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Abstract. This work presents a new, field-deployable tech- 1 Introduction
nique for continuous, high-resolution measurements of
methane mixing ratios from ice cores. The technique is based\tmospheric methane (Gfji is the second most important
on a continuous flow analysis system, where ice core samanthropogenic greenhouse gas, and a sensitive indicator of
ples cut along the long axis of an ice core are melted conclimate change and millennial-scale temperature variabil-
tinuously. The past atmospheric air contained in the ice islty. Records obtained from ice cores show Ltriability
separated from the melt water stream via a system for conof ca. 300 to 800 parts per billion by volume (ppbv) over
tinuous gas extraction. The extracted gas is dehumidifiedhe last 800 kyr both on the orbital time scale of glacial-
and then analyzed by a Wavelength Scanned-Cavity Ringnterglacial cyclesl(oulergue et al.2008, and on the millen-
Down Spectrometer for methane mixing ratios. We asses#ial time scale of abrupt Dansgaard-Oeschger cy@ésp-
the performance of the new measurement technique in termgellaz et al. 1993. Due to its short atmospheric lifetime, at-
of precision &08 ppbvl _’b—)’ accuracy :Q:8 ppbv)’ tempora| mospheric CH variations can be very abrupt, aIIOWing syn-
(ca. 1005s), and spatial resolution (ca. 5cm). Using a firn airchronization of ice core chronologies from both hemispheres
transport model, we compare the resolution of the measuret€.g. Blunier and Brook2001, Blunier et al, 2007 Capron
ment technique to the resolution of the atmospheric methanét al, 2010. To capture atmospheric variability on the cen-
signal as preserved in ice cores in Greenland. We concludéennial to decadal scale, and to maximize the precision of
that our measurement technique can resolve all climaticallynterhemispheric synchronization, high resolution e
relevant variations as preserved in the ice down to an icecore records are desirabgtipbach et a]2011). CHs mix-
depth of at least 1980 m (66 000yr before present) in theing ratio measurements need to be of high precision and ac-
North Greenland Eemian Ice Drilling ice core. Furthermore, curacy to resolve small details in the records, such as the
we describe the modifications, which are necessary to make @terhemispheric gradient (IHG) that reflects the latitudinal
commercially available spectrometer suitable for continuoussource distribution. The IHG, obtained by comparing Green-
methane mixing ratio measurements from ice cores. landic and Antarctic records, is as small as 15 ppb during
glacial conditionsDallenbach et al2000, requiring a com-
bined precision and accuracy #6 ppbv.
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1000 C. Stowasser et al.: Continuous measurements of methane mixing ratios from ice cores

Measurements of CHmixing ratios from ice cores are the extracted air are measured with a Wavelength Scanned-
typically based on gas chromatography (ésgwers et aJ.  Cavity Ring Down Spectrometer (WS-CRDS).
1997, Fluckiger et al.2004 Mitchell et al, 2011). Here, the In order to make the commercially available WS-CRDS
air is extracted from individual ice core samples either by (Picarro Inc., CFADS36 C&CH4|H20 analyzer) suitable
a dry (crushing or grating) or wet (melt-refreeze) extraction for continuous measurements of ghhixing ratios from ice
technique. In the column of the gas chromatography @H cores in combination with a CFA system, we had to mod-
separated from other gas species of the sample before mixfy the spectrometer. The original version of the WS-CRDS
ing ratios can be determined e.g. via a thermal conductivis designed for higher gas flows compared to the gas flow
ity detector (for oxygen and nitrogen) and a flame ionizationavailable from CFA. We present the necessary modifica-
detector (for CH). While measurements of GHnixing ra- tions and characterize the performance of the modified WS-
tios from ice cores based on gas chromatography yield goo€€RDS in terms of stability, precision, accuracy and temporal
reproducibility (4—15 ppbv), they are time consuming and resolution.
labor-intensive, especially when aiming for high-resolution We characterize the combined field-deployed system of
measurements over a large part of the ice core. Due to th€FA, gas extraction and modified spectrometer in terms of
separation of gas species within the column of the gas chrostability, precision, accuracy and resolution, and present re-
matograph, measurements are destructive and preclude costlts of in-field measurements along ca. 27 m of the NEEM
secutive measurements of several gas species from one iakeep ice core (North Greenland Eemian Ice Drilling). Finally,
core sample. we show that the resolution of our measurement technique
Gullik et al. (1997 developed a high-frequency modu- is sufficient to resolve all climatically relevant variations in
lated tunable diode laser absorption spectrometer for disCHy mixing ratio as preserved in the NEEM ice core down
crete measurements of Gldnd other gas mixing ratios from to a depth of at least 1980 m (66 000 yr before present).
ice cores. The measurement technique is non-destructive,
which allows for simultaneous measurements of up to four
gas species from the same piece of ice. Uncertainty of CH
mixing ratio measurements with this method varies betweer? Methods
+13 ppbv and+36 ppbv, depending on the age of the ice
(Gulltk et al, 1998. This technique is time consuming and 2.1 Experimental setup description
labor intensive, since air is extracted from individual ice core
samples similar to the techniques discussed abGidliik Here we describe the experimental setup for continuous
et al. (1998 used a dry extraction technique, where the ice measurements of CHmixing ratios in combination with a
core sample is sublimated in a high-vacuum apparatus. En€FA system as applied during the NEEM 2011 field season
ergy for sublimation is transferred to the ice sample by near{Fig. 1). The CFA system was developed and operated by the
infrared radiation. The temperature of the ice is kept belowUniversity of Bern. On a heated melt head ice core rods (in-
—20°C to avoid the formation of liquid water and, thus, the ner cross section of 2:62.6 cm, length 1.1 m) are melted in
dissolution of gas molecules in the liquid phase. a cold environmentX ~ —20°C) at a rate of 3.2 cm min'.
Recently, a semi-automated technique for measurement§his results in a stream of melt water and bubbles of past
of CH,; mixing ratios from ice cores has been developedatmospheric air (17 mImirt, ca. 10 % air by volume).
at the University of Bern chipbach et a).2009. This In the warm laboratory of the CFA three peristaltic pumps
field-deployable technique utilizes a gas chromatograph forand a debubbler (internal volume of ca. 0.8 ml) distribute the
measurements of GHmixing ratios (reproducibility of 10— sample stream between several systems for chemical analy-
20 ppbv) in combination with a continuous melting device sis (for details se&aufmann et al.2008 ScHhipbach et a.
as used in Continuous Flow Analysis (CFA) systemiau(f- 2009. In brief, the debubbler is a standard pipette tip sealed
mann et al.2008 Bigler et al, 2011). Due to the partly au- against ambient with a custom-made plug at the top includ-
tomated measurement technique and the continuous meltinimg two holes for an inlet and outlet tube, respectively. The
device, measurements are fast and achieve a high resolutiample stream from the melt head enters through the inlet
of 15 cm. tube and air bubbles rise, driven by buoyancy, to leave the
The new technique presented in this study is, to a highdebubbler with some residual water through the outlet tube.
degree, automated, field-deployable and allows for non-Hence, no bubbles reach the tip of the pipette tip, where wa-
destructive measurements of mixing ratios of multiple gaster is pumped away for analyses of chemical components and
species from the same ice core sample (no separation or tragtable isotopes of water. An open split with small internal
ping of air components is required). A CFA system providesvolume is installed downstream of the outlet tube and pre-
a continuous sample stream, i.e. a mixed flow of melted icevents pressure fluctuations in the debubbler that would affect
water and past atmospheric air. The air is separated fronthe chemical analyses. From here the air and residual water
the melt water in two stages by means of a debubbler and &3.2 mImirr?, ca. 50 % air by volume) are pumped through a
hydrophobic membrane, respectively. £hiixing ratios of  heated transfer line (to avoid freezing of the sample) towards
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Fig. 1. Schematic drawing of the experimental setup for continuous measuremeni@hiRidg ratios as used during the NEEM 2011 field
season. The ice core samples are melted on a heated melfAje&Y buoyancy, air bubbles are removed from the melt water in a sealed
debubbler(B). An open split(C) prevents pressure changes in the debubbler. The air-free sample is distributed between different systems
for analyses of the chemical composition of water and the ratio of stable isotopes ofRatArheated tubdE) transfers gases and some
residual water to a second warm laboratory forQhixing ratio analysis. Here, a hydrophobic membrane mok)iseparates the gas from

any residual water. For calibration of the system deionized water is purged with nitrogéB)gas

a second warm laboratory where ghhixing ratio analysis  pump tubing) introduce the observed pressure fluctuations of
takes place. +20 mbar at the gas side of the gas extraction module. In this
The remaining melt water of the pressure decoupling unitexperimental setup pressure is kept constant only on the gas
overflow is removed with a module for continuous gas ex-side; an additional pressure regulator on the water side of the
traction (MicroModule 0.5 x 1”7, G591, Membrana GmbH, gas extraction module could improve the stability of the gas
Germany). With its internal volume of 5.4 ml, the Micro- extraction.
Module is small compared to other commercial systems for The extracted air (ca. 1.6 mlmif) is dried from wa-
gas extraction and well-suited to degas small sample streamser vapor while flowing through a two meter long custom-
Gas extraction is driven by the built-in vacuum pump of the made Nafion dryer (Nafion TT-020, Perma Pure LLC,
WS-CRDS, which maintains a pressure gradient over a bun6.3 mm inner diameter) the outside of which is purged with
dle of hydrophobic, gas-permeable membrane tubes withirca. 20 mimirm? of dry nitrogen gas (Nitrogen, technical
the module. grade, Air Liquide). The water mixing ratio of the dried sam-
The performance of the gas extraction module depends ople is measured by the WS-CRDS to be ca. 0.003 % by vol-
the pressure gradient over the hydrophobic membrane. Alsayme. By drying the sample, an otherwise necessary water
the mixing ratio of gas molecules dissolved in the melt wa- vapor correction can be avoided (for more details about the
ter depends on both pressure and temperature of the sampleater vapor correction sdeella, 2010. From here the dried
stream. Thus, temperature and pressure should be constant eample gas is directed towards the WS-CRDS fou @tik-
both the water and gas side of the gas extraction module ting ratio analysis. The built-in diaphragm pump of the WS-
guarantee a stable gas extraction. For temperature stabiliz&RDS maintains a constant gas flow and creates a pressure
tion the gas extraction module is located in a temperaturedrop over the hydrophobic membrane tubes of the gas ex-
stabilized compartmen@(= 30.0+ 0.2°C). The pressure at traction module. Note that all measurements are made on the
the gas side of the gas extraction module is indirectly reg-2CHj, isotopologue, and therefore neglect variation$'é€
ulated to 70@: 20 mbar by the internal electronic pressure and D (= §2H). However, given the natural isotopic abun-
regulator of the WS-CRDS, which primarily controls pres- dances, combined with the small range of natural isotopic
sure in the sample cavity (EPC Proportional Control Valve, variation, the induced error is far below our detection limit.
EPCAO06SSVXAA, Parker Hannifin Corporation). This re-  The system idles as a new ice rod is placed on the melt
sults in a pressure gradient of approximately 300 mbar acroskead, enabling ambient air to enter the gas analysis sys-
the hydrophobic membrane of the module, which is sufficienttem through the melt head. To prevent the ambient air from
to extract all visible air from the sample stream. Variations in reaching the gas extraction module, a segmented flow of
the water-to-gas ratio in the sample stream as well as changeg2 ml min! (ca. 50 % air by volume) of deionized water and
in the experimental setup (e.g. degradation of peristaltichottled gas (mix of gases, Air Products, Belgium, 21 % O
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Fig. 2. (A) Calibration curve for the WS-CRDS plus front-end (except the melt head), where a mixture of gas and deionized water is injected
downstream of the melt hea@d) Calibration curve of the WS-CRDS alone, where standard gas is directly injected into the spectigmeter.
rp andrg are the residuals of the fit given in ppbv.

79% Ny, 701.2 ppbv of CH) is mixed in the temperature- us to determine the response of the experimental setup to a
stabilized compartment of the gas extraction system (topstepwise change in CHnixing ratio (see Sec8.2.7).

rightin Fig.1) and injected into the gas extraction module via  Figure2a shows a typical calibration curve of the system
the automated 6-port valve (#6 in Fity. Cheminert C22Z- for continuous measurements of glhixing ratios (WS-
3186EH, VICI AG). Hereby the pressure in the gas extrac-CRDS and front-end) as recorded during the field season.
tion module and the gas flow through the WS-CRDS stayTrue CH; mixing ratios of the two gas mixtures are plotted
roughly constant between CFA runs (one CFA run is definedagainst the corresponding measurements of the WS-CRDS.
as measurements along 1.1 m of ice). Here, the front-end includes the complete system for gas ex-
traction, except the melt head which we cannot account for
during calibration since the segmented flow is injected down-
stream of the melt head (Fid).

Each data point in Fig2a refers to continuous measure-
For calibration a segmented flow of deionized water and bot-ments of the corresponding gas mixture for ca. 30 min. For
tled gas (17 mlmint, ca. 10 % air by volume) is generated, linear regression we use Chi-square fitting, which is a spe-
and injected into the system downstream of the melt headial case of least-square fitting where every data point has its
(top left in Fig.1). This segmented flow mimics the sample own, known standard deviation (for details deess et a/.
flow from the melt head and is treated just as an ice core sam2007). Here the known standard deviations are the standard
ple from the moment it enters the system. The reservoir of thedeviations of the continuous measurement series of the two
deionized water is purged with dry nitrogen gas at a rate ofgas mixtures. By using individual standard deviations for
ca. 20 mimir! to keep the molar fraction of dissolved gas each measurement, we account for a dependance of the mea-
molecules roughly constant and to prevent contamination osurement precision on the Ghinixing ratio of the sample
the water with ambient air. gas. The optimal linear fit parametersndb including their

For day-to-day calibration of the system in the field, we errors found from linear regression are shown in Fa.
made two gas mixtures (21 %079 % Nb) with mixing ra- ~ When using the calibration curve to find the correct val-
tios of 403.1 ppbv and 701.2 ppbv, respectively.,CGhixing ues of measured CHmixing ratios the errors from the fit
ratios of both gas mixtures were determined prior to the fieldparameters propagate. Using propagation of error we deter-
season using three synthetic air standard gases calibrated §ine the measurement accuracy to-@ppbv for typical
NOAA (National Oceanic and Atmospheric Administration, glacial/interstadial Chmixing ratios.

Boulder CO, CH mixing ratios of 344.3 ppbv, 688.6ppbv ~ Prior to the field season we determined a calibration
and 1646.2 ppbv, respectively). Calibration takes place oncgurve for the WS-CRDS without the front-end as shown in
a day using one of the two gas mixtures. Furthermore, &Fig. 2b. To this end, standard gas is injected directly into
valve (#4 in Fig.1, CAWMPH, VICI AG) can be switched to the spectrometer. CHmixing ratios of two NOAA-certified
abruptly change between the two gas mixtures. This enablesynthetic air standards (GHmixing ratios of 344.3 and

2.2 Calibration

Atmos. Meas. Tech., 5, 999013 2012 www.atmos-meas-tech.net/5/999/2012/
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1646.2 ppbv, respectively) are plotted against the correspondest (described in detail By/erle, 2011). In brief, Allan vari-
ing measurements of the WS-CRDS. Each data point referance Allan, 1966 describes the variance of the mean of a
to continuous measurements of the corresponding standarskeries of measurements for different integration times. In the
gas for ca. 30 min. Again, we use propagation of error to de-theoretical case of zero-drift measurements, increasing inte-
termine the measurement accuracy of the WS-CRDS to bgration times would unboundedly decrease the variance and,
42 ppbv for typical glacial/interstadial GHmixing ratios.  thus, the standard deviation of the measurements. However,
As a test we determine the GHhixing ratio of a third stan-  instrumental drifts will limit the decrease of the standard de-
dard gas to be 6868 2 ppbv which is in agreement with the viation for progressively longer integration times. The green
true mixing ratio of 688.8 ppbv. line in Fig. 3b shows the Allan variance (or Allan plot) of the
We can conclude that the measurements of the WS-CRD$neasurement series (green) in Rg. For integration times
are more accurate when the spectrometer is measuring die up to seven minutes the Allan variance decreases and av-
rectly from a gas bottle#2 ppbv), compared to measure- eraging of the signal can decrease the standard deviation of
ments in combination with our gas extraction system as dethe CH; mixing ratio measurements. For longer integration
scribed earlier £8 ppbv). This is due to instabilities in the times instrumental drifts overcome the benefits of signal av-
gas extraction system and a better measurement precision efaging, and the Allan variance increases.
the WS-CRDS for direct measurements of bottled gas (see The same stability test has been conducted for the WS-
Sect.2.3). CRDS alone without the gas extraction module prior to the
Figure2a shows that the WS-CRDS in combination with field season; we injected bottled gas into the WS-CRDS di-
the front end measures significantly less J¢dmpared to  rectly over a period of 3.5 days. For comparison we show
the stand-alone instrument as shown in Rig. Thisisare- a ca. 1h long section from this stability test (red line in
sult of the solubility of CH in water: prior to measurements Fig. 3a). The precision for non-averaged measurements is
of CH4 mixing ratio by the WS-CRDS in combination with ca. 0.6 ppbv (&). The Allan variance of the complete time
the front-end, the calibration gas has been in contact with waseries (red line in Fig3b) reveals that signal averaging with
ter from the moment it was mixed with deionized water until integration times up to ca. 30 min improves the variance. We
it reached the gas extraction module (F1. A significant  conclude that the Climixing ratio measurements of the WS-
amount of CH molecules are dissolved in the water and are CRDS are more stable when the WS-CRDS is measuring di-
not completely extracted by the gas extraction module. Anrectly from a gas bottle compared to measurements in com-
estimation of the amount of dissolved ¢hholecules can be bination with the gas extraction module. Thus, the limiting
found in the interactive discussioBtbwasser et al2012). factor in terms of the stability of our measurements are insta-
The intersect of almost 12 ppbv in Figa suggests a leak bilities in the gas extraction module and not in the measure-
in the front-end or, alternatively a non-linearity in the calibra- ment of the WS-CRDS.
tion curve. Neither a leak in the front-end, nor non-linearity ~ We could not test the stability of the complete experimen-
of the calibration curve could be checked during field mea-tal setup, i.e. the combination of WS-CRDS, gas extraction
surements due to the lack of a third calibration gas and anodule and the CFA system. The calibration series described

CHgy-free gas, respectively. in Sect.2.2doinclude WS-CRDS, gas extraction module and
CFA system (except the melt head) but are too short to per-
2.3 Stability and precision form an Allan variance test. The standard deviation of these

calibration series is 0.8 ppbv4). The calibration series do

The stability of the system is characterized by investigatingnot include the melt head, but represent the closest estimate
long-term drifts in the Cl mixing ratio measurements. In we can obtain for the precision of continuous measurements
the following we characterize the stability of different parts of CH4 mixing ratios from ice cores. Thus, we estimate the
of the experimental setup and determine the precision of therecision of our measurement technique to be ca. 0.8 ppbv.
corresponding Chimixing ratio measurements. The results from the Allan variance test of the WS-

First we characterize the stability of the WS-CRDS in CRDS alone show that the standard deviation of the averaged
combination with the gas extraction module. For this, we in-time series becomes larger than the standard deviation of
troduce a segmented flow of deionized water and bottled gathe non-averaged time series (0.6 ppbv) for integration time
(3.2mlImir1, ca. 50 % air by volume) into the setup via the longer than 14 h. This suggests that the WS-CRDS should
6-port valve (#6 in Figl). The green line in Fig3a shows be calibrated at least every 14 h to account for instrumental
CH,4 mixing ratio measurements of this segmented flow overdrifts and to optimize the performance of ghixing ratio
a period of ca. 1 h. The measurement precision we state fomeasurements.
the combination of WS-CRDS and gas extraction module is The Allan variance tests of the WS-CRDS plus gas extrac-
given by the standard deviation of the non-averaged time setion module is too short to show integration times for which
ries shown in Fig3a which is 0.7 ppbv (&). the standard deviation of the averaged time series becomes

From this series of measurements we quantify the stabilitarger than the standard deviation of the non-averaged time
of the gas extraction system by applying an Allan variance
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Fig. 3. (A) CH4 mixing ratios as measured by the WS-CRDS from bottled gas (red) and from a segmented flow of deionized water and
calibration gas (green) over a period of approximately 50 minutes. The measurements from bottled gas were conducted over a period of
3.5 days (not shown here). Outliers in the £hiixing ratio measurement from deionized water and calibration gas are the result of a
discrepancy between operating pressure and fitting routine (see2Skgt. The average measurement frequency is 0.6 Hz. To visualize
short-term variations in the measurements we applied a one minute running average (dark red and dark green, reqEBcthNé&y).

plot” of the two time series shown in the upper panel. Allan variance is plotted against the integratian imibe case of random noise
dominated measurements the “Allan plot” follows the &lope (dashed lines).

series. However, this will be the case for integration timesalso when the WS-CRDS is measuring bottled gas, where we
shorter than 14 h as found for the WS-CRDS alone. assume a Climixing ratio constant over time. This suggests
The results from the Allan variance tests suggest that morghat mainly the WS-CRDS and not the gas sampling system
frequent calibrations could improve the performance of thecauses the observed low-pass filtering. Indeed, this effect is
system, since calibration of the system is done only once irintroduced by the software of the WS-CRDS, which applies
24 h (see SecR.2). To find the optimal frequency of calibra- an average (ca. 20 s) over several mixing ratio measurements
tions a longer Allan variance test needs to be conducted thaat the spectral baseline in order to increase the signal-to-noise
includes the complete experimental setup. ratio.
It should be noted that the two “Allan plots” in Figb of
the WS-CRDS plus gas extraction module (green line) and of-4 Modifications on the WS-CRDS
the WS-CRDS alone (red line) reveal a typical low-pass filter o ) ) . )
characteristic: for integration timesshorter than ca. 20sand FOF CHa mixing ratio analysis we use a modified version
37's, respectively, the Allan variances deviate from the slopé! @ commercially available WS-CRDS from Picarro Inc.
of 1/r (dashed lines), which represents the typical behavioCFADS36 CQ|CHs|H20 analyzer, for details seerosson
in case of random noise (white noise) dominated measurezooa. In this section we preser_lt the mod|f|ca_t|ons necessary
ments. This feature can be associated with software signdP Make the spectrometer applicable for continuous measure-
smoothing or a damping effect of fast concentration change&€Nts from ice cores.
or fluctuations due to limitations in the gas sampling sys-
tem Werlg 2011). For our measurements of Glhixing ra-
tios we exclude such an effect of the gas sampling system
(front-end), because we observe a low-pass filtering effect

Atmos. Meas. Tech., 5, 999013 2012 www.atmos-meas-tech.net/5/999/2012/
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2.4.1 Gas flow and pump rate To improve resolution, the pressure in the sample cavity,
which is with ca. 33cr by far the largest volume in the

Gas flow through the WS-CRDS is maintained by a di- spectrometer, is reduced from 225 mbar to 60 rhiBine in-
aphragm pump which is located at the exhaust of the specternal volume of the WS-CRDS is reduced by switching to
trometer. For precise spectroscopic measurements of mixingmall-diameter tubing throughout the spectrometer. Further-
ratios a constant pressure in the optical cavity of the WS-more, we removed a high-purity gas filter at the inlet of the
CRDS is crucial. A sensitive pressure transmitter records thepectrometer (Wafergard Il F Micro In-Line Gas Filter, En-
cavity pressure and sends a feedback to a proportional conegris Inc.). The cavity remains protected from contamina-
trol valve located at the outlet of the cavity. In this way the tion by a second, identical filter upstream of the cavity. As a
valve regulates the cavity pressure (22500.05mbar) and  replacement for the first filter, we installed a small-volume,
the gas flow through the spectrometer. 0.5 micron filter at the inlet of the cavity (Valco filters for

By default, the WS-CRDS is designed for sample gasGC, zBUFR1, VICI AG). Up to this date no degradation
flows between 70-400 mlmitl. In the case of continuous of the quality of CH mixing ratio measurements could be
measurements from ice cores the sample flow is set by thgetected.
melt speed of the CFA system to 1.6 mlmin When oper- As a consequence of the lower cavity pressure and the vol-
ating the WS-CRDS at a such a low flow the cavity pressureyme reduction, sample gas dispersion and memory effects
is unstable and fluctuates around the set point. We applied thg, the spectrometer decrease. We quantify this improvement
foIIowing modifications on the gas flow path to enable stablein Sect.3.2.3 where we compare the 0ptima| resolution of
operation of the WS-CRDS at a gas flow of 1.6 ml miin modified and original WS-CRDS.

To determine the Climixing ratio in air, the software
of the WS-CRDS applies a spectral fit to the Lldb-
sorption feature. The low pressure in the sample cavity re-
duces pressure-broadening effects and, thus, sharpens the ab-

— Aneedle valve (SS-SS2-A, Swagelok Company, orificeSorption line of CH (for detail see e.gDi Roccq 2004
size 0.81mm) is placed between the proportional con-Demtioder; 2003. A spectral fit tailored to the lower cav-
trol valve at the outlet of the cavity and the diaphragm ity pressure was provided and implemented into the soft-

pump, which makes it possible to adjust the pump rate.ware by the manufacturer Picarro. However, it turned out
after the field campaign that the pressure reading of the

It is noteworthy that we also tried to dilute the sample gaswS-CRDS had a bias of several mbar. This caused insta-
with helium in the ratio 1:20, in order to operate the unmod- pjlities in the custom-made spectral fit and, as a conse-
ified WS-CRDS at the hlgh flow rates for which it was de- guence, outliers in the QHm|X|ng ratio measurements as
signed. To measure the total amount of sample gas withirshown in Fig.3a (green line). The reason being that this fit
the air-helium mixture we used an oxygen sensor (FOSPOR(Levenberg-Marquardt algorithm) is bi-stable under the low-
R probe, Ocean Optics Inc.). This sensor was installed withinpressure conditions with two optimal points that correspond
the WS-CRDS as close to the sample cavity as possible tgo two different mixing ratios. Hence, the fit switches be-
get approximately simultaneous measurements of the oxygefween these two states depending on small differences be-
and CH mixing ratios of the air-helium mixture. However, tween each Spectrum_ The red line in F@_ shows mea-
this approach was unsuccessful because uncertainties in thgirements without outliers: during these measurements the
oxygen measurement were too large and measurements @{strument was running in its original mode with a cavity
CHg mixing ratio could not be corrected for the dilution with pressure of 225 mbar and the corresponding spectral fit.
helium without introducing unacceptably large errors. The above-mentioned modifications enable us to use a
commercial instrument for measurements of @hixing ra-
tios from small air samples extracted from ice cores with a

The continuous flow of gas through the WS-CRDS is Sub_hlgh_temporal resolution. In principle, _these modifications
can improve the measurement resolution of any spectrom-

ject to dispersion (sample mixing). Thus, every signal in theeter. However, in the case of continuous flow, small-sample

continuous sample flow is smoothed when analyzed by theapplications as described in this work, the internal volume of
spectrometer.

The average time a sample molecule spends in each vof—he sample cavity is critical and should be chosen to be as
ume of the WS-CRDS is long when the spectrometer is oper_smaII as possible. Lowering the sample pressure in the cavity
ated at the low sample gas flow of 1.6 ml mincompared to _
default operation at gas flows between 70 and 400 mtin 1The reduced cavity pressure of 60 mbar was a recommenda-
Therefore, dispersion and memory effects in the WS-CRDSHon of the manufacturer. Since then a reduced cavity pressure of
increase and reduce the optimal resolution of,Ghixing 30 mbar was tested successfully. It is noteworthy that the standard
ratio measurements deviation of CH, mixing ratio measurements becomes worse with

lower cavity pressure.

— An orifice at the inlet of the WS-CRDS is replaced with
a fused silica capillary (0.18 mm D, length ca. 1 m) to
increase resistance for the inlet gas flow.

2.4.2 Cavity pressure and fitting routine
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Fig. 4. (A) Approximately six hours of uncalibrated GHinixing ratios as measured by the WS-CRDS, containing four ice core measure-
ments (CH mixing ratio ca. 390 ppbv,) and a calibration (red line). Between two consecutive measurements, the WS-CRDS measures a
mixture of deionized water and bottled gas (ca. 550 ppbv). Switches between this mixture and the sample are indicated by dashed cyan
lines. Approximately the first third of each 1.1 m long run is discarded due to sample dispersion and memory effects leaving approximately
0.7 m of measurements (gree(B) Discrete measurements of glhixing ratio along the NEEM deep ice core covering a depth between
2343-2368 m (black diamonds). 25 consecutive continuous measurementg ohigikg ratios along the NEEM deep ice core covering

the same depth, each along 1.1 m of ice (green line). The continuous measurements have been corrected for the +25 ppbv bias compared
discrete measurements.

improves the measurements resolution, but decreases the pnehich results in spikes in the GHmixing ratio. Approxi-
cision due to a smaller signal-to-noise ratio. Hence, one hasnately the first third of each measurement run is discarded
to find a compromise between resolution and precision fordue to sample dispersion and memory effects. This leaves
each application. ca. 0.7 m per CFA run for non-contaminated £iixing ra-

tio measurements (green segments).

Figureda also shows measurements of two gas mixtures

3 Results with known CH,; mixing ratios in red, which are injected
into the system in order to calibrate the measurements (see
Sect.2.2) and to evaluate the response of the experimen-
tal setup to a stepwise change in £hixing ratio (see

Figureda shows ca. six hours of GHhnixing ratio raw dataas Sect.3.2.1.

recorded by the WS-CRDS during the 2011 NEEM field sea- In Fig. 4b we show 25 consecutive measurements of CH
son representing four CFA runs. Uncalibrated QHixing ~ mixing ratios (green) on a depth scale measured over a pe-
ratios of the four CFA runs are around 390 ppbv, each alongiod of ca. 24 h (ca. 2340-2370 m from top, NEEM deep ice
1.1m of ice. Between two consecutive measurements, th€ore). We convert the time series of the measurements to a
WS-CRDS measures a mixture of deionized water and botdepth scale via the CFA melt rate of 3.2cm minThe mea-

tled gas (CH mixing ratio of ca. 550 ppbv). Valve switches surements cover a change in £hhixing ratio values from

(#6 in Fig. 1) between this mixture and the sample are in- ca. 650 ppbv to ca. 540 ppbv. The measurements are cali-
dicated by dashed cyan lines. The end of each measuremehfated using the 2-point calibration described in S2cz

is clearly defined since ambient air briefly enters the systenin & second step we correct the measurements for a +25 ppbv

3.1 Field measurements
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bias we found compared to discrete measurements @f CHbeing that it takes approximately 10 min (one third of a CFA
mixing ratios. As a comparison we show the discrete mea-+un) to replace most of the gas molecules in the sample cav-
surements of Cl mixing ratio (black diamonds) which ity of the WS-CRDS and other parts of the experimental
were conducted at the University of Bern (reproducibility setup. These gaps could be minimized by reducing the large
410 ppbv, melt-refreeze extraction, gas chromatography). volumes in the experimental setup, like the gas extraction
The bias in our calibrated measurements suggests that thmodule and sample cavity of the WS-CRDS. Alternatively
calibration of our experimental setup does not take into ac-a larger CFA ice core sample would provide a higher gas
count all possible sources of error. A possible cause of thdlow and accelerate the exchange of gas molecules within the
bias could be, that we inject the segmented flow for calibra-system.
tion downstream of the melt head. Thus, we do not include
the melt head and the phase change from ice to water into ou#-2 Resolution of continuous methane mixing ratio
calibration. By doing so, we make the assumption that both measurements
the sample and the calibration mixture are in equilibrium
(with a constant mixing ratio of dissolved Ghholecules in

the water phase) before the air-water mixture enters the d o quantify dispersion and memory effects in the experimens-
bubbler. This, however, might not be the case and could Iea? q P Y P

; e al setup and to estimate the resolution of JHixing ratio
to wrong correction factors for the calibration. : . .
: measurements we investigate the response of the experimen-
Furthermore, the water-to-gas ratio of the segmented f|OV\{al setup to a stepwise change in Siixing ratio. Here, we
for calibration differs slightly from the water-to-gas ratio of P P 9 9 ’ ’

the sample flow which alters the mixing ratio of dissolved follow an approach similar t@kinis et al.(2019, who used

CH, molecules. The lack of a precise gas flow meter in the3|m|lar techniques to characterize a system for continuous

. . : measurements of stable isotopes of water using a WS-CRDS.
experimental setup, makes it impossible to compare the gas : ;
The continuous flow of gas through the experimental setup

flow rate of the segmented calibration flow with the :sampleis subiect to dispersion and memory effects. Thus. everv sia-
flow. It is therefore possible that differences in the water-to- ) P y : ' y Sid

. : . nal in the continuous sample flow is smoothed when analyzed
gas ratio result in wrong correction factors.

. S by the system. This sets a limit to the measuring resolution
Also, the 21 reservoir of deionized water used for the S0t the svstem. A stepwise change between two different CH
mented calibration flow (upper left in Fid) is constantly y ' P 9

purged with 20 mimin of nitrogen gas (ca. 100% nitro- mixing ratios is injected into the system via a 4-port valve

gen). Thus, we can assume saturation of the deionized Wa(_#4 in Fig.1). In the theoretical case of zero dispersion and

. . L Omemory effects, the change between two,Chixing ratios
ter with nitrogen. Once the nitrogen-saturated water is mixe . . - .
. S . : ._"can be described by a scaled version of the Heaviside unit
with the calibration gas (ca. 70 % nitrogen), the nitrogen mix- step functior(r) as:
ing ratios of the gas and of the water will start to equilibrate. P '
The_extra nitrogen will ralse.the mt_rqgen cc_)ntent <_)f the cali- S(t) = (Co — C1) H(t) + Cy, 1)
bration gas and, thus, lower its Glrhixing ratio. In this case,

the correction factor of the calibration will be too hlgh, which where the valve switch takes p|a_cg ato andcl andC2 are

explains the positive bias in our results Compared to diSCfetQhe CH, mixing ratios of the two gas mixtures as measured

measurements of GHnixing ratio. by the WS-CRDS. The measured signal, which is smoothed
Finally, the calibration gases used during the field cam-py dispersion and memory effects, can be described as the

paign (see Fig2a) are synthetic air standards, which do convolution ofS(z) with a smoothing functiorG:
not contain Argon. Argon broadens the absorption spectra of

CH4 and a lack of Argon in the calibration gas introduces am(z) = [S * G](?), (2)
measurements bias. According to the manufacturer, the mag-
nitude of this effect is less than 1 ppbv at £hiixing ratios ~ Wherem(t) is the signal as measured by the WS-CRDS. Fig-
of 600 ppbv and, thus, can only account for a small part ofure5a shows the normalized WS-CRDS signal as a response
the bias found in our measurements. to a stepwise change in GHnixing ratios at a gas flow rate
As shown in Fig.4b, we can correct our continuous of 1.6 mimir?! (black dots). A fit to the data using a scaled
measurements with discrete measurements at similar dept¥gersion of the cumulative distribution function (cdf) of a log-
to account for the bias. When correcting the continuoushormal distribution is shown as a dashed red line. The deriva-
measurements with discrete measurements, the uncertaintive of the measured signakdd: gives the response of the
from the discrete measurements will propagate and worse@Xperimental setup to a scaled version ofdpgsc pulse:
the earlier stated accuracy &f8 ppbv for the continuous an ds
measurements. il
Gaps within the continuous measurements in Blgare
due to dispersion and mixing effects during the first third of Figure 5b shows the derivative of the normalized step re-
each measurement which have to be discarded. The reas@ponse shown in Figha, i.e. the response of the system to a

3.2.1 Measurement resolution

dH
*G = (C2 = C1) 5~ % G = (C2 = C1) 8Dirac * G- 3)
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The transfer functiorﬁ(f) of the experimental setup is the
Fourier transform of the normalized derivatimé. The mag-
nitude of the transfer function describes how the amplitude
of a periodic input signal of a certain frequency is damped
when analyzed by the system. Figlie shows the magni-
tude of the transfer function (black dots) of the system. For
example, the amplitude of a periodic input signal with a fre-
quency of 0.004s! is attenuated by 80 % after being ana-
lyzed by the system compared to the amplitude of the input
signal. The transfer functions of the derivative of the cdf fit
represents the theoretical zero-noise case (dashed red line).
Due to noise in the measurements, it is not possible to re-
solve any periodic input signal with a frequency larger than
ca. 0.01 5 which sets the optimal temporal resolution of our
system.

We convert the time scalein seconds to a length scale
x in meters by using the CFA melt rate of ca. 3.2cmnlin
Hereby we can estimate the spatial resolution of,@hix-
ing ratio measurements along an ice core. This determines
the maximal spatial resolution of our measurement technique
(WS-CRDS and front-end) to be ca. 5cm of ice, correspond-
ing to ca. 100 s of measurement time. Thus, our system can
detected a damped version of periodic input signals with a
wavelength longer than 5cm.

The spatial resolution of 5 cm in combination with the high
measurements speed of typically 20—-25m of ice per day is
the main advantage of our measurement technique. The semi-
automated method with a gas chromatograph coupled to the
CFA system offers the same measurement speed but the res-
olution is limited to 15 cm$chipbach et a).2009. Discrete
measurements of CHmixing ratios from ice cores yield a
typical measurement speed of 10-12 samples per day and
a resolution of 140 cmlLulergue et al.2008 up to 100 cm
for detailed studies over short parts of the core (€ligckiger
et al, 2004 Huber et al.2006.

3.2.2 Comparing the measurement resolution to the firn
response

In this section we compare the estimated resolution of the
analytical setup to the resolution available from different ice

(except melt head) to a stepwise change i@tixing ratio (black cores using fim modeling.
dots) and a cdf fit (dashed red line) as a function of measurement The parous fim layer at the top 40-120m of the ice sheet

time. (B) The derivative of the normalized step response (blackCauses diffusive smoothing of the atmOSph?”(_: ;lgnal (e.g.
dots) and of the cdf fit (dashed red line) with respect to the mea-Schwander et 311988 Battle et al, 1996. This limits the
surement time(C) The transfer functions of the experimental setup temporal resolution at which variations in atmospheric com-
(black dots) and of the theoretical case of zero-noise measuremenf30sition are preserved in the air bubbles. The firn acts as a
(dashed red line). low-pass filter for the atmospheric signal, and high frequency
variations, such as the annual cycles of various trace gases,
are not recorded in the ice. Here we shall study the frequency
dpirac pulse (black dots). The derivative of the cdf fitis shown response of the firn layer to assess how atmospheric varia-
as a dashed red line. We define the normalized derivative tjons at different frequencies are attenuated and preserved.

as Knowing the accumulation rate and thinning function in the
. dm . ice sheet, the temporal GHariations in the atmosphere can
m = rm * (C2—C1) . be mapped onto spatial GHariations along a drilled ice
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core. By comparing the transfer function of the firn to that of (Battle et al, 1996, South Pole offers a good modern day
our experimental setup we can assess whether our measuranalog for NEEM during the LGM. Consequently we have
ments capture all the CHrariations recorded in the ice core, tuned the effective diffusivity of the model to firn air mea-
i.e. whether we are over- or undersampling the available cli-surements from modern day South Pole. We increased the
matic signal. depth of convective mixing until gravitational fractionation
We use the Center for Ice and Climate firn air modali¢- matched LGM data from the GRIP cor8dhwander et al.
ert et al, 2011) to model gas transport in the porous firn. 1997.
The model was adapted to allow calculation of mixing ratios In Fig. 6a we show the comparison of the firn responses
in the closed pores, using the porosity parameterization ofrom the four analyzed time slices. Furthermore, we com-
Goujon et al(2003. We force the model at the surface with pare the firn responses to the normalized step-response of
a unit step function in Chl mixing ratio, equivalent to the the experimental setup (see S&:R.1). For the normalized
step function we used to characterize the experimental setustep-response we converted from measurement time to depth
We model the firn response on a time scale; this can easilysing the CFA melt rate of ca. 3.2 cm mih Figure6b shows
be converted to a depth scale by multiplying with the annualthe transfer functions of the five responses shown in &ag.
layer thickness. at the depth considered. Ice flow reduces as a function of frequency and wavenumbek.
the layer thicknesses towards the bed; we base our estimatesit must be noted that the modeled firn response, partic-
of A on a preliminary NEEM depth-age scale constructed byularly during the glacial, has a high uncertainty. By using
matching of reference horizons to the NGRIP GICCO05 time South Pole as a realistic modern analog this uncertainty is
scale (S. O. Rasmussen, personal communication, 2011). minimized; we estimate the firn response time shoud be ac-
We analyze four time slices representing different climatic curate within 50 % for the glacial, and within 25 % for the
conditions, and degrees of annual layer thinning. The firstHolocene. Even with such a high uncertainty we can con-
two represent the early and late Holocene, with ages of 1 kycclude that the continuous measurements of; @tixing ra-
and 7 kyr before present (1 kyr=1000 yr); these periods ardio can resolve all climatically relevant GHariations in the
present in the NEEM ice core at annual layer thicknesses ofirn column with wavenumbers (frequencies) smaller than
A =18 andi = 11 cm, respectively. For both we use the mod- 0.2cnT! (0.01 s1) down to a depth of 1980 m (66 kyr BP).
ern day firn air transport characteristics as describdsiiy- CHg variations in the firn column with wavenumbers larger
ert et al.(2011). The effects of Holocene temperature and than 0.2 cm! cannot be resolved due to measurement noise.
accumulation variability on the firn transport properties are  Nevertheless, a higher resolution of the continuous mea-
not taken into account as they are smé&ltfiwander et al.  surements of Cl mixing ratios from ice cores would be
1997 Goujon et al.2003. Note that for these two cases the beneficial. A higher measurement resolution would shorten
time response of the firn is assumed to be identical; they onlythe gaps between consecutive measurements (see33ct.
differ in the amount of layer thinning they experienced. At- Furthermore, non-atmospheric variations in QHixing ra-
mospheric variation in the late Holocene will be more easilytio found in the ice could be resolved better, such as in-situ
resolved, due to less severe layer thinning in this part of theproduction of CH or high CH; mixing ratios associated with
core compared to the early Holocene. melt layers.
The other two time slices represent the glacial period, with
ages of 23 kyr (LGM) and 66 kyr before present; with 1 3.2.3 Improving measurement resolution of the
and A =0.5cm, respectively. Modeling the firn transport in WS-CRDS
the past requires detailed knowledge of the firn denisty pro-
file and transport properties. Unfortunately the relationshipTo quantify the improvement in resolution due to the WS-
between density and diffusivity is highly site specific and CRDS modification we use the same techniques as described
not well represented by measurements on finite firn sampleg Sect.3.2.1 Omitting the front-end, gas was directly in-
(Fabre et a].2000. The current day diffusivity-depth rela- jected into the original and modified spectrometer, respec-
tionship can be reconstructed using measurements of tradively. Figure7a shows the normalized responses of the origi-
gas mixing ratios in firn air sampleRR¢mmelaere et gl. nal analyzer (green squares) and the modified analyzer (black
1997 Trudinger et al.1997. However, since climatic con- dots) to an identical stepwise change in QHixing ratio at
ditions strongly influence the firn transport properties, thisa gas flow rate of 2 ml mint. A cdf fit to the data is shown as
is of limited use when considering e.g. ice from glacial pe- a dashed red line. The modified analyzer responds faster to a
riods Schwander et gl.1997. We estimate the LGM ac- change in CH mixing ratio: it takes 250 s to go from 10 %
cumulation at NEEM to be around 8cntyrice equivalent  to 90 % of the normalized step using the original analyzer,
based on reconstructions for the NGRIP ice céxedersen  whereas it takes only 48 s using the modified analyzer.
et al, 2009); our estimate of the mean annual temperature is Figure7b shows the time derivative of the normalized re-
—50°C based on an inversion study of borehole thermometrysponses from which we calculate the transfer functions of
at GRIP byDahl-Jensen et a{1998. With an accumulation the original and modified analyzer as shown in Fig. The
rate of 8 cmyr! and a mean annual temperature-@9.5°C amplitude of a periodic input signal with a frequency of
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Fig. 6. (A) Firn responses from four different time slices compared to the response of the experimental setup to a stepwise change in CH
mixing ratio. Curves are aligned with maximum slope a0 s.(B) The transfer functions of the responses shown in the left panel.

0.001s? e.g. is attenuated by 20 % of the input amplitude 4 Summary and conclusions
in the original analyzer. However, in the modified analyzer

the same input signal is not attenuated noticeably. By comyye modified a commercially available WS-CRDS to make it
paring the transfer functions of the analyzer to the transfergitaple for continuous CiHmixing ratio measurements from
function of the cdf fit (dashed red lines) we find that the orig- jce cores in combination with a CFA system. The modified
inal analyzer cannot resolve periodic input signals with fre- g path enables stable operation of the WS-CRDS at a gas
quencies larger than ca. 0.01'slue to noise in the measure- flow of ca. 1.6 mImim?. The reduced cavity pressure im-
ments. Using the modified analyzer it is possible to resolveproyes the resolution of the measurements considerably, al-
periodic input signals with frequencies up to ca. 0.03s lowing for highly resolved continuous measurements of,CH
We can conclude that the modifications on the WS-CRDSpixing ratios. The measurement resolution (ca. 5cm of ice)
improved the resolution of CHmixing ratio measurement,  of the complete experimental setup, i.e. CFA system (except
which makes continuous measurements o @tking ratios  me|t head), gas extraction module and WS-CRDS combined,
from ice cores feasible. is sufficient to resolve all climatic relevant Giariations in
Comparing the optimal resolution of the modified spec- the fim at least down to a depth of 1980 m of the NEEM deep
trometer (0.03s?) with the optimal resolution of the mod- jce core.
ified spectrometer plus front-end as derived in S82.1 For the current system we determine a precision of
(0.01s%), we conclude that the front-end has a significant g g pphy (). We find that the limiting factor of the stability
effect on the optimal resolution of continuous measurement$yf the measurement technique is the gas extraction system
of CH, mixing ratios from ice cores. To improve resolution gnq not the WS-CRDS. Given the current stability of the sys-
even further it is necessary to minimize sample volumes bothem one calibration per day is not sufficient to capture and
in the spectrometer (e.g. sample cavity) and in the front enctorrect for all drifts in the measurement. By improving the

(e.g. gas extraction module). stability of the gas extraction the precision of £hhixing
For frequencies larger than ca. 0.0% she transfer func- ratio measurements could be improved further.

tion of the original analyzer shows flat (white) noise, which  \yie estimate the accuracy of continuous AHixing ra-

is independent of frequency (green squares inay.How-  tjo measurements to &8 ppbv. By comparing the contin-

end shows frequency-dependent noise (Fsgsandéb). For  giscrete measurements from the same ice core we find a

frequenciesf larger than ca. 0.01$ the transfer function  concentration-independent bias of ca. 25 ppbv between the

scales approximately withfi. We cannot determine whether o techniques. We need to correct for this bias using dis-

the cause of this noise behavior lies in the modified analyzegrete measurements at similar depth.

or the front-end. To improve the quality of future measurements, the field
calibration procedure needs to be refined. A review of the
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the spectrometer can be detected (and corrected for) and the
accuracy of CH mixing ratio measurements is optimized.
Additionally, the optimal interval between individual calibra-
tions needs to be determined by further Allan variance tests
to improve measurement stability.

We conclude that our new technique for continuous mea-
surements of Ciimixing ratios from ice cores provides mea-
surements of high resolution and precision. The spatial res-
olution of 5¢cm in combination with the high measurement
speed of typically 20-25m of ice per day is the main ad-
vantage of our measurement technique. The new technique
is coupled to a CFA system where the chemical composition
of the ice core is measured. Therefore, our system does not
require ice core samples solely dedicated for measurements
of CH4 mixing ratio.
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