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Abstract

This work presents a new, field-deployable technique for continuous, high-resolution
measurements of methane mixing ratios from ice cores. The technique is based on
a continuous flow analysis system, where ice core samples cut along the long axis of
an ice core are melted continuously. The past atmospheric air contained in the ice is
separated from the melt water stream via a system for continuous gas extraction. The
extracted gas is dehumidified and then analyzed by a Wavelength Scanned-Cavity Ring
Down Spectrometer for methane mixing ratios. We assess the performance of the new
measurement technique in terms of precision (+0.8 ppbv, 10), accuracy (+8ppbv),
temporal (ca. 100 s) and spatial resolution (ca. 6 cm). Using a firn air transport model,
we compare the resolution of the measurement technique to the resolution of the atmo-
spheric methane signal as preserved in ice cores in Greenland. We conclude that our
measurement technique can resolve all climatically relevant variations as preserved
in the ice down to an ice depth of at least 1980 m (66 000 yr before present) in the
North Greenland Eemian Ice Drilling ice core. Furthermore, we describe the modifica-
tions which are necessary to make a commercially available spectrometer suitable for
continuous methane mixing ratio measurements from ice cores.

1 Introduction

Atmospheric methane (CH,) is the second most important anthropogenic greenhouse
gas, and a sensitive indicator of climate change and millennial-scale temperature vari-
ability. Records obtained from ice cores show CH, variability on both the orbital time
scale of glacial-interglacial cycles (Loulergue et al., 2008), as well as on the millennial
time scale of abrupt Dansgaard-Oeschger cycles (Chappellaz et al., 1993). These at-
mospheric variations are, due to the short atmospheric lifetime of CH,, very rapid and
can be used to synchronize ice core chronologies from both hemispheres (e.g. Blunier
and Brook, 2001; Blunier et al., 2007; Capron et al., 2010). To capture atmospheric

212

AMTD
5, 211-244, 2012

Continuous
measurements of
methane mixing
ratios from ice cores

C. Stowasser et al.

Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

)

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

O

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/211/2012/amtd-5-211-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/211/2012/amtd-5-211-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

variability on the centennial to decadal scale, and to maximize the precision of in-
terhemispheric synchronization, high resolution CH, ice core records are desirable
(Schupbach et al., 2011).

Measurements of CH, mixing ratios from ice cores are typically based on gas chro-
matography (e.g. Sowers et al., 1997; Flickiger et al., 2004; Mitchell et al., 2011). Here,
the air is extracted from individual ice core samples either by a dry (crushing or grating)
or wet (melt-refreeze) extraction technique. In the column of the gas chromatograph,
CH, is separated from other gas species of the sample before mixing ratios can be de-
termined e.g. via a thermal conductivity detector (for oxygen and nitrogen) and a flame
ionization detector (for CH,). While measurements of CH, mixing ratios from ice cores
based on gas chromatography yield good reproducibility (4—15 ppbv), they are time
consuming and labor-intensive, especially when aiming for high-resolution measure-
ments over a large part of the ice core. Due to the separation of gas species within
the column of the gas chromatograph, measurements are destructive and preclude
simultaneous measurements of several gas species from one ice core sample.

Gulluk et al. (1997) developed a high-frequency modulated tunable diode laser ab-
sorption spectrometer for discrete measurements of CH, and other gas mixing ratios
from ice cores. The measurement technique is non-destructive, which allows for si-
multaneous measurements of up to four gas species from the same piece of ice. Un-
certainty of CH, mixing ratio measurements is +13-36 ppbv (Gullik et al., 1998). This
technique is time consuming and labor intensive, since air is extracted from individual
ice core samples similar to the techniques discussed above: Gullik et al. (1998) used
a dry extraction technique, where the ice core sample is sublimated in a high-vacuum
apparatus. Energy for sublimation is transferred to the ice sample by near-infrared ra-
diation. The temperature of the ice is kept below —20 °C to avoid the formation of liquid
water and, thus, the dissolution of gas molecules in the liquid phase.

Recently, a semi-automated technique for measurements of CH, mixing ratios from
ice cores has been developed at the University of Bern (Schupbach et al., 2009).
This field-deployable technique utilizes a gas chromatograph for measurements of CH,

213

AMTD
5, 211-244, 2012

Continuous
measurements of
methane mixing
ratios from ice cores

C. Stowasser et al.

Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

)

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

O

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/211/2012/amtd-5-211-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/211/2012/amtd-5-211-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

mixing ratios (reproducibility of 10—20 ppbv) in combination with a continuous melting
device as used in Continuous Flow Analysis (CFA) systems (Kaufmann et al., 2008;
Bigler et al., 2011). Due to the partly automated measurement technique and the con-
tinuous melting device, measurements are fast and yield a high resolution of 15cm.

The new technique presented in this study is to a high degree automated, field-
deployable and allows for non-destructive measurements of multiple gas species mix-
ing ratios from the same ice core sample (no separation or trapping of air components
is required). A CFA system provides a continuous sample stream, i.e. a mixed flow of
melted ice water and past atmospheric air. The air is separated from the melt water in
two stages by means of a debubbler and a hydrophobic membrane, respectively. CH,
mixing ratios of the extracted air are measured with a Wavelength Scanned-Cavity Ring
Down Spectrometer (WS-CRDS).

In order to make the commercially available WS-CRDS (Picarro Inc., CFADS36
CH,|CO,|H,0O analyzer) suitable for continuous measurements of CH, mixing ratios
from ice cores in combination with a CFA system, we had to modify the spectrometer.
The original version of the WS-CRDS is designed for higher gas flows compared to the
gas flow available from CFA. We present the necessary modifications and characterize
the performance of the modified WS-CRDS in terms of stability, precision, accuracy
and temporal resolution.

Furthermore, we characterize the combined field-deployed system of CFA, gas ex-
traction and modified spectrometer in terms of stability, precision, accuracy and resolu-
tion and present results of in-field measurements along ca. 27 m of the NEEM deep ice
core (North Greenland Eemian Ice Drilling). Furthermore, we show that the resolution
of our measurement technique is sufficient to resolve all climatically relevant variations
in CH, mixing ratio as preserved in the NEEM ice core down to a depth of at least
1980 m (66 000 yr before present).
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2 Methods
2.1 Experimental setup description

Here we describe the experimental setup for continuous measurements of CH, mixing
ratios in combination with a CFA system as applied during the NEEM 2011 field sea-
son (Fig. 1). The CFA system was developed and operated by the University of Bern.
On a heated melt head ice core rods (inner cross section of 2.6 x 2.6 cm, length 1.1 m)
are melted in a cold environment (T ~ —20°C) at a rate of 3.5cm min~'. This results
in a stream of melt water which contains bubbles of past atmospheric air (16 ml min~",
ca. 10 % air by volume). In the warm laboratory of the CFA three peristaltic pumps, the
debubbler and the pressure decoupling unit distribute the sample stream between sev-
eral systems for chemical analysis (for details see Kaufmann et al., 2008; Schupbach
et al., 2009). The overflow of the pressure decoupling unit (3.2 ml min~', ca. 50 % air
by volume) contains all gases and some residual water. It is pumped through a heated
transfer line (to avoid freezing of the sample) towards a second warm laboratory where
CH, mixing ratio analysis takes place.

The remaining melt water of the pressure decoupling unit overflow is removed
with a module for continuous gas extraction (MicroModule 0.5 x 1, G591, Membrana
GmbH). Gas extraction is driven by the built-in vacuum pump of the WS-CRDS, which
maintains a pressure gradient over a bundle of hydrophobic, gas-permeable membrane
tubes within the module.

The performance of the gas extraction module depends on the pressure gradient
over the hydrophobic membrane. Also, the mixing ratio of gas molecules dissolved in
the melt water depends on both pressure and temperature of the sample stream. Thus,
temperature and pressure should be constant on both the water and gas side of the gas
extraction module to guarantee a stable gas extraction. For temperature stabilization
the gas extraction module is located in a temperature-stabilized compartment (T =
30.0+0.2 °C). Variations in the water-to-gas ratio in the ice core as well as changes in
the experimental setup (e.g. degradation of peristaltic pump tubing) introduce pressure
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fluctuations at the gas extraction module both on the water side and on the gas side.
In this experimental setup pressure is kept constant only on the gas side: Here, the
pressure is passively regulated to 700 + 20 mbar by the internal electronic pressure
regulator of the WS-CRDS which maintains a constant pressure in the sample cavity
(EPC Proportional Control Valve, EPCA06SSVXAA, Parker Hannifin Corporation). An
additional pressure regulator on the water side of the gas extraction module could
improve the stability of the gas extraction.

The extracted air (ca. 1.6 ml min‘1) is dried from water vapor while flowing through
a two meter long custom-made Nafion dryer (Nafion TT-020, Perma Pure LLC, 0.3 mm
inner diameter) the outside of which is purged with ca. 20 ml min~" of dry nitrogen gas
(Nitrogen, technical grade, Air Liquide). The water mixing ratios of the dried sample is
measured by the WS-CRDS to be ca. 0.003 % V. From here the dried sample gas is
directed towards the WS-CRDS for CH, mixing ratio analysis. The built-in diaphragm
pump of the WS-CRDS maintains a constant gas flow and creates a pressure drop
over the hydrophobic membrane tubes of the gas extraction module.

The idle time between CFA runs (1.1 m of ice analyzed), allows ambient air to enter
the gas analysis system through the melt head. To prevent that ambient air reaches
the gas extraction module, a segmented flow of 3.2 ml min~" (ca. 50 % air by volume) of
deionized water and bottled gas (mix of gases, Air Products, Belgium, 20.9 % O,, 79 %
N,, 701.2 ppbv of CH,) is mixed in the temperature-stabilized compartment of the gas
extraction system (top right in Fig. 1) and injected into the gas extraction module via
the automated 6-port valve (#6 in Fig. 1, Cheminert C22Z-3186EH, VICI AG). Hereby
the pressure in the gas extraction module and the gas flow through the WS-CRDS stay
roughly constant between CFA runs.

2.2 Calibration

For calibration a segmented flow of deionized water and bottled gas (16 ml min~', ca.

10 % air by volume) is generated, and injected into the system downstream of the melt
head (top left in Fig. 1). This segmented flow mimics the sample flow from the melt
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head and is treated just as an ice core sample from the moment it enters the system.
The reservoir of the deionized water is purged with dry nitrogen gas at a rate of ca.
20mimin~" to keep the molar fraction of dissolved gas molecules roughly constant
and to prevent contamination of the water with ambient air.

We made two gas mixtures for in the field day to day calibration of the system with
mixing ratios of 403.1 ppbv and 701.2ppbv in O,/N, (20.9 and 79 %), respectively.
CH, mixing ratios of both gas mixtures were determined prior to the field season using
three full-air standard gases from NOAA (National Oceanic and Atmospheric Adminis-
tration, Washington DC, CH, mixing ratios of 344.3 ppbv, 688.6 ppbv and 1646.2 ppbyv,
respectively). Calibration takes place once a day using one of the two gas mixtures.
Furthermore, a valve (#4 in Fig. 1, CAWMPH, VICI AG) can be switched to abruptly
change between the two gas mixtures. This enables us to determine the response of
the experimental setup to a stepwise change in CH, mixing ratio (see Sect. 3.2.1).

Figure 2a shows a typical calibration curve of the system for continuous measure-
ments of CH, mixing ratios (WS-CRDS and front-end) as recorded during the field
season. True CH, mixing ratios of the two gas mixtures are plotted against the corre-
sponding measurements of the WS-CRDS. Here, the front-end includes the complete
system for gas extraction, except the melt head which we cannot account for during
calibration since the segmented flow is injected downstream of the melt head (Fig. 1).

Each data point in Fig. 2a refers to continuous measurements of the corresponding
gas mixture for ca. 30 min. For linear regression we use Chi-square fitting, which is
a special case of least-square fitting where every data point has its own, known stan-
dard deviation (for details see Press et al., 2007). Here the known standard deviations
are the standard deviations of the continuous measurement series of the two gas mix-
tures. By using individual standard deviations for each measurement, we account for
a dependance of the measurement precision on the CH, mixing ratio of the sample
gas. The optimal linear fit parameters a and b including their errors found from linear
regression are shown in Fig. 2a. When using the calibration curve to find the correct
values of measured CH, mixing ratios the errors from the fit parameters propagate.
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Using propagation of error we determine the measurement accuracy to be +8 ppbv for
typical glacial/interstadial CH, mixing ratios.

Prior to the field season we determined a calibration curve for the WS-CRDS without
the front-end as shown in Fig. 2b. For this, standard gas is injected directly into the
spectrometer. CH, mixing ratios of two NOAA-certified full-air standards (CH, mixing
ratios of 344.3 and 1646.2 ppbv, respectively) are plotted against the corresponding
measurements of the WS-CRDS. Each data point refers to continuous measurements
of the corresponding standard gas for ca. 30 min. Again, we use propagation of error
to determine the measurement accuracy of the WS-CRDS to be +2 ppbv for typical
glacial/interstadial CH, mixing ratios. As a test we determine the CH, mixing ratio of
a third standard gas to be 686.8 + 2 ppbv which is in agreement with the true mixing
ratio of 688.8 ppbv.

We can conclude that the measurements of the WS-CRDS are more accurate
when the spectrometer is measuring directly from a gas bottle (+2 ppbv), compared
to measurements in combination with our gas extraction system as described earlier
(£8ppbv). This is partly due to a better measurement precision of the WS-CRDS
for direct measurements of bottled gas (see Sect. 2.3). However, the improvement in
accuracy is mainly a result of the larger difference of CH, mixing ratios between the
two standard gases used for the calibration curve of the WS-CRDS alone (344.3 vs.
1646.2 ppbv) compared to the gas mixtures used for the calibration of WS-CRDS plus
front-end (403.1 vs. 701.2 ppbv). The larger difference in CH, mixing ratio significantly
reduces the errors of the fit parameters. Thus, by deploying gas mixtures with larger
differences in CH, mixing ratios to the field, the accuracy of field measurements could
be improved.

2.3 Stability and precision
The stability of the system is characterized by investigating long-term drifts in the CH,

mixing ratio measurements. In the following we characterize the stability of different
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parts of the experimental setup and determine the precision of the corresponding CH,
mixing ratio measurements.

First we characterize the stability of the WS-CRDS in combination with the gas ex-
traction module. For this, we introduce a segmented flow of deionized water and bot-
tled gas (3.2 ml min~', ca. 50 % air by volume) into the setup via the 6-port valve (#6
in Fig. 1). Figure 3a shows CH, mixing ratio measurements of this segmented flow
over a period of ca. 7h. The measurement precision we state for the combination of
WS-CRDS and gas extraction module is given by the standard deviation of the non-
averaged time series shown in Fig. 3a which is 0.7 ppbv (10).

From this series of measurements we quantify the stability of the gas extraction sys-
tem by applying an Allan variance test (described in detail by Werle, 2011). In brief,
Allan variance (Allan, 1966) describes the variance of the mean of a series of measure-
ments for different integration times. In the theoretical case of zero-drift measurements,
increasing integration times would unboundedly decrease the variance and, thus, the
standard deviation of the measurements. However, instrumental drifts will limit the de-
crease of the standard deviation due to progressively long integration times. Figure 3b
shows the “Allan plot” of the measurement series in Fig. 3a. For integration times 7
up to seven minutes the Allan variance decreases and averaging of the signal can
decrease the standard deviation of the CH, mixing ratio measurements. For longer
integration times instrumental drifts overcome the benefits of signal averaging, and the
Allan variance increases.

The same stability test has been conducted for the WS-CRDS alone without the gas
extraction module prior to the field season; we injected bottled gas into the WS-CRDS
directly over a period of four days. The Allen variance of this time series (not shown)
reveals that signal averaging with integration times up to ca. 30 min improves the vari-
ance and yields a precision of ca. 0.6 ppbv for non-averaged measurements. We con-
clude that the CH, mixing ratio measurements of the WS-CRDS are more stable when
the WS-CRDS is measuring directly from a gas bottle compared to measurements in
combination with the gas extraction module. Thus, the limiting factor in terms of the
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stability of our measurements are instabilities in the gas extraction module and not in
the measurement of the WS-CRDS.

We could not test the stability of the complete experimental setup, i.e. the combina-
tion of WS-CRDS, gas extraction module and the CFA system. The calibration series
described in Sect. 2.2 do include WS-CRDS, gas extraction module and CFA system
(except the melt head) but are too short to perform an Allan variance test. The stan-
dard deviation of these calibration series is 0.8 ppbv (10). The calibration series do not
include the melt head, but yield the closest estimate we can obtain for the precision of
continuous measurements of CH, mixing ratios from ice cores. Thus, we estimate the
precision of our measurement technique to be slightly larger than 0.8 ppbv.

The results from the Allan variance test of the WS-CRDS alone show that the stan-
dard deviation of the averaged time series becomes larger than the standard deviation
of the non-averaged time series (0.6 ppbv) for integration time longer than 14 h. This
suggests that the WS-CRDS should be calibrated at least every 14 h to account for in-
strumental drifts and to optimize the performance of CH, mixing ratio measurements.

The Allan variance tests of the WS-CRDS plus gas extraction module is too short
to show integration times for which the standard deviation of the averaged time series
becomes larger than the standard deviation of the non-averaged time series. However,
this will be the case for integration times shorter than 14 h as found for the WS-CRDS
alone.

The results from the Allan variance tests suggest that more frequent calibrations
could improve the performance of the system, since calibration of the system is done
only once in 24 h (see Sect. 2.2). To find the optimal frequency of calibrations a longer
Allan variance test needs to be conducted that includes the complete experimental
setup.

It should be noted that the “Allan plot” of the WS-CRDS plus gas extraction mod-
ule (Fig. 3b) and of the WS-CRDS alone (not shown) reveal a typical low-pass filter
characteristic: For integration times 7 shorter than ca. 20 s, the Allan variance deviates
from the slope of 1/7 (dashed line), which represents the typical behavior in case of
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random noise (white noise) dominated measurements. This feature can be associated
with software signal smoothing or a damping effect of fast concentration changes or
fluctuations due to limitations in the gas sampling system (Werle, 2011).

Ibrom et al. (2007) found that the gas sampling system can act as a low-pass filer for
measurements of water vapor fluxes by damping fast ambient concentration changes
and high-frequency fluctuations. We exclude such an effect of the gas sampling system
for our measurements of CH, mixing ratios, because we observe a low-pass filtering
effect also when the WS-CRDS is measuring bottled gas, where we assume a CH,
mixing ratio constant over time. This suggests that the WS-CRDS and not the gas
sampling system causes the low-pass filtering. The WS-CRDS processes the raw data
(ring-down times) and reports a CH, mixing ratio to the user. Thus, damping of high
frequencies due to software signal smoothing is certainly a possibility but needs to be
confirmed by further investigations.

2.4 Modifications on the WS-CRDS

For CH, mixing ratio analysis we use a modified version of a commercially avail-
able WS-CRDS. The original version is a WS-CRDS from Picarro Inc. (CFADS36
CH,4|CO,|H,O analyzer, for details see Crosson, 2008). In this section we present
the modifications necessary to make the spectrometer applicable for continuous mea-
surements from ice cores.

2.4.1 Gas flow and pump rate

Gas flow through the WS-CRDS is maintained by a diaphragm pump which is located
at the exhaust of the spectrometer. For precise spectroscopic measurements of mixing
ratios a constant pressure in the optical cavity of the WS-CRDS is crucial. A sensitive
pressure transmitter records the cavity pressure and sends a feedback to a proportional
control valve located at the outlet of the cavity. In this way the valve regulates the cavity
pressure (225.00 +£0.05 mbar) and the gas flow through the spectrometer.
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By default, the WS-CRDS is designed for sample gas flows between 70-
400mimin™". In the case of continuous measurements from ice cores the sample
flow is set by the melt speed of the CFA system to 1.6 ml min~'. When operating the
WS-CRDS at a gas flow of 1.6 mi min~" the cavity pressure cannot be maintained con-
stant. We applied the following modifications on the ?as flow path to enable stable
operation of the WS-CRDS at a gas flow of 1.6 mImin™":

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

— A needle valve (SS-SS2-A, Swagelok Company) is placed between the propor-
tional control valve at the outlet of the cavity and the diaphragm pump, which
makes it possible to adjust the pump rate.

It is noteworthy that we also tried to dilute the sample gas with helium in the ratio 1 : 20,
in order to increase the gas flow through the WS-CRDS and to be able to use the orig-
inal version without modifications. To measure the total amount of sample gas within
the air-helium mixture we used an oxygen sensor (FOSPOR-R probe, Ocean Optics
Inc.). This sensor was installed within the WS-CRDS as close to the sample cavity
as possible to get approximately simultaneous measurements of the oxygen and CH,
mixing ratios of the air-helium mixture. However, this approach was unsuccessful be-
cause uncertainties in the oxygen measurement were too large and measurements of
CH, mixing ratio could not be corrected for the dilution with helium without introducing
unfeasible large errors.

2.4.2 Cavity pressure and fitting routine

The continuous flow of gas through the WS-CRDS is subject to dispersion (sample mix-
ing) and memory effects (e.g. interaction of CH, molecules with surfaces). Thus, every
signal in the continuous sample flow is smoothed when analyzed by the spectrometer.

The average time a sample molecule spends in each volume of the WS-CRDS is
long when the spectrometer is operated at the low sample gas flow of 1.6 mi min'1,
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compared to default operation at gas flows between 70 and 400 ml min~". Therefore,
dispersion and memory effects in the WS-CRDS increase and reduce the optimal res-
olution of CH, mixing ratio measurements.

To improve resolution, the pressure in the sample cavity, which is with ca. 33 cm®
by far the largest volume in the spectrometer, is reduced from 225 mbar to 60 mbar.
The internal volume of the WS-CRDS is reduced by switching to small-diameter tubing
throughout the spectrometer and by removing a gas filter at the inlet.

As a consequence of the lower cavity pressure and the volume reduction, sample
gas dispersion and memory effects in the spectrometer decrease. We quantify this
improvement in Sect. 3.2.3, where we compare the optimal resolution of modified and
original WS-CRDS.

To determine the CH, mixing ratio in air, the software of the WS-CRDS applies
a spectral fit to the absorption feature of CH,. The low pressure in the sample cavity
reduces pressure-broadening effects and, thus, sharpens the absorption line of CH,
(for detail see e.g. Di Rocco, 2004; Demtroder, 2003). A spectral fit tailored to the lower
cavity pressure was provided and implemented into the software by the manufacturer
Picarro.

The above-mentioned modifications enable us to use a commercial instrument for
measurements of CH, mixing ratios from ice cores with a high temporal resolution. In
principle, these modifications can improve the measurement resolution of any spec-
trometer. However, in the case of continuous flow, small-sample applications as de-
scribed in this work, the internal volume of the sample cavity is critical and should be
chosen to be as small as possible. Lowering the sample pressure in the cavity improves
the measurements resolution, but decreases the precision due to a smaller signal-to-
noise ratio. Hence, one has to find a convenient agreement between resolution and
precision for each application.
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3 Results
3.1 Field measurements

Figure 4a shows ca. six hours of CH, mixing ratio raw data as recorded by the WS-
CRDS during the 2011 NEEM field season including four CFA runs. Uncalibrated CH,
mixing ratios of the four CFA runs are around 390 ppbv, each along 1.1 m of ice. Be-
tween two consecutive measurements, the WS-CRDS measures a mixture of deion-
ized water and bottled gas (CH, mixing ratio of ca. 550 ppbv). Valve switches (#6 in
Fig. 1) between this mixture and the sample are indicated by dashed cyan lines. The
end of each measurement is clearly defined since ambient air briefly enters the system
which results in spikes in the CH, mixing ratio. Approximately the first third of each
measurement run is discarded due to sample dispersion and memory effects. This
leaves ca. 0.7m per CFA run for non-contaminated CH, mixing ratio measurements
(green segments).

Figure 4a also shows measurements of two gas mixtures with known CH, mixing ra-
tios (red line), which are injected into the system in order to calibrate the measurements
(see Sect. 2.2) and to evaluate the response of the experimental setup to a stepwise
change in CH, mixing ratio (see Sect. 3.2.1).

In Fig. 4b we show 25 consecutive measurements of CH, mixing ratios (green) on
a depth scale (ca. 2340-2370 m from top, NEEM deep ice core). We convert the time
series of the measurements to a depth scale via the CFA melt rate of 3.5cm min~".
The measurements cover a change in CH, mixing ratio values of ca. 650 ppbv to ca.
540 ppbv. The measurements are calibrated using the 2-point calibration described
earlier. In a second step we correct the measurements for a +25 ppbv bias we found
compared to discrete measurements of CH, mixing ratios. As a comparison we show
the discrete measurements of CH, mixing ratio (black diamonds) which were con-
ducted at the University of Bern (reproducibility £10 ppbv, melt-refreeze extraction, gas
chromatography).
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The bias in our calibrated measurements suggests that the calibration of our experi-
mental setup does not take into account all possible sources of error. A possible cause
of the bias could be, that we inject the segmented flow for calibration downstream of
the melt head. Thus, we do not include the melt head and the phase change from ice to
water into our calibration. By doing so, we make the assumption that both the sample
and the calibration mixture are in equilibrium (with a constant mixing ratio of dissolved
CH, molecules in the water phase) before the air-water mixture enters the debubbler.
This, however, might not be the case and could lead to wrong correction factors for the
calibration.

Furthermore, the water-to-gas ratio of the segmented flow for calibration differs
slightly from the water-to-gas ratio of the sample flow which alters the mixing ratio
of dissolved CH, molecules. The lack of a precise gas flow meter in the experimental
setup, makes it impossible to compare the gas flow rate of the segmented calibration
flow with the sample flow. It is therefore possible that differences in the water-to-gas
ratio result in wrong correction factors.

Also, the 21 reservoir of deionized water used for the segmented calibration flow
(upper left in Fig. 1) is constantly purged with 20 ml min~" of nitrogen gas (ca. 100 %
nitrogen). Thus, we can assume saturation of the deionized water with nitrogen. Once
the nitrogen-saturated water is mixed with the calibration gas (ca. 70 % nitrogen), the
nitrogen mixing ratios of the gas and of the water will start to equilibrate. The extra
nitrogen will raise the nitrogen content of the calibration gas and, thus, lower its CH,
mixing ratio. In this case, the correction factor of the calibration will be too high, which
explains the positive bias in our results compared to discrete measurements of CH,
mixing ratio.

As shown in Fig. 4b, we can correct our continuous measurements with discrete
measurements at similar depth to account for the bias. When correcting the contin-
uous measurements with discrete measurements, the uncertainty from the discrete
measurements will propagate and decrease the earlier stated accuracy of £8 ppbv for
the continuous measurements.
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Gaps within the continuous measurements in Fig. 4b are due to dispersion and mix-
ing effects during the first third of each measurement which have to be discarded. The
reason being that it takes approximately 10 min (one third of a CFA run) to replace
most of the gas molecules in the sample cavity of the WS-CRDS and other parts of the
experimental setup. These gaps could be minimized by reducing the large volumes in
the experimental setup, like e.g. debubbler, gas extraction module and sample cavity
of the WS-CRDS. Alternatively a larger CFA ice core sample would provide a higher
gas flow and accelerate the exchange of gas molecules within the system.

3.2 Resolution of continuous methane mixing ratio measurements
3.2.1 Measurement resolution

To quantify dispersion and memory effects in the experimental setup and to estimate
the resolution of CH, mixing ratio measurements we investigate the response of the ex-
perimental setup to a stepwise change in CH, mixing ratio. We here follow an approach
similar to Gkinis et al. (2010), who used similar techniques to characterize a system for
continuous measurements of stable isotopes of water using a WS-CRDS.

The continuous flow of gas through the experimental setup is subject to dispersion
and memory effects. Thus, every signal in the continuous sample flow is smoothed
when analyzed by the system. This sets a limit to the measuring resolution of the
system. A stepwise change between two different CH, mixing ratios is injected into
the system via a 4-port valve (#4 in Fig. 1). In the theoretical case of zero dispersion
and memory effects, the change between two CH, mixing ratios can be described by
a scaled version of the Heaviside unit step function H(t) as:

S(t) = (C,—Cy)H(t) +C, (1)

where the valve switch takes place at f =0 and C4 and C, are the CH, mixing ratios
of the two gas mixtures as measured by the WS-CRDS. The measured signal which
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is smoothed by dispersion and memory effects can be described as the convolution of
S(t) with a smoothing function G:

m(t) =[S« G](?), ()

where m(t) is the signal as measured by the WS-CRDS. Figure 5a shows the nor-
malized WS-CRDS signal as a response to a stepwise change in CH, mixing ratios
at a gas flow rate of 1.6 mlmin~" (black dots). A fit to the data using a scaled ver-
sion of the cumulative distribution function (cdf) of a log-normal distribution is shown as
a dashed red line. The derivative of the measured signal dm/dt gives the response of
the experimental setup to a scaled version of the &p;,,. pulse:

I = 82 6 =(Co-C) T G = (ComC1)opuae G @)
Figure 5b shows the derivative of the normalized step response shown in Fig. 5a, i.e.
the response of the system to a &, pulse (black dots). The derivative of the cdf fit is
shown as a dashed red line. We define the normalized derivative m" as

_dm
T dt

The transfer function G(f) of the experimental setup is the Fourier transform of the
normalized derivative m':

/

“(Co=Cy)™" 4)

G(f)= / m'e=?""gt, (5)

where f is the frequency. The magnitude of the transfer function describes how the

amplitude of a periodic input signal of a certain frequency is damped when analyzed

by the system. Figure 5¢ shows the magnitude of the transfer function (black dots)

of the system. For example, the amplitude of a periodic input signal with a frequency

of 0.004s™" is attenuated by 80 % after being analyzed by the system compared to
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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 resolve any periodic input signal with a frequency
larger than ca. 0.01 s~ which sets the optimal temporal resolution of our system.

We convert the time scale t in seconds to a length scale x in meters by using the
CFA melt rate of ca. 3.5cmmin™". Hereby we can estimate the spatial resolution of
CH, mixing ratio measurements along an ice core. This determines the maximal spa-
tial resolution of our measurement technique (WS-CRDS and front-end) to be ca. 6 cm.
Thus, our system can detected a damped version of periodic input signals with a wave-
length longer than 6 cm.

The spatial resolution of 6 cm in combination with the high measurements speed of
typically 20—25 m 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 resolution is limited to 15 cm (Schipbach
etal., 2009). Discrete measurements of CH, mixing ratios from ice cores yield a typical
measurement speed of 10—12 samples per day and a resolution of 140 cm (Loulergue
et al., 2008) up to 100 cm for detailed studies over short parts of the core (e.g. Fllickiger
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 continuous measurements
of CH, mixing ratio (6 cm, see Sect. 3.2.1) to the resolution available from different ice
cores using firn modeling.

The porous firn layer at the top 40—120 m of the ice sheet causes diffusive smooth-
ing of the atmospheric signal (e.g. Schwander et al., 1988; Battle et al., 1996). This
limits the temporal resolution at which variations in atmospheric composition are pre-
served in the air bubbles. The firn acts as a 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 response of the firn layer
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to assess how atmospheric variations at different frequencies are attenuated and pre-
served. Knowing the accumulation rate and thinning function in the ice sheet, the
temporal CH, variations in the atmosphere can be mapped onto spatial CH, variations
along a drilled ice core. By comparing the transfer function of the firn to that of our
experimental setup we can assess whether our measurements capture all the CH,
variations recorded in the ice core, i.e. whether we are over- or undersampling the
available climatic signal.

We use the Center for Ice and Climate firn air model (Buizert et al., 2011) to model
gas transport in the porous firn. The model was adapted to allow calculation of mixing
ratios in the closed pores. We force the model at the surface with a unit step function
in CH, mixing ratio, equivalent to the step function we used to characterize the experi-
mental setup. We model the firn response on a time scale; this can easily be converted
to a depth scale by multiplying with the annual layer thickness 1 at the depth consid-
ered. Ice flow reduces the layer thicknesses towards the bed; we base our estimates of
A on a preliminary NEEM depth-age scale constructed by matching of reference hori-
zons to the NGRIP GICCO05 time scale (S. O. Rasmussen, personal communication
2011).

We analyze four time slices representing different climatic conditions, and degrees of
annual layer thinning. The first two represent the early and late Holocene, with ages of
1 kyr and 7 kyr before present (1 kyr = 1000 yr); these periods are present in the NEEM
ice core at annual layer thicknesses of 1 =18 and 1 =11cm, respectively. For both
we use the modern day firn air transport characteristics as described by Buizert et al.
(2011). The effects of Holocene temperature and accumulation variability on the firn
transport properties are not taken into account as they are small (Schwander et al.,
1997; Goujon et al., 2003). Note that for these two cases the time response of the
firn is assumed to be identical; they only differ in the amount of layer thinning they
experienced. Atmospheric variation in the late Holocene will be more easily resolved,
due to less severe layer thinning in this part of the core compared to the early Holocene.
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The other two time slices represent the glacial period, with ages of 23 kyr (LGM)
and 66 kyr before present; with 1 =1 and A =0.5cm, respectively. Modeling the firn
transport in the past requires detailed knowledge of the firn denisty profile and trans-
port properties. Unfortunately the relationship between density and diffusivity is highly
site specific and not well represented by measurements on finite firn samples (Fabre
et al., 2000). The current day diffusivity-depth relationship can be reconstructed using
measurements of trace gas mixing ratios in firn air samples (Rommelaere et al., 1997;
Trudinger et al., 1997). However, since climatic conditions strongly influence the firn
transport properties, this is of limited use when considering e.g. ice from glacial periods
(Schwander et al., 1997). We estimate the LGM accumulation at NEEM to be around
8cm yr‘1 ice equivalent based on reconstructions for the NGRIP ice core (Andersen
et al., 2004); our estimate of the mean annual temperature is =50 °C based on an in-
version study of borehole thermometry at GRIP by Dahl-Jensen et al. (1998). With
an accumulation rate of 8cm yr'1 and a mean annual temperature of —49.5°C (Battle
et al., 1996), South Pole offers a good modern day analog for NEEM during the LGM.
Consequently we have tuned the effective diffusivity of the model to firn air measure-
ments from modern day South Pole. We increased the depth of convective mixing until
gravitational fractionation matched LGM data from the GRIP core (Schwander et al.,
1997).

In Fig. 6a we show the comparison of the firn responses from the four analyzed time
slices. Furthermore, we compare the firn responses to the normalized step-response
of the experimental setup (see Sect. 3.2.1). For the normalized step-response we
converted from measurement time to depth using the CFA melt rate of ca. 3.5¢cm min~".
Figure 6b shows the transfer functions of the five responses shown in Fig. 6a.

It must be noted that the modeled firn response, particularly during the glacial, has
a high uncertainty. By using South Pole as a realistic modern analog this uncertainty
is minimized; we estimate the firn response time shoud be accurate within 50 % for
the glacial, and within 25 % for the Holocene. Even with such a high uncertainty we
can conclude that the continuous measurements of CH, mixing ratio can resolve all
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climatically relevant CH, variations in the firn column with wavenumbers smaller than
0.1cm™' down to a depth of 1980 m (66 kyr BP). CH, variations in the firn column with
wavenumbers larger than 0.15cm™" cannot be resolved due to measurement noise.
Nevertheless, a higher resolution of the continuous measurements of CH, mixing
ratios from ice cores would be beneficial. A higher measurement resolution would
shorten the gaps between consecutive measurements (see Sect. 3.1). Furthermore,
non-atmospheric variations in CH, mixing ratio found in the ice could be resolved better,
such as in-situ production of CH, or high CH, mixing ratios associated with melt layers.

3.2.3 Improving measurement resolution of the WS-CRDS

To quantify the improvement in resolution of the modified version of the WS-CRDS
compared to the original version as mentioned in Sect. 2.4 we use the same tech-
niques as described in Sect. 3.2.1. Omitting the front-end, gas was directly injected
into the original and modified spectrometer, respectively. Figure 7a shows the nor-
malized responses of the original analyzer (gray squares) and the modified analyzer
(black dots) to an identical stepwise change in CH, mixing ratio at a gas flow rate of
2mimin~"'. A cdf fit to the data is shown as a dashed red line. The modified analyzer
responds faster to a change in CH, mixing ratio: it takes 250 s to go from 10 % to 90 %
of the normalized step using the original analyzer, whereas it takes only 48 s using the
modified analyzer.

Figure 7b shows the time derivative of the normalized responses from which we cal-
culate the transfer functions of the original and modified analyzer as shown in Fig. 7c.
The amplitude of a periodic input signal with a frequency of 0.001 s~ e.g. is attenu-
ated by 20 % of the original amplitude in the original analyzer. However, in the modified
analyzer the same input signal is not attenuated noticeably. By comparing the transfer
functions of the analyzer to the transfer function of the cdf fit (dashed red lines) we find
that the original analyzer cannot resolve periodic input signals with frequencies larger
than ca. 0.01s™" due to noise in the measurements. Using the modified analyzer it is
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possible to resolve periodic input signals with frequencies up to ca. 0.03 s~'. We can

conclude that the modifications on the WS-CRDS improved the resolution of CH, mix-
ing ratio measurement, which makes continuous measurements of CH, mixing ratios
from ice cores feasible.

Comparing the optimal resolution of the modified spectrometer (0.03 s‘1) with the
optimal resolution of the modified spectrometer plus front-end as derived in Sect. 3.2.1
(0.01 8_1), we conclude that the front-end has a significant effect on the optimal res-
olution of continuous measurements of CH, mixing ratios from ice cores. To improve
resolution even further it is necessary to minimize sample volumes both in the spec-
trometer (e.g. sample cavity) and in the front end (e.g. debubbler or gas extraction
module).

4 Summary and conclusions

We modified a commercially available WS-CRDS to make it suitable for continuous
CH, mixing ratio measurements from ice cores in combination with a CFA system.
The modified flow path enables stable operation of the WS-CRDS at a gas flow of
ca. 1.6mimin™". The reduced cavity pressure improves the resolution of the mea-
surements considerably, allowing for highly resolved continuous measurements of CH,
mixing ratios. The measurement resolution (ca. 6 cm) of the complete experimental
setup, i.e. CFA system (except melt head), gas extraction module and WS-CRDS com-
bined, is sufficient to resolve all climatic relevant CH, variations in the firn at least down
to a depth of 1980 m of the NEEM deep ice core.

For the current system we determine a precision of 0.8 ppbv (10). We find that the
limiting factor of the stability of the measurement technique is the CFA system and
the gas extraction module and not the WS-CRDS. Given the current stability of the
system one calibration per day is not sufficient to capture and correct for all drifts in
the measurement. By improving the stability of the gas extraction the precision of CH,
mixing ratio measurements could be improved further.
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We estimate the accuracy of continuous CH, mixing ratio measurements to be
+8ppbv. By comparing the continuous measurements of CH, mixing ratios with
traditional discrete measurements from the same ice core we find a concentration-
independent bias of ca. 25 ppbv between the two techniques. We can correct for this
bias using discrete measurements at similar depth.

We conclude that our new technique for continuous measurements of CH, mixing
ratios from ice cores provides measurements of high resolution and precision. The
spatial resolution of 6 cm in combination with the high measurement speed of typically
20-25m of ice per day is the main advantage 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 consume ice core samples solely
dedicated for measurements of CH, mixing ratio.
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Fig. 1. Schematic drawing of the experimental setup for continuous measurement of CH,
mixing ratios as used during the NEEM 2011 field season. The ice core samples are melted on
a heated melt head (A). A debubbler (B) and a pressure decoupling unit (C) distribute the melted
sample between different systems for analyses of the chemical composition of water and the
ratio of stable isotopes of water (D). A heated tube (E) transfers the sample to a second warm
laboratory for CH, mixing ratio analysis. Here, a hydrophobic membrane module (F) separates
the gas from any residual water. For calibration of the system deionized water is purged with
nitrogen gas (G).
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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 head. (B) Calibration
curve of the WS-CRDS alone, where standard gas is directly injected into the spectrometer.
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Fig. 3. (A) CH, mixing ratios from a segmented flow of deionized water and bottled gas as
measured by the WS-CRDS over a period of approximately 50 min (green). The average mea-
surement frequency is 0.6 Hz. To visualize short-term variations in the measurements we ap-
plied a one minutes running average (dark green). (B) “Allan plot” of the time series shown in
the upper panel. Allan variance is plotted agains the integration time 7. In the case of random
noise dominated measurements the “Allan plot” follows the 1/7 slope (dashed line).
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Fig. 4. (A) Approximately six hours of uncalibrated CH, mixing ratios as measured by the
WS-CRDS, containing four ice core measurements (CH, mixing ratio ca. 390 ppbv,) and a cali-
bration (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 sam-
ple 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 mea-
surements (green). (B) Discrete measurements of CH, mixing ratio along the NEEM deep
ice core covering a depth between 2343-2368 m from top (black diamonds). 25 consecutive
continuous measurements of CH, mixing 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 to discrete measurements.
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Fig. 5. (A) Normalized response of the complete experimental setup (except melt head) to
a stepwise change in CH, mixing ratio (black dots) and a cdf fit (dashed red line) as a function
of measurement time. (B) The derivative of the normalized step response (black dots) and of
the cdf fit (dashed red line) with respect to the measurement time. (C) The transfer function
of the experimental setup (black dots) and of the theoretical case of zero-noise measurements
(dashed red line).
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Fig. 7. (A) Normalized response of the original (gray squares) and the modified analyzer (black
circles) to a stepwise change in CH, mixing ratio plotted against measurement time in seconds.
Cdf fits to the measurements are shown as dashed red lines. (B) The time derivative of the
normalized responses from A. (C) The transfer functions of the original and modified analyzer.
The dashed lines show the transfer functions of the analyzer in the theoretical case of zero-
noise measurements.
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