1. Like the 

reconstructed N2O concentration, the total flux also shows several dramatic 

increases and decreases with time lagging of ~50 years. 

3.3. Wavelet transform and spectral analysis

Spectral analysis on climate and N2O data may help us decipher the control 

mechanisms. The periodicity of N2O concentration change and total N2O flux data 

from two-box model were analyzed by wavelet transform method (Figure 11). The 

strong periodicity is found near 120 to 250-year on both concentration and flux 

data (p<0.05). Therefore, the 120 to 250-year cycle may be considered as the 

predominant period during the last two millennial N2O variations (Figure 11).
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4. Discussion

The past two millennia had been reported to suffer several solar minima and 

maxima events, which are supposed to be relevant to ~210 years ‘de Vries cycle’ of 

sun (Steinhilber et al., 2012; Usoskin et al., 2014). The periodicity of 210-year 

solar cycle is similar to the dominant period of N2O fluctuations (120 to 250-year, 

Figure 11). Therefore, I focus on investigating the connection between centennial 

N2O changes and solar variation during the past two millennia.

The solar activity variation was suggested as the plausible ultimate climate 

forcing during the past two millennia. As an example, the Little Ice Ages (LIA), a 

cold period covering 1300 to 1850 A.D., was postulated to be caused by decreasing 

solar irradiance through Spörer and Maunder minimum periods (Steig et al., 1996; 

Bard et al., 2000; Steinhilber et al., 2012). The global monsoon regulating 

precipitation in the greater parts of tropical and subtropical regions was also 

considered to be governed by the solar activity changes (Liu et al., 2009). In 

addition, the centennial-scale El Niño mean state change during the last millennium 

was also suggested to be connected with the solar forcing variations (Mann et al., 

2005). Obviously, the solar activity variations can exert significant impacts on N2O 

sources with various pathways (Figure 12). In this context, I discuss the potential 

connections between the N2O concentration and the solar activity.

4.1. Centennial N2O variations and solar irradiance change

Considering the diverse ways of solar variation influencing on the sources of 

atmospheric N2O, I compared the new ice core N2O records with total solar 
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irradiance anomaly (dTSI) (Figure 13). The solar activity proxy was reconstructed 

by combining ice core 10Be data with 14C from tree-rings (Steinhilber et al., 2012). 

Over the two millennia, the correlation between the solar forcing and N2O is weak. 

However, in particular, from onset of Medieval Warm Anomaly to mid of Little Ice 

Age, N2O concentration and solar activity shares their phases (from 1100 to 1700 

A.D.). Since both the N2O and solar forcing in this period show greater variations 

than the rest parts in the past two millennia, we may speculate that the strong 

changes in solar cycle might have triggered abrupt increases and decreases of N2O. 

Because the solar activity is not directly linked to the N2O variation, N2O source 

flux might have been affected by solar forcing via changes in precipitation, soil 

temperature and ocean circulation.

4.1. Terrestrial source variations

The finding of centennial-scale drastic N2O changes and estimated flux 

changes indicate the natural budgets of N2O can be significantly varied in short-

term scale. By analogy, we may use atmospheric CO2, of which terrestrial source 

strength changes are generally considered to be more volatile and sensitive than 

response of oceanic source (Bauska et al., 2015; Rubino et al., 2016). Although the 

N2O sources in terrestrial regions are different from those of CO2, considering their 

substantial portion on global N2O emission, variations in terrestrial source strength 

can be a strong candidate for the observed centennial N2O variability. The two 

predominant climate factors which regulate the terrestrial N2O emissions are soil 

moisture content and temperature, and other controlling factors including soil N 

and C availability exert only minor contribution to the terrestrial N2O fluxes 



34

(Butterbach-Bahl et al, 2013). The soil moisture and temperature are also known to 

be deeply related to solar activity changes (Mann et al., 2003; Moberg et al., 2005; 

Liu et al., 2009). In this context, I compare the new N2O records with soil moisture 

content and temperature proxies to investigate the interrelationship between 

climate in terrestrial regions and N2O emission.

4.2.1. Soil moisture content

High water contents in soil make oxygen-depleted condition, facilitating 

denitrification reaction and N2O emission (Butterbach-Bahl et al, 2013). In humid 

conditions, N2O fluxes from both natural and agricultural processes generally 

increase. Especially, with organic-residue, high water content of soil usually makes 

‘N2O hot spot’, the episodic N2O emission from microbial communities in soil 

(Kravchenko et al., 2017). Due to the microscale nature of N2O production, the 

field-scale N2O flux data do not agree well. However, most soils show optimum of 

N2O emissions under the wet environment where Water Filled Porous Space 

(WFPS) is near ~80% (Zechmeister-Boltenstern et al., 2007).

The natural N2O emission from land is strong near the tropical regions such as 

Amazon, Northeastern Africa and Southern Asia, where the precipitation is 

governed by seasonal monsoons. The N2O fluxes from tropical rainforest is 

estimated to ~60% of total natural soil N2O emission. If open tropical forests such 

as shrubland, savanna and tropical woodland are considered together, the tropical 

terrestrial N2O flux constitutes more than ~70% of the total terrestrial N2O 

emission (Stehfest and Bouwman, 2006). Global soil N2O modeling study reveals 

that the N2O fluxes from these regions are highly affected by moisture content 
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change (Saikawa et al., 2013). To estimate the influence of soil moisture content on 

atmospheric N2O concentration, I used Palmer Drought Severity Index (PDSI) as 

the proxies of soil moisture content. Since the soil moisture content is not only 

controlled by precipitation and related to many other factors, PDSI from tree ring 

data based modelling can be more effective data for reflecting the soil moisture 

content (from National Center for Atmospheric Research). Since the existing PDSI 

data for the past millennia are limited to only North America and South Asia, I used 

PDSI in South Asia for comparison, which is thought to be one of the largest areas 

of N2O emissions from natural and agricultural land (Stehfest and Bouwmann, 

2006). The PDSI data have positive values (negative values) in wet conditions (dry 

conditions). 

Both PDSI data and N2O concentration records were 50- to 300-year bandpass 

filtered for 1300 to 1800 A.D. Pearson’s r correlation coefficient was calculated for 

2.5° by 2.5° grid boxes covering 8.75°S to 56.25°N and 61.25°E to 143.75°E. 

Considering possible age uncertainty of the data (10 years on average) and 

response time of atmospheric N2O changes to drought signal, I calculated the 

correlation coefficient by adjusting time lags (no lag, 10 years, 20 years, and 30 

years). Only significant values (p<0.05) are plotted in Figure 14.

Strong positive correlations between the drought index and N2O are observed 

near Southeast Asia and equatorial regions on 0-30 year time lag scenarios. These 

regions experience monsoon climates. Especially in equatorial regions, El Niño 

Southern Oscillation (ENSO) shifts Indo-Pacific warm pool position and governs 

major precipitation events. For example, the precipitation increases during El Niño 

events, which may be favored during weak solar forcing (Mann et al., 2005). The 
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positive correlation between the ice core N2O record and the drought index 

indicates tropical hydroclimate might have contributed to short-term N2O variation 

control via solar forcing changes. Other major N2O source regions such as South 

America or West Africa will be necessarily investigated for further understanding.

4.2.2. Soil temperature

The temperature is also one of predominant control factors in soil N2O 

emission via metabolic rate change. In connection with biological respiration, the 

accelerated oxygen consumption under high temperature leads to further anoxic 

conditions where denitrification process is favored. 

To check the contribution of temperature on the N2O records are compared 

with surface global temperature reconstruction data (Figure 15). The temperature 

record was reconstructed with terrestrial and marine surface temperature proxies, 

covering the last 1500 years (Mann et al., 2009). To focus on centennial-scale 

changes during the last millennium, the records were 50-300 year bandpass filtered.

Although there is a well-known relationship between soil N2O flux and 

temperature changes in microscale studies, no significant correlation was found in 

this study. 

4.3. Oceanic source variations

In comparison with temperature reconstruction data, however, obvious 

negative correlations between N2O and SSTs Eastern Tropical South Pacific 

(ETSP) near Peruvian margin are observed, indicating the positive correlation 

between N2O and La Niña-like mean state. The strong trade wind could enhance 
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primary productivity in ETSP with intensified upwelling activity, and they would 

increase oxygen demand and denitrification rate (Deutsch et al., 2014). In addition, 

this strong wind results in shoaling of thermocline and can boost ventilation. Thus, 

the increasing denitrification and ventilation rate in La Niña-like mean state in the 

past may have caused substantial increase of marine N2O flux to atmosphere. The 

centennial-scale La Niña-like mean state may be controlled by solar activity 

strength (e.g., La Niña-like conditions during strong solar forcing) (Mann et al., 

2005). The correlation between the N2O ice core record and solar forcing proxy

record supports the idea that N2O is at least in part controlled by solar forcing via 

the oceanic process. However, the N2O can also be increased during the La Niña-

like conditions via terrestrial processes such as the increased precipitation in the 

Indo-Pacific warm pool, as shown in the correlation between N2O and PDSI (La 

Niña-like mean state, Figure 14).

The primary productivity and denitrification records from a sediment core in 

Peruvian margin were used to examine the oceanic N2O flux hypothesis. As the 

productivity proxies, the grayscale data were used, and δ15N of organic matter was 

adopted as the denitrification strength proxy (Agnihotri et al., 2008). Figure 16

shows the comparison between the ice core N2O concentration changes and both 

the δ15N and grayscale data. 

Both denitrification and productivity data show good correlations with the 

centennial N2O concentration changes. This supports the hypothesis that solar 

forcing controls N2O via the oceanic process in the Eastern Equatorial Pacific. 

Oceanic productivity and denitrification rates near Peru margin can increase due to 

the enhanced upwelling driven by La Niña-like mean state. Consequently, both 
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oceanic N2O production and ventilation rate can increase. However, after 1300 

A.D., the correlation between the marine records and N2O variations turns to anti-

phase relationship, probably implying that anthropogenic sources overcompensated 

the natural ones.

Oceanic temperature can also control atmospheric N2O via thermal solubility 

change (Nevison et al., 2005). This is a more direct pathway that oceanic 

temperature controls the N2O fluxes. Increasing seawater temperature can reduce 

the gas solubility, and thus the oceanic N2O flux (Weiss and Price, 1980; Goldstein 

et al., 2003). In the seasonal scale N2O variation, the oceanic solubility change was 

postulated to account for ~30% of total oceanic flux change, contributing a similar 

magnitude as those by stratosphere-troposphere exchange and oceanic ventilation 

(Park et al., 2012). The positive correlation between temperature and N2O 

concentration observed in most global ocean SST might imply the substantial 

solubility effect of the ocean (Figure 15). 

Though the relative significance was not quantitatively discussed in this study, 

the oceanic N2O fluxes appear to contribute to significant part of the centennial 

N2O variations. And in terms of ultimate forcing, the solar activity change might 

impact on both terrestrial and oceanic N2O source changes, controlling or 

interacting with temperature, precipitation, and internal oceanic and atmospheric 

modes.
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5. Conclusion

In this work, a highly improved analytical technique is developed for the 

study of the N2O concentration of ancient-air-trapped ice cores. The air occluded in 

ice is extracted by an improved melt-refreezing method and the N2O mixing ratio 

was determined by a gas chromatography-electron capture detector (GC-ECD). Re-

trapped N2O in ice during the extraction procedure is precisely analyzed and 

corrected. The blank correction are estimated with bubble-free ice and standard air. 

Using the high-precision technique, new high-resolution atmospheric N2O 

records are obtained from both Greenlandic NEEM and Antarctic Styx Glacier ice 

cores. The records cover the past two millennia and show centennial-scale N2O 

variations, which have not been reported in previous studies due to limited 

analytical uncertainty and/or sampling resolution. The timings of the rapid changes 

are coincident for both ice core records, and the rate of the abrupt changes are 

comparable to that of modern N2O increase affected by strong anthropogenic 

activities. Spectral analysis on the ice core records show a significant 120 to 250-

year cycle, similar to the well-known solar forcing cycle with a ~200-year period. 

To decipher the main controls of the atmospheric N2O changes, proxies for 

terrestrial and marine climates are compared with the N2O records. Among the 

terrestrial proxies, the PDSI record near equatorial western Pacific shows a positive 

correlation with the ice core N2O data. Because during La Niña-like state, the Indo-

Pacific warm pool moves westward and equatorial western Pacific has more 

precipitation, N2O production in land may have increased, although it is necessary 

to correlate the N2O records with the precipitation records in other major soil N2O 
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source regions such as South Asia, Western Africa and Amazon region. With 

respect to oceanic sources, the N2O records are negatively correlated with SSTs 

near Peru margin, indicating N2O increase during the La Niña-like state. Sediment 

core data from Peru margin further substantiate the enhanced N2O records with 

high productivity and denitrification rate during the La Niña-like state. Meanwhile, 

ocean SSTs show positive correlation with the N2O, implying the regulation of 

oceanic N2O fluxes by solubility change. Considering the positive correlation 

between the solar forcing and La Niña-like state conditions in East Equatorial 

Pacific, the elevated N2O during the strong solar forcing may imply that the 

external solar forcing can be the main driver of the natural N2O variations on 

centennial timescales.
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Table 1. Global N2O sources revised from Syakila and Kroeze (2011) and the IPCC 4th assessment report. Preindustrial N2O budget was 

estimated for 1700s. Agricultural sources are divided into direct and indirect emission (in anthropogenic direct sources, cultivated soils and 

fertilized and/or grazed grassland systems are concerned). Indirect emissions include N2O from reactive N leaching from runoff and drainage 

system. All numbers are in unit of TgN yr-1.

Preindustrial
(Syakila and Kroeze, 2011)

1990s

(IPCC 4
th 

Report, 2007)

2000s
(Syakila and Kroeze, 2011)

Natural 11.0 11 10.5

Soil - 6.6 (3.3-9.0) 6-7

Ocean - 3.8 (1.8-5.8) 3-4

Atmospheric chemistry - 0.6 (0.3-1.2) < 1

Anthropogenic 0.6 6.7 7.8

Energy, industry, biomass burning 0.1 2.0 (0.7-3.7) 1.9

Agriculture 0.5 4.7 (2.3-8.0) 4.9

  Direct emissions -   2.8 (1.7-4.8)   3.8

  Indirect emissions -   1.9 (0.6-3.2)   1.1

Ocean (reactive N) - - 1.0

Total 11.6 17.7 (8.5-27.7) 18.3
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Table 2. Present-day glaciological characteristics of Styx Glacier (Han et al., 2015) and NEEM drilling sites (Steen-Larsen et al., 2011) (m.i.e., 

meters ice equivalent). The average surface temperature data of Styx Glacier (marked with asterisk *) is referred to a newly measured value 

from borehole thermometry study with a 4-wire conductivity method (Yang et al., in preparation).

Styx Glacier NEEM

Latitude 73.85°S 77.45°N

Longitude 163.69°E 51.06°W

Elevation (m.a.s.l) 1623 2484

Accumulation rate (m.i.e.a-1) 0.13 0.22

Average surface temperature (°C) -31.3* -29.0
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Table 3. Gas chromatograph conditions optimized for N2O analysis

Carrier gas (N2) flow rate 35 cm3 min-1

Sample loop volume 5 cm3

Oven temperature 30 °C

Column material Polystyrene-divinylbenzene

Column film thickness 40.0 µm

Column internal diameter 530 µm

Column length 30 m

Flame ionization detector temeprature 200 °C

Flame ionization detector H2 flow rate 40 cm3 min-1

Flame ionization detector pure air flow rate 400 cm3 min-1

Flame ionization detector make-up gas (N2) flow rate 25 cm3 min-1

Electron capture detector temperature 390 °C

Electron capture detector make-up gas (Ar-CH4 5%) flow rate 20 cm3 min-1
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Table 4. The results of the reproducibility test for new N2O measurement system. 

The 32 pairs of duplicate Styx Glacier ice core samples from 16 depths were 

analyzed with different time intervals. The N2O concentrations are averages of 

duplicates from same depths. The results are corrected by daily blank correction

estimated from bubble-free ice measurements. The discrepancies between the two 

different experimental days are less than 2.0 ppb, and the two results sets accord 

well in a 95% confidence level.

Depth (m)
1

st
measurements 2

nd
measurements Difference (2

nd
-1

st
)

Conc. 
(ppb)

Date
(dd/mm/yy)

Conc. 
(ppb)

Date 
(dd/mm/yy)

Conc. 
(ppb)

time 
(day)

82.20 266.4 29/02/16 267.3 30/03/16 0.9 30

88.70 269.3 17/02/16 268.2 30/03/16 -1.1 42

112.70 272.0 23/02/16 271.2 30/03/16 -0.9 36

82.89 266.2 29/02/16 265.7 31/03/16 -0.5 31

90.80 265.9 17/02/16 265.8 31/03/16 0.1 43

115.70 269.0 23/02/16 269.2 31/03/16 0.2 39

68.7 278.7 24/02/16 276.8 18/06/16 -1.9 115

94.4 259.8 07/04/16 260.4 21/06/16 0.6 75

95.5 261.6 04/04/16 263.6 21/06/16 2.0 78

103.7 258.7 02/05/16 260.2 22/06/16 1.5 51

109.9 262.7 05/05/16 262.2 23/06/16 -0.5 49

110.7 263.9 05/05/16 263.7 23/06/16 -0.2 49

116.8 264.3 09/05/16 263.4 24/06/16 -0.9 46

117.8 259.0 09/05/16 259.1 24/06/16 0.1 46

132.6 266.2 08/03/16 265.1 26/06/16 -1.1 110

140.8 264.4 23/05/16 264.4 17/06/16 0.0 25
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Table 5. Comparison of the melt-refreezing method with a dry extraction method. I utilized the dry extraction method established for ice core 

CO2 analysis (Ahn et al., 2009). Shaded column shows differences between the two sets of results at each depth. Both are corrected for daily 

blank correction. Student’s t test indicates the two result sets are not significantly different at a confidence level of 95%.

Depth (m)
Melt-refreezing extraction

(wet extraction)
Dry extraction Difference (wet-dry)

Conc. (ppb) Date (dd/mm/yy) Conc. (ppb) Date (dd/mm/yy) Conc. (ppb) time (day)

11.57 273.7 15/02/16 272.5 18/03/16 1.2 32

114.74 270.9 15/02/16 270.2 21/03/16 0.7 35

151.03 262.5 16/02/16 264.9 17/03/16 -2.4 30

84.88 268.9 17/02/16 269.2 17/03/16 -0.3 29

105.81 267.6 23/02/16 268.8 22/03/16 -0.2 29

120.65 258.3 07/03/16 261.0 21/03/16 -2.7 14
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Figure 1. Nitrous oxide (N2O) cycle including both natural and anthropogenic emission pathways. The terrestrial and oceanic N2O production 

pathways are adopted from Raes et al. (2016) and Francis et al. (2007), respectively. Minor anthropogenic contributors except agricultural 

activities and raising livestock are not illustrated here.
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Figure 2. Locations of ice coring sites. (a) Styx glacier and (b) Location of previous snow/ice sampling sites in the Styx glacier area (Han et al., 

2015). (c) NEEM drilling site.
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Figure 3. Schematic front view of wet extraction line. The flange on the top of left sample cup shows the inner structure. Sample cups are bolted 

onto the Conflat flange (CF flange) and sealed with a copper gasket. A stirrer set in ethanol bath circulates ethanol to minimize temperature 

gradient in the bath. The wall of ethanol bath is double-walled. A bellows valve (Swagelok, USA) is attached on the bath wall to evacuate inside 

of the double-wall for providing high levels of thermal insulation.
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Figure 4. Schematic diagram for N2O measurement system. Instrumental set-up comprises GC analysis part and extraction part. Analyzing part 

includes partially customized gas chromatograph (GC-FID-ECD, Agilent 7890 B) for separating CH4 and N2O from the gas mixture and 

measuring the concentration of them. V1 and V2 represent two Valco six-port valves which are used for injecting sample gas into GC and 

changing the direction of sample gas flow between FID and ECD, respectively.
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Figure 5. The influence of ECD temperature on N2O and CO2 peak areas. During changing the temperature in ECD, other experimental 

conditions were maintained constant (makeup gas type: Ar-CH4 (5%), makeup gas flow rate: 20 cm3 min-1). Different temperature dependencies 

of N2O and CO2 were observed during stepwise rising and decreasing temperature with 10 ºC intervals from 200 ºC to 390 ºC.
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Figure 6. N2O peak area variations with changing make-up gas composition and flow rate while ECD temperature and other conditions remain 

constant (ECD temperature: 390 °C, Pressure of injected gas: 10.0 Torr, N2O concentration: 329.9 ppb). N2O peak area increased with N2 and 

N2-CO2 makeup gas flow rate at lower flow rates until the flow rate reached 7 and 3 cm3 min-1, respectively.
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Figure 7. The fraction of re-trapped air in refrozen ice after the first melt-refreezing procedure. Circles are the results of the ice core samples 

from Styx Glacier, Antarctica. The triangles are those from the bubble-free ice with the standard gas (329.9 ppb of N2O, calibrated at NOAA).
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Figure 8. Styx Glacier N2O measurements for the method verification. (a) 

Reproducibility and accuracy checks. The results on a day (red dots) agree well 

with those of another day (black triangles) with intervals of several weeks to 

months. The blue diamonds represent the results from a dry extraction method

(Ahn et al., 2009) which avoids ice melting. Ages of the Styx Glacier ice core 

(Yang et al., in prep.) are constrained by methane correlation with WAIS Divide 

record (Mitchell et al., 2013) (b) Comparison with existing N2O records during the 

last two millennia, obtained from ice cores (Machida et al., 1995; Flückiger et al., 

2002; Macfarling-Meure et al., 2006; Schilt et al., 2010) firn air and directly 

collected air on the surface at Cape Grim station.
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Figure 9. N2O concentration reconstructed from NEEM ice (blue diamonds) and Styx Glacier ice (red circles). Each error bar represents 

standard error of the mean (SEM, n=2). The composite dataset was obtained by averaging 1000 runs of Monte Carlo simulations. For each run, 

the N2O data were resampled, in which each data point varies randomly with Gaussian propagation in its uncertainty. And then, the resampled 

ice core N2O records were smoothed by 50-year cut off age with considering age uncertainties (~10 years) referring Enting (1987). Black line 

represents the mean N2O concentration 1000 datasets and gray area indicates two times of the standard deviation (2σ).
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Figure 10. Two-box modelling. (a) Schematic diagram of the two-box model and fundamental equations comprising the model (modified from 

Schilt et al., 2014) and (b) Total N2O flux calculated from the two-box model. The gray area indicates 2 of 1000 sets of model results. The input 

N2O records were randomly resampled assuming the normal distributions of each data point in the uncertainty range.
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Figure 11. The periodicity of N2O estimated from wavelet transform method. (a) Wavelet transform of 50-year smoothed N2O data and (b) 

wavelet transform of total N2O flux data from two-box model (black line indicate significance of p<0.05).



70

Figure 12. The various pathways of regulating N2O sources by solar activity changes.
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Figure 13. N2O records were compared with total solar irradiance anomaly (dTSI, Steinhilber et al., 2012). Four major solar minimum events 

(Oört, Wolf, Spörer, and Maunder minimum) in last millennium were marked with blue or purple shadows, representing well or poorly 

correlated with N2O decrease. Orange shadows indicate local solar maxima corresponding N2O rising.
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Figure 14. Correlation coefficients (Pearson’s r, p<0.05) between N2O 

concentration and Palmer Drought Severity Index (PDSI) from 1300 to 1800 A.D. 

Both data were 50- to 300-year bandpass filtered. Time lags (no lag, 10 years, 20 

years, and 30 years) are considered to account age uncertainty and response time of 

N2O flux changes to the PDSI.
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Figure 15. Pearson’s correlation coefficient map for N2O and surface temperature reconstruction data for 1000 to 1800 A.D. (Mann et al., 2009). 

Most data were statistically significant (p<0.05, null hypothesis is r = 0).
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Figure 16. Peru margin denitrification and primary productivity data during the last 2,300 years. Comparison between N2O concentration and 

both δ15N and grayscale data on decadal to centennial time scales (Agnihotri et al. 2008). Higher δ15N and grayscale data represent higher 

denitrification rate and productivity, respectively. The data used are 50- to 300-year bandpass filtered. Most of the local N2O minima 

coincidently occurred with the timings of decreased denitrification and productivity. However, around after 1300 A.D., anti-phase variations are 

observed (area with gradation).
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Appendix

Ice core samples from Styx Glacier and NEEM sites were measured with 

a newly improved melt-refreezing method (Ryu et al., 2018). All ice core samples 

are duplicated, and some of them were quadruplicated to estimate the 

reproducibility of ice core N2O measurement and homogeneity. Error used in this 

study is defined as standard error of the mean (SEM, n=2 or 4). Both Styx and 

NEEM N2O data sets used here were not corrected for gravitational fractionation 

(Schwander, 1989).

Table A1. Styx Glacier ice core N2O concentration data (concentration data with 

asterisk (*) indicates the values affected by contamination during the experiments).

Age
(year A.D.)

Depth 
(m)

1st measurement 2nd measurement
Average 

(ppb)
Error
(ppb)Conc.

(ppb)
Conc. 
(ppb)

Conc. 
(ppb)

Conc.
(ppb)

1878.1 68.73 279.8 277.6 276.9 276.7 277.8 0.7

1868.9 69.69 276.1 275.6 275.8 0.2

1859.9 70.59 275.1 273.0 274.1 1.1

1849.0 71.70 282.6* 281.0* 272.4 272.0 272.2 0.2

1842.4 72.37 273.5 270.6 272.1 1.5

1830.1 73.62 272.0 268.8 270.4 1.6

1820.8 74.57 271.7 271.1 271.4 0.3

1809.9 75.68 271.9 268.5 270.2 1.7

1803.0 76.38 268.8 268.1 268.5 0.3

1793.2 77.39 267.3 266.1 266.7 0.6

1785.8 78.14 267.9 266.6 267.2 0.6

1775.1 79.22 268.7 265.6 267.1 1.5

1765.7 80.18 266.8 264.0 265.4 1.4

1757.3 81.17 268.2 265.2 266.7 1.5

1750.2 82.20 268.1 264.6 268.7 265.9 266.8 0.9

1745.4 82.89 267.0 265.5 266.3 265.1 266.0 0.4

1738.1 83.97 266.9 264.1 265.5 1.4

1731.8 84.88 270.2 267.6 268.9 1.3

1731.4 85.44 269.4 266.8 268.1 1.3

1713.1 86.93 264.2 261.6 262.9 1.3

1703.9 87.72 272.3 266.3 264.8 263.3 266.7 2.0

1692.4 88.70 271.0 267.6 269.4 267.0 268.7 0.9

1681.5 89.64 265.8 264.5 265.1 0.6

1668.6 90.76 267.1 266.0 266.6 0.6
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1667.9 90.80 266.6 265.1 267.6 264.0 265.8 0.8

1659.4 91.55 264.8 263.5 264.1 0.6

1648.7 92.45 261.7 258.9 261.5 259.3 260.3 0.7

1635.9 93.54 262.0 259.1 260.5 1.5

1626.0 94.39 261.1 258.5 261.4 259.5 260.1 0.7

1613.5 95.46 263.4 259.8 263.8 263.5 262.6 1.0

1604.1 96.26 265.8 265.0 267.5 263.8 265.5 0.8

1593.2 97.20 270.7 267.8 269.3 1.5

1579.5 98.35 266.2 263.7 265.0 1.2

1561.6 99.81 264.5 263.9 264.2 0.3

1540.4 101.22 266.1 264.8 265.5 0.7

1534.5 101.90 264.5 261.1 262.8 1.7

1522.3 102.80 260.2 256.6 258.4 1.8

1510.0 103.74 260.0 257.4 261.7 258.7 259.5 0.9

1496.9 104.74 273.5 259.1 269.1 265.3 266.7 3.0

1482.9 105.81 268.6 266.6 267.6 1.0

1469.8 106.80 266.4 265.6 266.0 0.4

1456.2 107.84 263.1 263.1 263.1 0.0

1445.1 108.69 267.6 266.7 267.2 0.4

1429.2 109.89 263.4 262.1 262.3 262.2 262.5 0.3

1418.0 110.75 265.4 262.3 265.1 262.3 263.8 0.9

1407.4 111.57 274.3 273.1 273.7 0.6

1406.7 111.63 274.3 271.1 272.7 1.6

1392.5 112.70 273.9 270.1 272.4 269.9 271.6 0.9

1380.9 113.58 269.8 267.9 268.9 0.9

1365.8 114.74 272.5 269.3 270.9 1.6

1353.1 115.70 270.2 267.8 270.3 268.0 269.1 0.7

1339.1 116.76 264.8 263.8 264.6 262.1 263.8 0.6

1325.9 117.76 259.8 258.3 259.5 258.8 259.1 0.3

1314.9 118.62 307.4* 257.7 264.2 263.5 261.8 2.1

1303.3 119.49 262.1 260.6 261.4 0.7

1288.1 120.65 259.8 256.8 258.3 1.5

1274.6 121.68 263.1 259.2 261.2 2.0

1264.3 122.47 263.5 262.2 262.9 0.6

1249.9 123.57 266.5 266.3 266.4 0.1

1238.2 124.49 267.0 263.3 265.2 1.9

1224.7 125.51 264.7 264.3 264.5 0.2

1209.9 126.62 268.5 267.2 267.9 0.7

1196.3 127.51 265.1 261.9 263.5 1.6

1178.5 128.65 266.4 263.1 264.7 1.6



77

1165.8 129.49 264.6 263.3 264.0 0.7

1163.0 129.65 264.3 262.3 265.0 261.6 263.3 0.8

1149.1 130.54 264.8 260.7 262.7 2.0

1117.2 132.59 266.6 265.8 266.0 264.1 265.6 0.5

1106.1 133.31 314.8* 258.8 260.6 259.6 259.7 0.5

1090.2 134.33 261.2 259.6 260.4 0.8

1077.8 135.22 264.1 263.3 263.7 0.4

1066.0 136.21 270.5 268.1 269.3 1.2

1054.2 137.22 268.4 266.9 267.6 0.8

1045.1 138.00 268.5 267.2 267.9 0.6

1034.3 138.97 267.4 266.0 266.7 0.7

1022.1 140.01 271.4 262.3 267.2 264.1 266.2 2.0

1013.0 140.80 265.5 263.4 265.3 263.5 264.4 0.6

1002.3 141.81 268.3 264.9 266.6 1.7

989.6 143.02 268.1 266.9 267.5 0.6

981.6 143.80 267.1 263.5 265.3 1.8

970.5 144.80 260.5 260.2 260.4 0.1

945.4 145.96 262.3 258.1 263.4 261.4 261.3 1.1

925.6 146.82 263.3 260.6 262.0 1.4

895.7 148.11 262.1 262.0 262.0 0.1

876.0 148.96 265.7 264.0 264.8 0.8

848.2 150.16 265.3 266.4 265.2 265.6 0.4

828.2 151.03 264.5 260.7 262.6 1.9

807.6 152.08 262.9 261.2 262.1 0.8

796.5 152.65 266.0 263.5 264.8 1.2

780.4 153.68 263.1 260.9 262.0 1.1

763.6 154.74 260.3 258.7 259.5 0.8

746.7 155.68 260.0 259.0 259.5 0.5

732.0 156.35 260.8 259.6 260.2 0.6

705.0 157.62 262.1 259.4 260.8 1.3

684.9 158.53 259.4 257.8 258.6 0.8

666.7 159.72 259.5 259.2 259.3 0.2

653.1 160.71 265.6 262.0 263.8 1.8

645.0 161.30 261.8 258.6 260.2 1.6

628.8 162.48 266.1 258.9 261.3 260.5 261.7 1.5

617.6 163.29 259.8 256.7 258.3 1.5

599.8 164.45 261.6 258.1 259.9 1.7

578.3 165.64 260.0 257.3 258.7 1.3

560.7 166.61 257.0 256.0 256.5 0.5
542.6 167.61 259.5 257.4 258.4 1.1
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Table A2. NEEM ice core N2O concentration data (concentration data with asterisk 

(*) indicates the values affected by contamination during the experiments).

Age
(year 
A.D.)

Depth 
(m)

1st measurement 2nd measurement
Average 

(ppb)
Error
(ppb)Conc.

(ppb)
Conc. 
(ppb)

Conc. 
(ppb)

Conc. 
(ppb)

1831.0 100.72 263.9 261.5 262.7 1.2

1819.0 103.47 263.5 260.7 262.1 1.4

1811.4 105.12 270.9 268.2 269.5 1.4

1798.6 107.87 268.3 266.7 267.5 0.8

1788.5 110.07 265.7 263.0 264.3 1.4

1776.6 112.82 269.4 268.0 268.7 0.7

1769.2 114.46 265.6 268.0 266.8 1.2

1756.5 117.33 267.1 263.8 265.5 1.7

1748.8 118.87 268.7 265.9 267.3 1.4

1736.1 121.62 266.7 269.0 267.9 1.1

1725.9 123.82 265.2 262.8 264.0 1.2

1713.3 126.57 263.8 264.1 264.0 0.2

1705.5 128.22 262.0 264.9 263.4 1.4

1696.7 131.08 265.4 262.6 264.0 1.4

1680.0 132.62 268.1 264.8 266.5 1.7

1670.0 135.35 269.6 269.5 269.0 266.4 268.6 0.8

1660.4 137.57 264.9 266.6 265.8 0.9

1649.7 139.77 260.8 265.4 263.1 2.3

1635.4 143.07 264.1 262.2 263.1 1.0

1625.4 145.27 262.0 265.2 263.6 1.6

1610.0 148.02 265.9 263.6 264.7 1.1

1597.0 151.32 268.5 267.7 268.1 0.4

1592.4 152.42 264.2 266.0 265.1 0.9

1579.0 155.17 268.8 268.1 268.5 0.4

1565.2 157.99 269.7 267.6 267.4 264.0 267.2 1.2

1555.6 160.12 269.4 266.6 268.0 1.4

1544.4 162.35 266.1 266.4 266.2 0.1

1541.8 162.87 267.0 273.1 270.1 3.0

1528.7 165.62 261.1 258.3 259.7 1.4

1507.1 171.08 261.0 259.2 260.1 0.9

1506.8 170.13 264.3 266.9 265.6 1.3

1487.5 173.83 259.0 260.9 259.9 1.0

1487.2 173.88 259.9 256.9 258.4 1.5
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1486.9 173.93 259.8 259.7 259.7 0.0

1486.7 173.98 262.9 262.8 262.8 0.0

1479.0 175.51 262.6 266.5 264.6 2.0

1466.3 178.27 262.2 259.2 260.7 1.5

1444.5 182.67 263.1 259.8 261.5 1.7

1422.1 187.15 262.8 264.7 265.0 263.4 264.0 0.5

1414.3 188.72 261.5 264.9 263.2 1.7

1402.0 191.47 271.6 273.0 272.3 0.7

1394.6 193.08 266.8 265.5 266.1 0.7

1380.1 195.83 264.8 263.3 264.0 0.7

1366.6 198.62 266.6 264.4 265.5 1.1

1358.9 200.23 265.3 266.8 266.0 0.7

1348.9 201.96 265.2 265.9 265.6 0.3

1335.8 204.67 258.3 263.1 260.7 2.4

1317.8 208.49 262.3 264.9 263.6 1.3

1304.6 211.23 261.0 258.6 259.8 1.2

1296.9 212.88 263.1 265.2 264.1 1.0

1288.0 214.57 262.2 259.6 260.9 1.3

1274.2 217.32 258.5 260.2 259.3 0.8

1268.0 218.43 268.9 265.6 267.2 1.7

1254.7 221.13 263.7 261.8 262.8 1.0

1247.6 222.82 266.5 262.1 264.3 2.2

1233.5 225.55 265.8 269.3 267.1 267.4 267.4 0.7

1225.0 227.22 265.6 263.8 264.7 0.9

1210.0 229.97 264.4 269.0 266.7 2.3

1205.0 230.52 256.5 265.5 261.0 4.5

1190.0 233.82 257.9 254.8 256.4 1.6

1183.9 234.92 258.7 257.5 258.1 0.6

1168.0 238.14 269.8 265.5 267.6 2.1

1159.5 239.87 261.9 260.0 260.9 1.0

1150.9 241.52 266.6 267.6 267.1 0.5

1143.3 243.18 265.1 263.0 264.0 1.0

1127.1 246.43 262.2 265.9 264.1 1.9

1115.5 248.67 264.0 264.9 264.4 0.5

1107.2 250.30 264.9 268.3 269.1 264.0 266.6 1.3

1096.2 252.48 257.1 264.0 260.6 3.5

1082.1 255.26 269.0 269.7 269.4 0.3

1073.7 256.91 269.8 263.7 266.7 3.1

1062.9 259.08 264.3 265.3 264.8 0.5

1054.2 260.77 266.1 264.6 265.3 0.8
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1037.5 264.07 266.6 270.1 268.4 1.8

1023.8 266.78 264.6 265.2 264.9 0.3

1018.2 267.88 261.7 263.4 262.6 0.8

1005.0 271.76 257.7 262.3 260.0 2.3

1004.6 270.63 261.2 264.2 262.7 1.5

999.1 276.16 264.5 265.8 265.2 0.6

984.0 274.49 263.9 260.2 262.1 1.9

958.8 279.47 267.1 264.4 265.7 1.3

950.8 281.12 261.1 260.6 260.9 0.3

942.6 282.73 265.6 261.8 263.7 1.9

931.4 284.97 262.7 265.5 264.1 1.4

922.3 286.67 259.8 266.1 262.9 3.1

879.2 294.85 263.6 264.4 262.3 258.9 262.3 1.2

856.7 299.23 265.5 263.1 264.3 1.2

837.0 303.12 263.1 263.0 263.0 0.1

815.0 307.49 261.9 260.2 261.1 0.9

794.6 311.33 258.2 259.7 259.0 0.7

776.0 315.22 263.4 260.4 261.9 1.5

755.5 319.03 261.8 257.6 259.7 2.1

735.2 322.90 263.2 260.8 261.2 260.5 261.4 0.6

715.0 326.77 256.3 257.8 257.0 0.8

693.5 330.58 259.8 257.1 258.4 1.4

672.8 334.43 259.4 261.1 260.3 0.8

651.0 338.33 259.5 256.2 257.8 1.6

631.8 342.13 259.6 263.6 261.6 2.0

610.7 346.00 256.3 257.9 262.3 258.9 1.8

590.7 349.83 260.1 264.2 262.2 2.0

570.2 353.69 254.3 255.5 254.9 0.6

550.0 357.53 260.2 258.3 259.3 1.0

529.0 361.38 258.2 260.2 259.2 1.0

506.0 365.78 261.7 261.0 261.3 0.3

484.7 369.63 259.5 261.0 260.3 0.7

465.0 373.48 258.3 260.3 259.3 1.0

441.9 377.34 263.4 262.6 263.0 0.4

422.7 380.63 262.4 264.4 263.4 1.0

401.7 384.51 263.2 262.0 262.6 0.6

382.1 388.33 263.2 265.8 264.5 1.3

360.3 392.20 260.5 259.4 260.8 262.7 260.9 0.7

340.8 395.52 261.9 263.1 262.5 0.6

321.1 399.33 263.6 263.0 263.3 0.3
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300.3 403.31 261.5 262.1 261.8 0.3

280.2 407.03 261.1 261.8 261.5 0.3

263.4 410.33 261.7 264.2 263.0 1.2

243.1 414.18 260.1 261.3 260.7 0.6

222.9 418.03 260.5 259.5 260.0 0.5

202.6 421.88 255.8 265.3 260.6 4.7

185.4 425.15 265.4 262.9 261.5 258.8 262.2 1.4

164.9 429.03 270.5 265.9 268.2 2.3

147.7 432.33 263.3 266.8 265.1 1.8

130.3 435.63 269.6 267.3 268.5 1.1

112.8 438.93 265.0 260.0 262.5 2.5

92.6 442.79 266.7 264.1 265.4 1.3

75.3 446.08 264.3 262.2 263.3 1.0

57.8 449.38 259.9 263.1 261.5 1.6

37.7 453.23 266.9 270.2 268.6 1.7

17.4 457.10 265.8 268.8 266.8 266.9 267.1 0.6

-3.0 460.93 261.6 265.5 263.6 2.0

-20.1 464.23 266.2 268.4 267.3 1.1

-40.4 468.08 264.2 260.4 262.3 1.9

-58.0 471.38 260.1 260.5 260.3 0.2

-75.1 474.68 264.3 266.6 265.5 1.1

-95.4 478.55 266.3 270.1 268.2 1.9

-116.2 482.42 265.4 256.0 260.7 4.7

-133.7 485.83 272.2 267.7 269.9 2.3

-153.3 489.55 266.8 267.2 266.0 282.7* 266.7 0.4

-168.0 492.28 262.6 261.2 261.9 0.7

-188.3 496.13 265.3 261.5 263.4 1.9

-205.3 499.43 265.1 264.4 264.7 0.4
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국문 초록

과거 이 천년 동안 백 년 시간규모에

서의 대기 중 산화이질소 변동

대기 중 산화이질소(N2O)는 중요한 장기체류 온실기체이며, 효과

적인 성층권 오존 파괴물질이다. 기후에 미치는 산화이질소의 중요한 역

할들에도 불구하고, 대기 중 산화이질소의 조절 기작에 대해선 현재까지

도 이해가 부족하다. 산업화 시기 이전의 대기 중 산화이질소 농도 변화

를 복원하기 위해, 이번 연구에선 북 그린랜드의 NEEM 지역과 동남극

Styx 빙하 지역에서 얻어진 빙하 코어 시료를 정밀하게 분석하였다. 과

거 2000년을 평균 10년 간격의 시간적 해상도와 1.9 ppb 이하의 정밀도로

복원하였으며, 두 빙하 코어 자료에서 공통적으로 백 년 주기의 변동성

이 나타나는 것을 확인하였다. 복원된 산화이질소 변동의 속도는 인류활

동의 영향을 강하게 받은 현생 대기의 증가 속도에 상응할 수준이었으며,

이러한 발견은 산업 혁명 이전 시기에도 대기 중 산화이질소 농도에 상

당한 자연적, 인위적 변동성이 존재하였을 것을 의미한다. 육상 기원 배

출원에 비해 해양 기원 배출원이 이러한 백 년 주기의 산화이질소 농도

변화에 더 큰 역할을 하였을 것으로 보이나, 육상 기원 배출원에서의 온

도 및 강수량 변화 역시 일부 짧은 주기의 산화이질소 변동과 관련 있는

것으로 나타났다. 페루 지역 적도 동태평양 부근 해양 온도와의 음의 상

관관계와 더불어 퇴적물 코어 1차 생산량 및 탈질화 복원 자료는 라니냐

-유사 상태에서 해양 산화이질소 배출이 증가되었을 것을 의미한다. 최

종적으로는 태양 활동의 변화가 이러한 백 년 주기의 산화이질소 변화에

도 역할을 하였을 것으로 보인다.
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