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Abstract

Concern over Arctic methane (CH4) emissions has increased following recent 
discoveries of poorly understood sources and predictions that methane emissions 
from known sources will grow as Arctic temperatures increase. New efforts are 
required to detect increases and explain sources without being confounded by the 
multiple sources. Methods for distinguishing different sources are critical. We 
conducted measurements of atmospheric methane and source tracers and performed 
baseline global atmospheric modeling to begin assessing the climate impact of 
changes in atmospheric methane. 
The goal of this project was to address uncertainties in Arctic methane sources and 
their potential impact on climate by (1) deploying newly developed trace-gas 
analyzers for measurements of methane, methane isotopologues, ethane, and other 
tracers of methane sources in the Barrow, AK, (2) characterizing methane sources 
using high-resolution atmospheric chemical transport models and tracer 
measurements, and (3) modeling Arctic climate using the state-of-the-art high-
resolution Spectral Element Community Atmosphere Model (CAM-SE). 
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NOMENCLATURE
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CH4 Methane
CLM Community Land Model
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RESTOM Residual energy flux at the top of the model
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1.  INTRODUCTION

Concern over Arctic methane (CH4) emissions has increased following recent discoveries of 
poorly understood sources and predictions that methane emissions from known sources will 
grow as Arctic temperatures increase. Methane has a 25-fold higher global-warming potential 
than CO2 and is believed to cause ~50% of the net radiative forcing of CO2 [1]. The calculated 
capacity of the warming Arctic to produce methane is enormous, and the warming effect of CH4 
could surpass that of CO2. Methane sources predicted to increase include: thawing terrestrial 
permafrost, shallow oceanic methane hydrates, and submerged permafrost. Recent studies 
revealed an unexplained methane source associated with cracks in sea ice [2, 3] and a potentially 
important open-ocean source [4]. A few incomplete datasets are available to study Arctic 
methane emissions, and new efforts are required to detect increases and explain sources without 
being confounded by the multiple sources. Methods for distinguishing different sources are 
critical. We are conducting measurements of atmospheric methane and source tracers and are 
coupling these measurements with global atmospheric modeling and back-trajectory analysis to 
identify, characterize, and assess the climate impact of Arctic methane sources. The unique data 
and analysis addresses a timely and high profile scientific question. Understanding Arctic 
methane sources will help inform decisions related to human activity (such as oil and gas 
exploration) at high latitudes.

The goal of this project was to address uncertainties in Arctic methane sources and their potential 
impact on climate by (1) deploying newly developed trace-gas analyzers for measurements of 
methane, methane isotopologues, ethane, and other tracers of methane sources in the Barrow, 
AK, (2) characterizing methane sources using high-resolution atmospheric chemical transport 
models and tracer measurements, and (3) modeling Arctic climate using the state-of-the-art high-
resolution Spectral Element Community Atmosphere Model (CAM-SE). 

1.1. Measurements of Arctic Methane and Source Tracers

Newly developed trace-gas analyzers can measure methane and source tracers (ethane and 
methane isotopologues, δ13CH4, carbon monoxide) continuously with high sensitivity and 
precision. Our approach exploits the distinct isotopic signatures of different geological and 
biological sources of CH4 [5] and the ability of ethane, which has no significant biogenic 
sources, to provide a powerful tracer for natural gas emissions [6, 7]. 

A few incomplete datasets are available to study Arctic methane emissions, and new efforts are 
required to detect increases and explain sources without being confounded by the multiple 
sources. Methods for distinguishing different sources are critical. A study employing δ13CH4 
measurements from the polar Zeppelin Observatory (Norway) used flask measurements and 
regional back-trajectory modeling to distinguish seasonal contributions from wetlands and fossil-
fuel Arctic sources [8].  

We deployed two multi-species trace gas instruments in Barrow, Alaska at the ARM North Slope 
of Alaska site. Although routine flask measurements of methane isotopologues and CO are taken 
approximately weekly in Barrow by NOAA along with continuous total-methane, our 
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measurements are the first continuous measurements in Barrow of all of the following species: 
CH4, δ13CH4, C2H6, CO, CO2, OCS

1.2. Atmospheric Modeling of Methane

Current versions of climate models such as the Community Earth Systems Model (CESM) do not 
explicitly represent sources of methane in the Arctic that we wish to simulate such as melting 
permafrost, Arctic Ocean, and seafloor methane hydrates, but these sources may be available in 
future versions of CESM.  As a step toward the long-term goal of modeling the climate impacts 
of changes in Arctic methane release, we performed sensitivity studies of the CESM model 
response to increases in global CH4 concentration. 
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2.  ARCTIC FIELD MEASUREMENTS OF METHANE AND SOURCE 
TRACERS

Both the trace gas instruments deployed in Barrow employ mid-infrared tunable diode lasers to 
measure absorption spectra and report mixing ratios for their target species, and they require 
periodic introduction of calibration standards to achieve traceable results.  With these field 
deployable techniques comes the challenge of how to effectively and efficiently calibrate and 
characterize analyzer performance while in the field. A commonly used approach is using whole 
air reference gases stored in high-pressure cylinders, which can be prepared and calibrated to a 
common scale at NOAA/ESRL. The use of these whole air gases presents logistical challenges, 
however, as preparation and characterization can be costly and time-consuming. Because of their 
pressure gas cylinders are also considered hazardous materials and, therefore, are difficult and 
costly to transport. Each of the instruments deployed measures multiple species with very 
different ambient concentration ranges. The use of separate cylinders for each species would 
have been infeasible at the ARM-NSA site.  A major challenge in the design of the calibration 
system was the reduction of the number of cylinders deployed and conservation the amount of 
gas used.  Although the two instruments were calibrated separately, the approach for the two 
instruments is essentially the same, but the instrument measuring carbonyl sulfide has an 
optional additional calibration method using permeation tubes.  

2.1. LGR OCS/CO/CO2/H2O Instrument Calibration

We have designed and implemented a dilution-based approach to calibrating trace gas 
instruments that serves as an alternative to relying entirely on whole air standards. One of the 
instruments we deployed in Barrow, AK measures methane (CH4), 13CH4/12CH4, and ethane 
(C2H6) (Aerodyne Research, Inc.), and the other instrument measures carbonyl sulfide (OCS), 
carbon monoxide (CO), carbon dioxide, and water (Los Gatos Research, Inc.). The calibration 
systems we developed are very similar in design and can be operated independently.  
The OCS/CO/CO2/H2O calibration system has additional hardware that permits calibration of 
OCS using a permeation tube and will be discussed in detail in this section.  We have 
investigated whether we can deliver a calibration mixture of OCS (or CO) with the required 
accuracy and precision to be able to reliably calibrate and characterize the OCS (or CO) 
measurements. Here we report our findings on the field performance of two different 
concentrated OCS sources in combination with two different methods of determining the dilution 
ratio. Also, we present the first reported characterization of the “enhanced performance” version 
of the Los Gatos OCS analyzer, including evaluations of the analyzer accuracy, precision, 
repeatability, and sensitivity to water vapor. Finally, we present ambient data collected across 
two field deployments, one in Livermore, CA USA and one in Barrow, AK USA, representing 
the most extensive continuous OCS data sets reported in these regions. 
2.1.1 Instrumentation
OCS was measured using a commercial instrument from Los Gatos Research Inc. (OCS 
analyzer, enhanced performance model 914-0028) employing off-axis integrated cavity optical 
spectroscopy (ICOS).  The standard performance model (LGR model 907-0028) has been 
characterized previously [9], but this is the first characterization of the enhanced performance 
model presented in the literature. The OCS analyzer also measures CO, and H2O.  The analyzer 
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requires minimal user intervention, in general, and none during the time period covering the data 
reported in this study. 

The manufacturer reported precision for OCS is less than 6 ppt in 1 s (1) and we find, 
operationally, the instrument performs at between 4 ppt and 6 ppt. This is about 5-8 times better 
precision than that reported by Berkelhammer et al. [9] for the “standard” performance model 
OCS analyzer from LGR (10 ppt for 10 s averages or 32 ppt in 1 s). A range of precision levels 
for the QCL-TILDAS (Aerodyne Inc., Billerica, MA) has been reported ranging from 50 ppt (1 
s) for an early generation model [10] to 3 – 8 ppt (1 s) in more recent incarnations[11-13].   For 
CO2, the manufacturer reported precision is less than 0.3 ppm, and we find that the precision 
varies from 0.3 ppm to 0.4 ppm. Berkelhammer et al. [9] found that the precision in both OCS 
and CO2 measurements increased with increased temperature for the standard performance 
model. We have not been able to conclusively determine whether a correlation between precision 
and temperature exists in the enhanced performance model, however.

We operate the instrument using its internal pumping system, which samples ambient air at 
approximately 100 sccm. The sampling configuration is slightly different at the two sites 
described in this study, and we describe these differences below (Sec. 2.2). In both 
configurations, air is sampled at ambient humidity and we report the ambient OCS data as dry air 
mole fractions by accounting for dilution as well as a small spectroscopic interference resulting 
from addition of H2O to ambient air (see Sec. 3.4). We also report the ambient CO2 data as dry 
air mole fractions, accounting for the dilution effect of H2O, but have not yet evaluated the CO2 
channel for spectroscopic artifacts due to H2O. Here, we report ambient data collected at 1 Hz, as 
hourly averages.
2.1.2 Calibration System
The calibration system used in this study has been designed to automate the delivery of multiple 
standard sources to a suite of instrumentation. Generally, there are two basic types of standards 
used: (1) synthetic air standards with trace components at ambient concentrations to be delivered 
directly to the analyzers; and (2) concentrated standards that undergo variable dilution with zero 
air prior to delivery to the analyzers. In this section, we describe the layout and operation of two 
versions of this calibration system and how they interface with the ICOS inlet.

A diagram of the automated calibration system used at the Livermore site is shown in Figure 2-
1a. It consists of a combination of custom built and commercially available components. 
Solenoid valves (Parker), two multi-port selection valves (VICI), and a digital mass flow 
controller (MKS) are controlled through a home-built LabView program that runs scheduled 
calibrations and logs data. The system incorporates a commercial Gas Calibration Unit (GCU, 
Ionicon), which serves the function of quantitatively mixing concentrated standard gases with 
zero air to produce ambient-level calibration mixtures. The GCU contains 2 mass flow 
controllers for achieving quantitative dilution: one with a full-scale of 2000 sccm (hereafter, 
referred to as the dilution MFC; Bronkhorst EL-FLOW Select Series) and one with a full scale of 
20 sccm (hereafter, referred to as the standard MFC; Bronkhorst LOW-∆P-FLOW series). We 
use the internal factory calibrations of each MFC to calculate the dilution rate. Control of the 
GCU MFCs is incorporated into the LabView program. All components coming in contact with 
the gases are stainless steel, Synflex, PTFE polymer, PEEK polymer, or Siltek-treated stainless 
steel.
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The GCU also contains an internal humidifying bubbler and dew point mirror to allow control of 
the calibration mixture humidity. During normal calibration routines the humidifier is bypassed. 
However, we were able to take advantage of this feature to test the impact of varying levels of 
humidity on the detection of OCS. Note that the humidification acts on the zero air prior to 
mixing with the standard gas so that OCS and other analytes do not pass through the bubbler or 
the dew point mirror. We apply a small correction to the dilution mass flow rate for humidified 
air to accommodate for a changing gas correction factor, amounting to a 0.6% decrease in the 
flow rate when the zero air is humidified to 3% H2O.

Zero air is produced using a zero air generator (Environics 7000, Environics, Inc.) followed by a 
second stage of catalytic scrubbing (Aadco Methanizer, Aadco, Inc.) to remove hydrocarbons, 
CO, and CH4. CO2 is not removed and is typically extremely variable during calibrations for 
unknown reasons, but we have found no indication that the OCS measurement is impacted by 
CO2 concentration over a wide range of CO2 concentrations (~200 – 500 ppm). The second 
scrubbing stage was found to be critical for removing OCS from air exiting the Environics zero 
air generator. The zero air is routed directly to the inlet of the GCU and also to the permeation 
source oven, known commercially as a dynacalibrator (VICI). Upstream of the dynacalibrator, a 
mass flow controller (MKS) regulates and quantifies the flow of zero air through the 
dynacalibrator (hereafter, referred to as the carrier gas MFC). We use the internal factory 
calibrations of the carrier gas MFC, but regularly perform external checks on the stability of the 
carrier gas MFC using a mechanical gilibrator (Defender Series, Mesa Labs, Inc.), finding 
variations of <1% in the MFC over the course of the Livermore campaign. For stability of the 
permeation source, a constant flow of zero air must pass through the dynacalibrator at all times. 
Therefore, a bypass needle valve is utilized, dumping dynacalibrator effluent to atmosphere 
while regulating the upstream pressure to maintain a sufficient pressure drop across the standard 
MFC for achieving proper mass flow control when calibrating using the permeation source.

Calibration mixtures exiting the GCU and air directly from a set of high pressure synthetic air 
cylinders are selectively delivered to the ICOS sampling line. An inlet manifold is situated 
downstream of the inlet diaphragm pump and is maintained at a constant pressure of ~0.15 bar. It 
contains 3 sampling ports to support 3 different analyzers. A 3-way solenoid valve allows for 
switching between ambient air and calibration gas. A mass flow controller regulates the flow of 
gas from the high-pressure cylinders to the manifold. A bypass valve is opened when delivering 
GCU gas mixtures to the manifold. A flow restricting needle valve is downstream of the bypass 
valve so that the pressure in the sampling line to the ICOS remains approximately constant when 
sampling ambient air and calibration gas.

For the Barrow site deployment, we designed a modified system that is functionally equivalent to 
the Livermore system, but incorporates a few important differences, which we will describe here. 
Figure 2-1b shows the diagram of the Barrow calibration system and how it interfaces with the 
ICOS analyzer. Operation of the system is fully automated via the same LabView control 
software, which is installed on a networked computer allowing for remote operation. All 
materials that the calibration mixture comes into contact with are either stainless steel, Synflex, 
or PEEK.
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As in the Livermore system, ambient sampling occurs downstream of the inlet pump. However, 
instead of directing the pressurized ambient air directly to the analyzer (0.7 bar for the Barrow 
inlet), it is routed through a MFC  (hereafter, referred to as the sampling MFC) set at a flow rate 
of 130 sccm, just above the analyzer flow rate of 100 sccm. This provides a small bypass flow 
that is vented to the atmosphere and allows the ICOS analyzer to operate with its inlet at 
~ambient pressure. A three way valve is located just upstream of the sampling MFC which 
couples the calibration system to the analyzer. The analyzer has its own internal pressure control, 
which minimizes the need to control the pressure at the inlet; however, by regulating the flow of 
ambient air and calibration gas over the ICOS inlet, we are able to ensure that recovery times are 
fast when switching between calibration gas and ambient air. It also limits the variability in 
pressure when other instruments are added or removed from the sampling manifold.

Additionally, instead of using the commercial GCU system to perform calibration gas dilutions, 
we use a simplified home built dilution system comprised of two MFCs (G-series, MKS Inc.). 
The standard gas MFC has a full-scale flow rate of 5 sccm and the dilution MFC has a full-scale 
flow rate of 2000 sccm. Another difference is that the zero air and synthetic air are routed 
through the same MFC, with a 3-way valve upstream to select one source or the other, thereby 
consolidating two MFCs in the Livermore design into one in the Barrow design. As mentioned 
previously, CO2 exiting the zero air generator is extremely variable, and by using a synthetic air 
mixture as dilution gas instead, we can maintain a steady background of CO2 in the calibration 
mixture reaching the analyzer. This enables the use of CO2 as an internal standard during OCS 
calibrations, which, as we will describe later, provides a more accurate and precise means of 
calibrating the OCS channel of the ICOS analyzer. We make sure to block off the std MFC when 
performing synthetic air calibrations of CO2 so that we do not inadvertently leak gas from any of 
the concentrated standards into the synthetic air calibration gas.

2.1.3 Standard Calibration Gases
Table 1 provides a summary of the high-pressure cylinders used during this study. At both sites, 
we calibrated CO2 using a set of 3 dry synthetic air standards spiked with varying amounts of 
CO2 at ambient levels, provided by Matheson. We used two sets of 3 synthetic air standards in 
the study, one set for each site: set “L” for Livermore and set “B” for Barrow. From a given set 
of 3 synthetic air standards, we calculate an ICOS analyzer response from the coefficients (slope 
and intercept) of a 3-point linear regression.

Both sets of synthetic transfer standards have been calibrated with a set of 3 WMO-certified 
ambient air calibration standards containing CO2 that has been referenced to the WMO X2007 
scale (REF). The WMO standards are also detailed in Table 1. The L-cylinders were initially 
calibrated in January 2014 using a Picarro G1301 cavity ring down spectrometer (CRDS) and 
again in August 2015, after deployment in the ATML. As part of a round-robin cylinder inter-
comparison experiment in August 2015, both the L-cylinders and B-cylinders were characterized 
against the WMO cylinders using both the CRDS and ICOS analyzers. Subsequently, the L-
cylinders were taken out of service, as their pressure had dropped below 30 bar and one of them 
was found to have drifted substantially. The B-cylinders were deployed, along with the ICOS 
analyzer and calibration system to Barrow in early September 2015. As a noteworthy aside, the 
concentrations in the synthetic air standards determined by the ICOS vs the CRDS varied by as 
much as a few ppm. The reason for this has not been fully investigated, but may have to do with 
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varying sensitivities of the two techniques to differences in the composition of ambient vs 
synthetic air or in the isotopic signature of CO2 in the synthetic vs ambient air. We avoid errors 
resulting from these artifacts by using instrument-specific “apparent” concentrations for the 
synthetic air standards.

During the August 2015 round-robin cylinder tests, it was found that in the high concentration L-
cylinder, CO2 had drifted upwards by ~0.4 ppm (over ~19 months time), while the other 2 L-
cylinders were within ~0.1 ppm of their initial CO2 concentration. Through a reanalysis of the 
ICOS CO2 calibrations between February 2015 and August 2015, we were able to detect a 0.23 
(+/-0.02) ppm increase (approximately linear with time) in the high concentration L-cylinder 
relative to the other two L-cylinders at lower concentrations. We can estimate the impact of this 
drifting cylinder by comparing the instrument response calculated using all three cylinders to that 
when only using the two stable cylinders. We find that the error related to the drifting cylinder on 
ambient measurements is concentration dependent and is, at most, 0.05 ppm on a 400 ppm CO2 
measurement and 0.13 ppm on a 450 ppm CO2 measurement. For calibrations performed during 
and immediately prior to the August 2015 round-robin, we find no detectable bias resulting from 
the use of 2-point vs 3-point calibrations, and, therefore, choose to use the 2-point calibrations 
for the entire Livermore CO2 data set, excluding the high concentration cylinder. To date, no 
drift has been detected in any of the B-cylinders, allowing for the use of 3-point calibrations for 
the Barrow CO2 data. The B-cylinders will eventually be returned to Livermore to undergo a 
recalibration against the WMO standards to confirm their stability.

A real-time correction for the ICOS analyzer response to CO2 is produced from a linear 
interpolation of the slopes and offsets from the synthetic air calibrations. We estimate that 
repeatability of the CO2 measurements improves from 0.4-0.6 ppm to 0.1-0.2 ppm after applying 
this real-time correction. For the first ~4 months of the Livermore observations and ~2 months of 
the Barrow observations, before calibrations commenced at each site we apply the mean slope 
and offset correction and assign the higher estimate of repeatability (0.4-0.6 ppm) for this time 
period.

For calibration of OCS, we initially use a wafer-type permeation device (VICI). The permeation 
device is a sealed unit containing pure liquid OCS that allows vapor phase OCS to permeate 
slowly through a FEP polymer wafer at a rate that is dependent upon the temperature of the 
device. By precisely controlling the temperature of the device and the standard flow rate of a 
carrier gas passing over the device, the concentration of OCS in the carrier gas can be precisely 
controlled. For accurate calibrations using this source the carrier gas flow rate and the emission 
rate must be accurately determined. We determine the permeation device emission rate through a 
gravimetric method, determining the mass loss rate over time by weighing the permeation device 
periodically over the course of the experiment. We use a semi-micro balance (Mettler, Model 
AT261) with 10 µg resolution to weigh the permeation device at bi-monthly to monthly 
intervals. The permeation device is weighed concurrently with a set of NIST-certified calibration 
weights in order to verify the internal calibration of the balance and to characterize uncertainty in 
the gravimetric analysis. We have evaluated the precision of the balance from repeat 
measurements of the calibration weights over time and found that there is random error in a 
given mass measurement of 54 µg. We use a single OCS permeation device for ICOS 
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calibrations in this study. We discuss our gravimetric analysis and a characterization of 
associated errors in detail in Sec 3.1.1.

To improve upon our OCS calibration methodology for the Barrow deployment, we 
implemented an alternate strategy that relies on simultaneous measurement of OCS and CO2, 
both sourced from a single concentrated high pressure cylinder (“OCS-std” in Table 1) and 
diluted using a high pressure synthetic air cylinder containing CO2 at somewhat lower than 
ambient levels (~363 ppm, “B-dil” in Table 1). The B-dil cylinder also contains a low 
background of OCS (~98 ppt). Both cylinders were obtained from Matheson. The OCS-std 
cylinder contains OCS at 1.2 ppm and CO2 at 74100 ppm. Both gases are certified by Matheson 
(traceable by gravimetric preparation to NIST) to be accurate to +/-2%, and thus the OCS/CO2 
ratio in OCS-std is known to +/-2.8%. When diluting the OCS-std cylinder to give ambient levels 
of OCS between 300 ppt and 600 ppt, the resulting amount of CO2 that is added to the dilution 
air mixture brings the CO2 concentration to between 382 ppm and 400 ppm. As described above, 
the CO2 channel on the LGR analyzer is independently calibrated using 3 synthetic air CO2 
standards (B-cylinders during the Barrow deployment, see Table 1). The CO2 measurement made 
during OCS calibrations is then used to quantify the dilution ratio providing traceability to the 
original OCS concentration in the cylinder.
2.1.4 Site Descriptions
The OCS analyzer was deployed in Livermore, CA USA from October 28 2014 to July 16 2015. 
The Livermore site (LIV; Lat: 37.67˚, Lon: -121.71˚) is a ~30 m tower, located on the 
southeastern corner of Livermore, CA on the campus of Sandia National Laboratories. 
Livermore is situated on the eastern edge of the densely populated San Francisco Bay Area and 
to the west of California’s Central Valley, the largest agricultural region in the United States. 

A climate-controlled mobile laboratory (hereafter referred to as the ATML) is located at the base 
of the LIV tower, where it has been parked since 2011, and contains the LGR instrument. The 
inlet is located 27 m above ground level (224 m above sea level). Air is continually pulled 
through the inlet line (3/8” OD Synflex tubing) by a KNF diaphragm pump, located inside the 
ATML, at a rate of ~12 L per minute. A PTFE capsule filter is placed at the inlet tip to prevent 
aerosols from depositing inside the sample lines and from reaching the pump and analyzers.

Since September 7 2015, the OCS analyzer has been sampling in Barrow, AK USA from the 
Atmospheric Radiation Monitoring (ARM) North Slope Alaska (NSA) Central Facility in 
Barrow (Lat: 71.32˚, Lon: -156.62˚).  The analyzer is located in an insulated shelter where a 
KNF diaphragm pump pulls ambient air at ~10 L per minute through ¼” OD Silcosteel tubing 
that is continuously heated to prevent frost build up. The inlet is located about 1 m above the 
roof of the shelter, approximately 10 m a.g.l., and extended from the edge of the shelter by about 
1 m. A PEEK frit is located at the inlet tip to remove aerosols from the sample stream. The site is 
located adjacent to the NOAA/ESRL Barrow Observatory (BRW).
2.1.5. OCS Measurement Characterization
Starting in late February 2015, calibrations on the OCS measurement channel commenced using 
the OCS permeation device. After some initial issues were worked out with the system, 71 
reliable calibrations of the OCS measurement channel were performed between May 1 2015 and 
July 16 2015. Each of these calibrations contained 3 concentration points from which a linear fit 
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was derived, producing a slope and offset. The time series of these slope and offsets are shown in 
Figs. 2-2a and 2-2b. 

Then, in September 2015, the OCS analyzer was deployed to the NSA site in Barrow, AK USA 
using the modified calibration system that allows for CO2-referencing of the OCS dilution rate in 
the calibration gas mixture. These calibrations began in October 2015, and have been ongoing at 
a frequency of approximately every 3-7 days (higher frequency in the beginning). The slopes and 
offsets from these calibrations are shown in Fig. 2, including those determined using the CO2-
referenced method (Figs. 2-2c and 2-2d) as well as those determined using the mass flow (MF)-
referenced method (Figs. 2-2e and 2-2f). In this section, we characterize the accuracy and 
repeatability of the ICOS OCS measurement based on the results of these different calibration 
methods and quantify the improvements made by using the CO2-referenced calibration method.

2.1.6.  Permeation Source Characterization
In order to use the OCS permeation device to determine an accurate instrument response, an 
independent determination of the emission rate of OCS from a permeation wafer device is 
required. We attempt to make this determination gravimetrically, by measuring the mass loss of 
the sealed permeation device over time while the device is held at a known, and preferably 
constant, temperature.

For permeation devices with emission rates low enough to generate gas mixtures at ambient OCS 
levels (using two stages of dilution), the time intervals required to give measurable changes in 
mass (with sufficient precision) are on the order of weeks to months. The mass uncertainty in our 
gravimetric analysis (determined from repeat measurements on 4 different standard calibration 
weights) was determined to be 54 g. Table 2 summarizes the results from our gravimetric 
analysis over the course of the ATML deployment. The elapsed time for the gravimetric 
measurements ranged in this study from approximately 3 to 5 weeks, and the resulting 
uncertainties related to the gravimetric measurements on the permeation device emission rates 
ranged from 0.7% to 1.2%. This level of uncertainty is on par with the accuracy of a recently 
reported characterization of field-deployed ambient air standards containing OCS calibrated to 
the NOAA/WMO scale [14]. These ambient air standards carried an uncertainty of 3.5 ppt, 
which translates to 0.7%-1.2% over the range of 300-500 ppt.

Unfortunately, however, our experiment was impacted by instability in the ATML cabin 
temperature (due to air conditioning failures), resulting in multiple instances where the 
permeation device oven reached 10-15 C higher than the desired reference temperature of 30 C. 
Additionally, after one of these high temperature events, the permeation device emission rate 
was found to have shifted (increased) by about 10%, as quantified by the change in ICOS OCS 
calibration slope immediately before and after the temperature spike. Thus, we were not able to 
fully realize the theoretical accuracy related to the gravimetric analysis alone. 

When taking into account the temperature instability according to the manufacturer-provided 
temperature dependence correction, we estimate that over the course of the ATML OCS 
calibrations reported here, the average emission rate was 147.8 ng/min. We apply this average 
emission rate across all of the calibrations reported here, thereby folding any short-term 
anomalies in the emission rate from the average into our estimate of repeatability, as we describe 
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below. Based on a +/-50% uncertainty in the temperature correction coefficient [15], we 
calculate an (asymmetric) uncertainty of -4.5% and +3.2% on the average emission rate. We 
expect, however, that with better environmental temperature control, higher accuracy and 
precision should be possible. One additional consideration, however, is that a previous study [16] 
found that gravimetric determination of FEP membrane OCS permeation devices can be biased 
by as much as 10%, even after an initial “breaking in” period where CO and CO2 impurities are 
allowed to escape. Thus, care must be taken when using permeation devices for OCS calibrations 
and it is not likely that they will replace accurately prepared high-pressure OCS cylinders 
calibrated on the NOAA/WMO scale. 

2.1.7 Accuracy of OCS Measurements
The accuracy of the permeation device calibrations depends on the accuracy of the permeation 
device emission rate, which we estimate at approximately 3-4% uncertainty. Further, the 
analyzer accuracy also depends on the accuracy of the flow rates through 3 different mass flow 
controllers, which we were not able to verify by any traceable means; instead, we relied on the 
internal factory calibrations which may have drifted over time. Therefore, in order to more 
accurately determine the OCS analyzer response, we instituted an alternative calibration method 
using, as the OCS source, a high-pressure cylinder containing 1.2 ppm OCS (+/-2%) and 74100 
CO2 (+/- 2%), thus enabling the use of CO2 as an internal standard. This CO2-referenced 
calibration method removes any error related to mass flow measurement, and, instead, relies on 
the precision and accuracy of the analyzer CO2 measurement to determine the dilution ratio of 
OCS in the standard. We can estimate the mole fraction of OCS in the calibration mixture 
(OCScal) through Eq. 1:

Eq. 1
𝑂𝐶𝑆𝑐𝑎𝑙= 𝑅𝑠

(𝐶𝑚𝑒𝑎𝑠 ‒ 𝐶𝑏)
𝑚𝑐𝑜2

+ 𝑂𝐶𝑆𝑏

where Rs is the OCS/CO2 ratio in the OCS-std cylinder, OCSb is the measured background OCS 
concentration in the B-dil cylinder, Cb is the measured background CO2 concentration in the B-
dil cylinder, Cmeas is the measured CO2 concentration during the calibration, and mco2 is the slope 
of the CO2 synthetic air calibrations. A synthetic air CO2 calibration occurs approximately daily 
to determine mco2, as does a direct measurement of the B-dil cylinder to determine OCSb and Cb. 

The accuracy of the OCS calibrations by this CO2-referenced method is limited by the 
uncertainty of the OCS/CO2 ratio in the standard, estimated to be +/-2.8% based on the 
quadrature sum of the uncertainties in OCS and CO2 (both +/-2%). Uncertainty related to the 
accuracy of the CO2 synthetic air standards translates to only ~0.3%-0.4% uncertainty in the 
determination of OCS analyzer response and is negligible compared to uncertainty in the 
OCS/CO2 ratio. This includes uncertainty in the WMO scale of +/-0.07 ppm and repeatability of 
the transfer of the WMO calibration (based on repeatability during transfer standard calibrations 
in our lab) to these synthetic reference gases of +/-0.11 ppm (in total +/-0.13ppm). Considering 
these potential contributions to uncertainty in the nominal OCS concentrations, we find that 
uncertainty in the OCS/CO2 ratio dominates the total uncertainty, and therefore, consider 2.8% as 
the accuracy of the calibrations of OCS by this method. 
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From November 2015 to mid-May 2016, 34 successful 3-point OCS calibrations by this method 
were performed. We fit a linear regression to each 3-point calibration to determine a mean linear 
response for OCSmeas (along the y-axis) against the CO2-referenced OCScal estimates (along the 
x-axis). The fit coefficients (slope and intercept) are summarized in Table 3, along with those 
from the corresponding mass flow referenced OCScal estimates and those from the Livermore 
permeation device calibrations. The CO2-referenced slope and offset (+/-1 standard error) are 
0.9079 (+/-0.0026) and 2.4 (+/-0.8) ppt, respectively. The standard deviation of the residuals 
about the mean fit is 0.4 – 0.8 ppt, with the upper end of this range representing the residuals at 
the upper and lower concentrations used in the fit. The magnitude of the residuals is on the order 
of our estimates of analyzer precision at 5 minute averaging times (see Sec 3.2).

Over these same 34 calibrations, the slope and intercept determined by mass flow rate 
determination of OCScal are estimated to be 0.8714 (+/-0.0029) and 4.3 ppt (+/-1.1), respectively. 
The mass flow-referenced slope is 4% lower than the CO2-referenced slope and the intercept is 
1.9 ppt higher, resulting in a bias (with respect to the CO2-referenced method) of -9.1 ppt on a 
300 ppt OCS measurement and -16.4 ppt on a 500 ppt OCS measurement, or between -3.0 and -
3.3%. Both of these calibration estimates are subject to identical errors in OCS concentrations in 
the B-dil and OCS-std cylinders, and thus the differences by the two methods can only be 
partially explained by the 2% uncertainty in the CO2 concentration of OCS-std. Uncertainty in 
the accuracy of the MFCs, therefore, contributes significantly to uncertainty in the calibrations 
by the MF-referenced method, possibly as much as 3%. 

The mean slope and intercept from the ATML permeation device calibrations was estimated to 
be, on average, 0.9262 (+/-0.0010) and -0.7 ppt (+/-0.5). In this case, the calibrations were 
performed on an entirely different system with a different OCS source than the CO2-referenced 
cylinder calibrations. Yet, the bias with the permeation source calibrations (compared to the 
CO2-referenced calibrations) is 3.2 ppt on a 300 ppt measurement and 6.8 ppt on a 500 ppt 
measurement, or between 1.1-1.4%, well within the uncertainty of the OCS/CO2 ratio in the 
OCS-std cylinder. The differences between the two mass-flow referenced calibrations are on the 
order of 4-5%, which is just slightly above our estimate of the uncertainty in the permeation 
device emission rate (3-4%).

While there is general agreement between all three calibration methods at close to the level of 
our assigned uncertainty, there appears to be some significant uncertainty attributed to the MFC 
accuracy. The accuracy of the mass-flow referenced calibrations may depend on the actual flow 
rates used, the gas pressure upstream and downstream of the MFCs, or other variables, and we 
cannot be certain that the agreement seen here is not simply coincidental without testing the 
system over a range of flow rates and pressures. For example, we operated the Barrow standard 
MFC at flow rates at around 5-10% of full scale, which likely contributes to the higher 
differences between the simultaneous CO2-referenced and MFC-referenced calibrations.

The CO2-referenced calibrations, on the other hand, are not subject to such ambiguity, and, 
therefore, we can be confident that the accuracy in the CO2-referenced method is captured by 
uncertainty in Rs, regardless of flows or pressures. Thus, we apply the mean instrument response 
curve determined by CO2-referenced method to all ambient OCS data reported here and consider 
the uncertainty in the OCS/CO2 ratio (2.8%) in the standard gas mixture to define the uncertainty 
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in the mean analyzer response for the ambient data collected at both sites over the course of this 
study. 

2.1.8 Repeatability and Precision
Figure 2-3 shows an Allan deviation plot for two different experiments in order to show how 
analyzer precision varies over time scales from 1 second to approximately 40 minutes. The 
experiment was performed using a stable source of OCS produced by using the permeation 
device diluted in zero air. One experiment was performed over a ~5 minute period in July 2015 
(in Livermore, CA) and the second was performed over a ~80 minute period in April 2016 (in 
Barrow, AK). Both experiments show that analyzer precision follows the white-noise limit with 
averaging times up to 5 minutes. The two experiments illustrate the differences in short-term 
precision that the analyzer exhibited over the two field campaigns, ranging from 4-6 ppt at 1 
second and from 0.5-0.8 ppt at 1 minute. For the longer experiment, the precision can be seen 
deviating from the white-noise limit at around 2-5 minutes, resulting in little added benefit at 
averaging times longer than 5 minutes. We use a 5-minute dwell time for each concentration step 
during the 3-point OCS calibrations, with each measurement occurring within a 45 minute 
window for a single calibration. With precision in the range of 0.5-0.8 ppt over this time period, 
we expect that the lower limit for repeatability for the OCS measurements will be in the range of 
0.3 – 0.9 ppt (with the higher values in this range expected for OCS concentrations at the edges 
of the calibrated range). Not surprisingly, however, we find that there are other larger sources of 
random error in the OCS measurements that limit analyzer repeatability. Here, we try to identify 
these sources of error and quantify their impact.

2.1.10 Mass Flow Referenced Calibrations
From the MF-referenced permeation device calibrations, we estimate repeatability through the 
analysis of the 71 3-point calibrations performed over the last 2-3 months of the measurement 
period. This amounts to 213 (3 x 71) reference measurements from which to compile statistics 
about the repeatability of the instrument across a wide range of concentrations (300 ppt to 700 
ppt) conservatively encompassing the range of ambient concentrations observed. We use three 
different statistical representations of these reference measurements to characterize uncertainty in 
the OCS measurements due to analyzer drift over various time scales, which are summarized in 
Table 4 and described below. 

To quantify the long-term (days to months) stability, we calculate the raw repeatability (raw) of 
the measurement as the standard deviation of the normalized differences between the delivered 
reference concentration (OCScal, calculated from the dilution rates and best estimate of the 
permeation device emission rate) and the measured (uncorrected) concentration. These 
differences are adjusted so that the average differences are equal to zero, and are plotted as a 
time series and histogram in Figs 2-4a and 2-4b. We calculate raw as the standard deviation of 
the differences at each concentration step.

Note that raw is also impacted by instability in the calibration source (OCScal), which depends on 
variability in the permeation device emission rate (since we use a single mean emission rate for 
all calibrations), carrier gas mass flow rate, and dilution mass flow rates. Unless variability in the 
delivered calibration concentration is out of phase with and approximately the same amplitude as 
that of analyzer variability, we expect that the fluctuations seen in Fig. 2-4a and 2-4b represent 
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some combination of analyzer instability (anlzr) and OCScal, and should be treated as an upper 
limit to the true analyzer repeatability. We estimate an upper limit to anlzr of 2.7 ppt plus 0.5% 
over the course of the measurement period, which we calculate from the best fit line of raw vs 
OCScal (Fig. 2-5). This represents an uncertainty of 1.0% on a 500 ppt sample and 1.4% on a 300 
ppt sample. This estimate is slightly higher, especially at the lower end of ambient 
concentrations, than manufacturer specifications, which specifies that repeatability in the ICOS 
OCS measurement is expected to be less than 1%.

Second, we calculate a repeatability value for our measurements that accommodates a drift 
correction based on a subset of the calibrations performed over the measurement period. As with 
the estimate of raw, this drift-corrected repeatability (corr) represents a combination of anlzr and 
OCScal, but it is characteristic of variability on shorter time scale (~24 hours). More directly, corr 
quantifies how well the observed bias on a given reference measurement can reproduce the bias 
on a measurement made at a given time interval before or after. To calculate corr, we use every 
other 3-point calibration to provide an interpolated set of calibration factors (slope and offset), 
which are then applied to the remaining calibration gas measurements, which we now treat as 
reference measurements. In the end, each reference measurement occurs typically 24 hours 
before and after the nearest calibration in time. Figures 2-2a and 2-2b show the interpolated 
calibration factors (slopes and offsets, respectively) used to correct alternating reference 
measurements. The standard deviation of the differences between these corrected reference 
measurements and OCScal (corr) is about 10-20% lower than raw, and equates to 0.9% at 500 ppt 
and 1.3% at 300 ppt. 

In order to probe higher frequency variability, a third estimate of repeatability is calculated by 
using 2 calibration points to derive a slope and intercept, while treating the third point as a 
reference measurement for estimating instrument stability. The reference measurement is 
corrected using the corresponding calibration factors and compared to OCScal. We expect that the 
repeatability by this method (2p) should approach the short-term precision limit, which we 
estimate to be 0.4-0.9 ppt for the 2-point calibrations when using the upper and lower 
concentration points to derive the analyzer response (slightly higher than that estimated above 
for 3-point calibrations since there is one less degree of freedom). We find that 2p is 1.3 ppt 
(~0.3-0.4% of ambient), which is somewhat higher than the precision limit, as determined by the 
Allan deviation experiment (Fig. 2-3), which was performed at a constant set of flow rates. The 
additional noise therefore, is most likely related to errors in the standard MFC flow rate that vary 
each time a new set point is dialed in (the dilution MFC is held constant throughout the 
calibration), as indicated by the manufacturer repeatability specification (< 0.2% of the flow rate 
for the Bronkhorst standard MFC). This repeatability specification propagates to a total 
uncertainty of 0.3% in OCScal, after summing the errors from two OCScal concentration steps in 
quadrature. For the middle concentration step (~480 ppt), we estimate that the MFC repeatability 
would result in an uncertainty of 1.4 ppt, indicating that our estimate of 2p of 1.3 ppt is within 
this specification. 

This experiment shows the presence of short-term repeatability errors in the calibration system 
that limits our ability to accurately determine the instrumental repeatability. It is likely that there 
are also long-term repeatability errors that contribute to raw, but it is currently not possible to 
parse instrumental drift from drift in the calibration gas delivery on these time scales. We do not 
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see a strong correlation between the measurement bias and any available suspected instrument 
variables such as cell pressure or cell temperature or environmental variables such as cabin 
temperature, which might be expected to impact the calibration gas delivery system as well as 
the analyzer. The MFC manufacturer provides a specification for uncertainty in the MFC reading 
with variable temperature, which may be significant. However, it’s not straightforward to 
translate this specification into an uncertainty in the dilution ratio since both MFCs likely have 
correlated errors that are related to cabin temperature. We also did not record the temperature 
inside the GCU enclosure, which contains various heat sources that may not necessarily correlate 
with cabin temperature. 

Thus, we cannot determine from these experiments whether the observed fluctuations in the 
measurement of calibration gas are a result of changes in ICOS analyzer response or in the 
delivery of calibration gas. There is some concern, therefore, that applying the observed drift 
correction to the ambient data might unnecessarily add variability associated with the calibration 
system to the ambient measurements. Thus, from these experiments we can estimate that the 
Livermore ambient measurements reported in this study have a repeatability of no worse than 
what we estimate for raw: 2.7 ppt + 0.5%, or 0.9-1.2% of ambient concentrations.

2.1.11 CO2-Referenced Calibrations for OCS
In contrast to the MF-referenced method, the CO2-referenced method provides a means to 
disentangle variability in the calibration source delivery from the analyzer variability, and thus 
will lead to a better estimate of the true repeatability of the ambient OCS measurements. 
Importantly, the drift over days to weeks seen in the MF-referenced permeation device 
calibrations can be reliably monitored and (if necessary) corrected using daily CO2 calibrations. 
Thus, as a side-benefit (with little added complexity and cost) of performing these calibrations to 
give high-precision ambient CO2 measurements, we are also able to make improved OCS 
measurements. 

We can estimate what the improvement in variability in OCScal should be based on the 
repeatability (co2r) of CO2 measurements from the three synthetic air calibration gases and the 
repeatability of the background CO2 concentration in B-dil (co2b) when measured without any 
added CO2. Immediately following every CO2 synthetic air calibration (approximately daily), the 
dilution gas is measured for 15 minutes (including equilibration time) and the CO2 value is used 
to determine Cb for the OCS calibration occurring that same day. In addition, the CO2 calibration 
factors determined that same day are applied to Cb and Cmeas for use in Eq. 1. The repeatability 
(OCSadd) of the added OCS concentration (OCScal-OCSb, in ppt) is then estimated from the 
following equation:

  Eq. 2𝜎𝑜𝑐𝑠𝑎𝑑𝑑= 𝑅𝑠 𝜎 2
𝑐𝑜2𝑚+ 𝜎

2
𝑐𝑜2𝑏

In Eq. 2 co2b and co2m, and OCSb are the estimated repeatability of Cb (in ppm) and Cmeas (in 
ppm), respectively. 

We derive repeatability statistics on Cb and Cm from the repeat measurements on the 4 synthetic 
gas mixtures (3 B-cylinders plus B-dil), each measured 235 times over a ~8 month period from 
December 2015 through early August 2016. These statistics are summarized in Table 7. Total 
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repeatability (raw) for CO2 from all 4 cylinders was ~0.5-0.7 ppm, which was impacted 
substantially by upward drift in the analyzer response to all 4 cylinders over this time. We 
consider it unlikely that all 4 cylinders drifted at the same rate over this time and thus assign this 
drift to the analyzer. Without correcting for the varying CO2 analyzer response, we estimate that 
OCSadd would be on the order of 12 ppt (via Eq. 2), which is significantly higher than that 
determined using the MF-referenced permeation device calibrations. 

We find that drift correction improves the repeatability of a given CO2 measurement 
substantially and by an amount that depends on how close in time that measurement was made to 
a CO2 calibration. When co2m is defined as corr (analogous to the definition above for OCS, but 
for CO2) determined using calibrations made on alternating days, we estimate that the CO2 
repeatability is 0.17-0.18 ppm, representing the ~24 hour repeatability. When co2m is 
approximated by 2p, thus representing repeatability on ~hourly time scales, we find that the CO2 
repeatability is 0.04-0.09 ppm. The low end of this range is for the middle concentration cylinder 
(using the low and high concentrations to derive the 2-point linear regression) and is just slightly 
above the short-term precision limit of 0.03 ppm, calculated as the quadrature sum of two times 
the 5 minute analyzer precision of 0.02 ppm (since the slope and offset is determined from the 
difference between two concentration points). This suggests, in contrast to the OCS dilution 
calibrations, that analyzer precision limits the short-term repeatability of the CO2 calibrations 
rather than some other source attributed to the delivery of calibration gas. 

The repeatability of Cb, (co2b) can be estimated directly by reference to the linearly interpolated 
3-point CO2 calibrations, and is found to be 0.09 ppm, consistent with 2p for the high and low 
calibration cylinders. Since every OCS calibration always occurs within ~12 hours of a CO2 
calibration, we expect that co2m during the OCS calibrations will vary between the lower and 
upper limits of 0.09 to 0.18 ppm, representing ~hourly and ~daily drift, respectively. From these 
estimates, the difference between Cmeas and Cb, or the amount of CO2 added via dilution of the 
OCS/CO2 standard gas, will have an uncertainty equal to the quadrature sum of 0.09 ppm and 
0.09 – 0.18 ppm, or 0.13 – 0.20 ppm. This translates, through Eq. 2, to OCSadd of 2.1 – 3.3 ppt.

OCS repeatability at shorter time-scales appears to be consistent among all three calibration 
types. Above, we discussed the likelihood that MFC repeatability is the primary source of noise 
in 2p. The MKS MFCs used in the Barrow calibration system are specified at a slightly higher 
repeatability (+/-0.3% vs +/-0.2%) than that of the Bronkorst MFCs used in the Livermore 
system. Nevertheless, both systems give equivalent estimates of 2p (1.3 ppt for the middle 
concentrations point). Coincidentally, the limit to 2p by CO2-reference is estimated to be of the 
same order as that determined from the MFC repeatability specifications. We can estimate 
OCSadd based on 2p for CO2 of 0.04-0.09 ppm (Table 7), which gives 0.9 – 1.6 ppt, via Eq. 2 
(setting co2m equal to 2p). In both cases (MF-reference and CO2-reference), the analyzer 
repeatability on these time scales is somewhat lower (0.5-0.8 ppt) compared to the limits set by 
repeatability in the calculation of the dilution rate by either method.

Having estimated the theoretical limit to OCS repeatability based on OCSadd, we can now 
compare to the observed repeatability (Table 5) in order to reconcile the contribution of analyzer 
precision on various time scales to the total repeatability. The observed repeatability, raw, for the 
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3 concentration points across the 34 CO2-referenced calibrations (resulting in 102 reference 
measurements in total over a ~6 month period) is found, as with the permeation device 
calibrations, to have a linear relationship with concentration. From this linear regression (Fig. 2-
5) we calculate a repeatability of 8.8 ppt + 0.5%, which equates to 10.3 ppt on a 300 ppt 
measurement and 11.3 ppt on a 500 ppt measurement (corresponding to a range of 2.3 – 3.4%). 
The repeatability by the CO2-referenced method is substantially worse than the MF-referenced 
permeation device calibrations performed during the Livermore deployment (Fig. 2-5). We find, 
however, that using the MF-referenced approach on the exact same set of calibrations as the 
CO2-referenced calibrations (Table 6) results in a significantly higher repeatability: 11.1 ppt + 
0.7% (Fig. 2-6), or 14.8 ppt on a 500 ppt sample (3.0%). The direct comparison of MF-
referenced calibrations to CO2-referenced calibrations, therefore, demonstrates a 24% 
improvement in the repeatability by the CO2-referenced method on the Barrow calibration 
system. We attribute the differences between the Livermore and Barrow deployments to a 
decline in instrument performance over time, perhaps as a result of shipping the analyzer or 
possibly as a result of different ambient operating temperatures. This worsening of repeatability 
is qualitatively consistent with the observation that the short-term precision also worsened 
between deployments (see Fig. 2-3), from 4.8 ppt (on average) to 6.5 ppt (on average). 

Comparing the CO2-referenced repeatability to our theoretical calculations of OCScal, we find 
that random error in the determination of the OCS dilution rate is small compared to the 
observed raw. In contrast to the MF-referenced permeation device calibrations, the ability to 
trace variability associated with determination of the dilution rate allows us to attribute the 
remaining variability to the OCS analyzer. Analyzer variability is also evident through direct 
observation of the variability in repeat measurements of OCSb during injections of the B-dil 
cylinder. The mean concentration of OCSb is 98.0 ppt, with repeatability (raw) of 7.7 ppt. The 
variability in OCSb is not entirely random, but fluctuates over time scales of a few days to weeks. 
Day-to-day variability in OCSb is on the order of 3.9 ppt (quantified as corr). If a real-time offset 
correction, based on the deviation of OCSb from its mean, is used to adjust the measured OCS 
concentrations during the CO2-referenced calibrations, the repeatability improves to -0.9 ppt + 
1.1% (5.3 ppt on a 500 ppt sample). Table 5 shows the repeatability statistics for the offset-
corrected CO2-referenced calibrations. The repeatability also improves, as expected, for the 
corresponding MF-referenced calibrations (2.8 ppt + 1.1% or 8.4 ppt on a 500 ppt sample). Note 
that we also see correlated variability in the OCS concentration when using generated zero air as 
the dilution gas (data not shown), and, thus, the variability in OCSb is not an artifact of the 
synthetic air cylinder used for dilution. 

After offset correction, the majority of the remaining variability in the CO2-referenced 
calibrations can be attributed to uncertainty in the determination of the dilution rate (as OCSadd = 
2.1 – 3.3 ppt) and the day-to-day variability in OCSb (~3.9 ppt, representing the corr of repeat 
measurements of OCSb). When summed in quadrature, these two sources combine to give a total 
estimated random error of 4.4 – 5.1 ppt, approximately equivalent to the ~1.0% error observed 
for the offset-corrected CO2-referenced calibrations. It is not clear whether there is additional 
variability on OCS measurements made closer to ambient concentrations, compared to the 3.9 
ppt repeatability observed for OCSb, which has a concentration somewhat lower than ambient at 
98 ppt.
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Importantly, the variability in CO2-referenced OCS measurements after offset correction is 
completely random at 3-7 day time scales (which is the interval between CO2-referenced 
calibrations) as there is no improvement shown in the CO2-referenced method when going from 
raw to corr. For the MF-referenced method, on the other hand, there is substantial improvement 
in going from raw to corr (~30%), indicating that there is an unaccounted for source of long-term 
instability that is solely attributable to the MFCs. As shown in Fig. 2-4e, it can be seen that this 
instability manifests as a steady drift upwards in the perceived OCS bias, equating to about 15 
ppt over 6 months. In the absence of the CO2-referenced calibrations, this drift would result in 
either an over-estimate of the OCS analyzer repeatability or an improper attribution of drift in the 
mass flow measurement to analyzer drift, leading to artificially biased ambient OCS mole 
fractions.

After applying the offset correction to the CO2-referenced OCS reference measurements (at all 
concentrations), we find no evidence of additional analyzer drift. This suggests that variability in 
the analyzer slope is random over the course of the (to date) 6 months that the analyzer has been 
deployed in Barrow. We conclude, therefore, that a single average slope in combination with a 
linearly interpolated offset correction based on daily to bi-daily measurements of a reference gas 
will provide ambient OCS measurements with a repeatability of 1% or better for the Barrow data 
set. In the absence of a suitable reference gas with OCS present at ambient levels, daily or bi-
daily CO2-referenced dilution mixtures of OCS can also be used to the same effect.

2.1.12 Water Vapor Correction for OCS
Another significant source of uncertainty is the effect of water vapor on the spectroscopic 
determination of OCS. This effect was quantified through an experiment in which a constant 
source of OCS from the permeation device is diluted with zero air that passes through the GCU 
humidifier and dew point mirror. The OCS and H2O concentrations are shown as a function of 
time during this experiment in Figure 2-6. As H2O is increased over the course of the experiment 
(up to 2.1%), the uncorrected OCS mole fraction clearly increases in response. After accounting 
for dilution as result of adding H2O to the gas mixture, the OCS dry air mole fraction is shown 
increasing at a higher rate. We attribute this increase wholly to a positive spectroscopic 
interference from H2O. Figure 2-7 shows the dependence of this interference as a function of 
H2O, where the “wet” to “dry” ratio ([OCSwet]/[OCSdry]) is plotted against H2O. We determine 
[OCSwet]/[OCSdry] by averaging the dilution corrected OCS concentration and H2O over each 
stable segment of the experiment shown in Fig. 2-6. We then ratio the dilution correction OCS 
concentration to the OCS concentration measured a few hours prior (not shown) during a 
permeation source calibration, in which the measured H2O concentration was 0.08% and the 
delivered OCS concentration is the same (same flow settings) as during the water vapor 
experiment. Also shown in Fig. 2-7 is a polynomial fit to the data (using 3 polynomial terms with 
the 0th order term fixed at 1.0) and the upper and lower confidence bands (68.3% or 1). From 
the fit parameters and confidence bands for the curve, we estimate that for every 1% increase in 
H2O, there is an associated uncertainty in the OCS measurement of 0.3%. So for a 500 ppt 
measurement at 1% H2O, we estimate a correction of 8.4 +/- 1.5 ppt.
2.1.15 Estimates of total uncertainty on OCS measurements
Based on the contributions to uncertainty presented above, we can estimate the uncertainty 
budget for each 1-hour OCS measurement. These uncertainty calculations produce a distribution 
of estimates based on the hourly OCS and H2O concentrations, and we present the results as a 
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median value and the 2.5th and 97.5th percentile values for the Livermore observations (Table 8) 
and for the Barrow observations (Table 9). The statistics compiled for the Barrow observations 
reflect uncertainties after offset correction, while the uncertainties for the Livermore 
observations reflect repeatability with no correction applied. The total uncertainty (tot) is similar 
for both sites, estimated to be 14.1 ppt (2.5th – 97.5th percentiles: 11.3 – 16.2 ppt) for the 
Livermore observations and 13.3 ppt (2.5th – 97.5th percentiles: 10.7 – 14.9 ppt) for the Barrow 
observations. After offset correction, the uncertainty for the Barrow observations is somewhat 
lower, primarily as a result of much lower H2O concentrations (decreasing wat by ~ 1 ppt on 
average), but OCS concentrations, on average, are also slightly lower, leading to proportionally 
lower uncertainty.

The major contributor to tot at both sites is a, which is tied directly to the uncertainty in the 
OCS/CO2 ratio in the standard (+/- 2.8% or +/-12 and +/-13 ppt on the median OCS 
measurements for Barrow and Livermore, respectively). The total contribution from r and w is 
much smaller, by contrast, and, therefore, tot could be significantly reduced by reducing a. For 
example, this could be achieved by referencing the CO2-referenced dilution calibrations to a 
target whole air cylinder containing OCS at ambient levels and characterized on the NOAA 
scale. We estimate that measuring a 550 ppt reference gas mixture with an absolute uncertainty 
of +/-3 ppt would reduce uncertainty in the OCS/CO2 ratio in the concentrated standard to ~1%, 
assuming that the reference mixture measurements exhibited the same repeatability 
characteristics that we estimate above. Note that only a single reference gas would be needed, 
since a characterization of the OCS/CO2 ratio at a single diluted concentration should be 
sufficient.

With a combination of CO2-referenced dilution calibrations and periodic reference measurements 
on an ambient air cylinder (with OCS concentrations known accurately), we predict that 
improvements in accuracy and repeatability could be attained, and tot could be reduced to 
between 5.5 ppt and 8.0 ppt at either site, with higher uncertainties at higher OCS concentrations 
and higher water vapor concentrations.  
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Source Name
CO2 
(ppm) ± OCS (ppt) ± Balance

WMO Lo 349.26 0.07 ambient Ambient Air
WMO Mid 398.94 0.07 ambient Ambient Air
WMO Hi 452.53 0.07 ambient Ambient Air
L-Lo 437.53 0.13 ND Synthetic Air
L-Mid 350.12 0.13 ND Synthetic Air
L-Hi 456.10 0.13 ND Synthetic Air
B-Lo 371.73 0.13 ND Synthetic Air
B-Mid 390.16 0.13 ND Synthetic Air
B-Hi 410.79 0.13 ND Synthetic Air
B-Dil 362.71 0.16 95.4 Synthetic Air
OCS-std 74100 2% 1.2 x 106 2% N2

Table 1. Summary of high-pressure cylinders used in this study. 

Start End Gravimetric 
Loss Rate 
(ng/min)

Uncertainty 
(ng/min)

Inferred 
Reference 
Emission Rate 
(ng/min)

Temp Dependence 
Uncertainty (ng/min)

2/5/15 2/24/15 130.05 0.77 130.05 neg.
2/24/15 4/20/15 130.19 0.82 130.19 neg.
4/20/15 5/25/15 157.92 1.27 144.46 -11.14 - 7.95
5/25/15 6/25/15 157.08 0.76 150.19 -5.16 - 3.92
6/25/15 7/16/15 146.95 1.15 146.95 neg.
5/1/15 7/16/15 N/A N/A 147.82 -6.60 - 4.80

Table 2. Gravimetrically determined permeation device emission rates for 5 different 
gravimetric periods. The last row shows the average “reference” permeation emission rate for the 
period from 5/1/2015 to 7/16/2015, used to determine the OCS concentrations delivered in the 
calibration gas mixture for the calibrations discussed in this study. The inferred reference 
emission rate differs from the gravimetric loss rate for segments where the permeation device 
experienced temperature increases due to air conditioning failure in the ATML. Temperature 
dependence uncertainty results from uncertainty in the temperature dependence coefficient (see 
supplemental information for more details).
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Slope
s

(±SEM
)

Intercept
s

(±SEM
)

Bias (300 
ppt)

Bias (500 
ppt)

CO2-referenced (cylinder)
0.907
9 0.0026 2.4 0.8 0 0

MF-referenced (perm 
device)

0.926
2 0.0010 -0.7 0.5 2.4 6.0

MF-referenced (cylinder)
0.871
4 0.0029 4.3 1.1 -9.1 -16.4

Table 3 Summary of the mean analyzer response for OCS as determined by the 3 different 
calibration methods described in this study. The “Bias” is calculated as the difference in the 
adjusted concentration (for 300 ppt and 500 ppt samples) for the MF-referenced methods 
compared to the CO2-referenced method. 

Repeatability  
(σr)

Drift-corrected 
repeatability  
(σcorr)

Mean Fit 
Residuals

2-point 
regression 
repeatability 
(σ2p)

Low 4.2 3.8 0.4 2.7
Middle 5.5 4.4 1.0 1.3
High 6.7 5.4 0.5 2.6

Table 4. MF-referenced permeation device calibration repeatability.  All units in ppt OCS. 
Low, middle, and high signify the 3 concentration steps used in the calibration procedure. See 
Figure 2-6 for the mean concentrations for the 3 concentration steps. 

 
Repeatability  
(σr)

Drift-corrected 
repeatability  
(σcorr)

Mean Fit 
Residuals

2-point 
regression 
repeatability 
(σ2p)

Low 10.4 7.6 0.4 2.4
Middle 11.0 7.7 0.8 1.1
High 11.5 8.3 0.4 2.2
Offset Corrected:
Low 3.2 3.8 0.4 2.4
Middle 4.5 4.6 0.8 1.1
High 5.9 6.1 0.4 2.2
 Table 5 CO2-referenced cylinder calibration repeatability.  All units in ppt OCS. Low, 
middle, and high signify the 3 concentration steps used in the calibration procedure. Statistics are 
provided for before and after offset correction (using measurements of OCS in B-dil). See Figure 
2-6 for the mean concentrations for the 3 concentration steps.
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Repeatability  
(σr)

Drift-corrected 
repeatability  
(σcorr)

Mean Fit 
Residuals

2-point 
regression 
repeatability 
(σ2p)

Low 13.7 7.3 0.5 3.3
Middle 14.3 7.9 1.1 1.6
High 15.4 9.1 0.5 3.0
Offset Corrected:
Low 6.8 4.7 1.4 3.3
Middle 7.7 5.6 1.8 1.6
High 9.4 7.0 1.4 3.0
Table 6 MF-referenced cylinder calibration repeatability.  All units in ppt OCS. Low, 
middle, and high signify the 3 concentration steps used in the calibration procedure. Statistics are 
provided for before and after offset correction (using measurements of OCS in B-dil). See Figure 
2-6 for the mean concentrations for the 3 concentration steps.
 

 
Repeatability  
(σr)

Drift-corrected 
repeatability  
(σcorr)

Mean Fit 
Residuals

2-point 
regression 
repeatability 
(σ2p)

B-Lo 0.53 0.17 0.02 0.08
B-Mid 0.59 0.17 0.03 0.04
B-Hi 0.63 0.18 0.01 0.09
B-Dil 0.65 0.09 N/A N/A

Table 7 CO2 calibration repeatability.  All units in ppm CO2. B-Dil is not used in determining 
the linear regression for the analyzer response, and therefore, does not have estimates of fit 
residuals or σ2p assigned.
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 Definition
Median 
(ppt)

2.5 
Percentile 
(ppt)

97.5 
Percentile 
(ppt)

Ambient Concnetration 461.7 361.6 536.3
Accuracy (σa) 2.8% 12.9 10.1 15.0

Repeatability  (σr)
2.7 ppt + 
0.5% 4.9 4.4 5.3

Water Vapor Correction  (σw)
0.3% per 
1% H2O 1.3 0.5 2.2

Total Uncertainty  (σtot)  13.9 11.1 16.0
Theoretical Uncertainty 
(σtheor) at 1% σa 6.9 5.8 7.7

Table 8. Uncertainty budget for LIV observations.  See text for definitions and description.

 Definition
Median 
(ppt)

2.5 
Percentile 
(ppt)

97.5 
Percentile 
(ppt)

Ambient Concnetration 442.5 353.5 500.9
Accuracy (σa) 2.8% 12.4 9.9 14.0
Repeatability  (σr) -0.9 ppt + 1.2% 4.7 4.1 5.1
Water Vapor Correction  
(σw)

0.3% per 1% 
H2O 0.1 0.0 0.6

Total Uncertainty  (σtot)  13.3 10.7 14.9
Theoretical Uncertainty 
(σtheor) at 1% σa 6.5 5.5 7.2

Table 9. Uncertainty budget for NSA observations See text for definitions and description. 
Values represent offset-corrected data.
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Figure 2-1 Diagram of calibration system for OCS analyzer. (top) Livermore deployment and 
(bottom) Barrow deployments.
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Figure 2-2. Slope and intercepts determined for OCS analyzer for (A and B) MF-referenced 
permeation device calibrations, (C and D) CO2-referenced cylinder calibrations, and (E and F) 
MF-referenced cylinder calibrations. Circles (both open and closed) represent slopes (A, C, and 
E) and intercepts (B, D, and F) for all calibrations presented in this study. Squares (both open 
and closed) represent intercepts during the Barrow campaign prior to offset correction (D and F). 
The open circles (and squares) represent the calibrations assigned as reference measurements to 
determine the drift-corrected repeatability (see Tables 4-6). Red lines represent the interpolated 
slopes/intercepts using the closed circle calibrations. The dashed red lines (D and F only) 
represent the interpolated intercepts (closed squares) before offset correction. A summery of the 
mean slopes and intercepts by each method can be found in Table 3.
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Figure 2-3 Allan deviation plot for two experiments performed on the OCS analyzer, one in 
July 2015 (red) and one in April 2016 (blue). Deviations are given in ppt OCS as a function of 
averaging interval. Solid lines represent the actual data; dashed lines (with identical color coding 
to actual data) represent the theoretical white-noise limits, with 1 confidence intervals given.
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Figure 2-4 Calibration gas measurement anomalies measured as the difference between the 
measured OCS value (after correcting with the mean analyzer response linear regression 
coefficients) and the concentration of OCS in the delivered calibration gas (OCScal). Results are 
shown for the MF-referenced permeation device calibrations (A and B), the CO2-referenced 
cylinder calibrations (C and D), and the MF-referenced cylinder calibrations (E and F); the data 
is represented as both a time series (A, C, and E) and a histogram (B, D, and F). Red, green, and 
blue color-coding represents the low, middle, and high concentration points, respectively, in the 
OCS calibrations. For the Barrow calibrations, open circles (C and E) and open bars (D and F) 
represent the differences without offset correction. The raw repeatability (raw) is determined 
from the standard deviation of the anomalies shown here and are given in Tables 4-6. 
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Figure 2-5. Raw repeatability as a function of OCS concentration for the MF-referenced 
permeation device calibrations (squares), the CO2-referenced cylinder calibrations (triangles), 
and the MF-referenced cylinder calibrations (circles). The blue symbols represent the 
repeatability with offset correction (possible for the Barrow calibrations only). For reference the 
dashed line shows 1% repeatability. Linear regressions for each calibration type are shown as 
solid lines. Note that a decline in performance of the analyzer between the Livermore and 
Barrow campaigns resulted in poorer repeatability for both of the cylinder calibration methods 
compared to the permeation device calibrations and is not indicative of the relative stability of 
the two sources. 

Figure 2-6. Time series of water vapor interference experiment. Increasing amounts of H2O 
were added to an otherwise stable calibration mixture of OCS (from the permeation device 
source) in zero air. The OCS data is shown as uncorrected mole fractions (blue), as dry-air mole 
fractions after correcting for dilution (green), and as dry-air mole fractions after correcting for 
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dilution and a spectroscopic interference associated with increasing water vapor (orange). The 
spectroscopic interference correction is taken from the 2nd order polynomial fit to the data shown 
in Figure 2-7.

Figure 2-7. Water vapor correction fit. Experimental data (squares) is taken by averaging each 
segment of stable water vapor additions in Figure 2-6 (with the “dry” OCS mole fraction taken 
from a recent calibration at the same delivered OCS mole fraction without humidification). The 
solid line is the 2nd order polynomial fit to the experimental data, computed with the 0th order 
term fixed at 1.0. The 1st and 2nd order coefficients are given as K1 and K2, respectively. The 
shaded area represents the 68% (1) confidence interval for the fit and is used to estimate the 
uncertainty in the water vapor correction (w).
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2.2. Aerodyne 13CH4/12CH4/C2H6 Instrument Calibration 

The calibration scheme for the Aerodyne instrument is very similar to that of the LGR 
instrument with options for calibration directly from cylinders of synthetic or compressed whole 
air or through the dilution of concentrated standards using mass flow controllers.  In the Barrow 
installation the LGR and Aerodyne instruments share the whole-air calibration cylinders, but 
they have independent valve systems to isolate them from one another.  The Aerodyne 
instrument must make measurements with high precision in the ratio of 13CH4/12CH4 , (δ13CH4),  
to be useful, and this requires calibration of the isotopic ratio as well as the total methane mixing 
ratio. The three ambient-level cylinders have methane mixing ratios of 2102.9 ppb, 1976.8 ppb, 
and 1849.1 ppb.  As set of four small cylinders of air with elevated methane that has been 
isotopically–characterized (Isometric Instruments) is used to calibrate the isotope ratio.  The 
isotopically-characterized cylinders have isotopic ratios spanning the range of values typical of 
biogenic/wetlands sources to fossil/thermogenic sources:  -66.5‰, -54.5‰, -38.3‰, and -23.9‰  
(isotopic shift per mil relative to the standard Vienna Pee Dee Belemnite 13C/12C ratio).  These 
isotopic references are diluted to ambient concentration during calibration using ambient air that 
has been scrubbed of methane using a zero-air generator. An unfortunate property of the 
spectroscopy employed in the Aerodyne instrument is that the δ13CH4 measurement is 
concentration-dependent.   Therefore, an additional measurement of the concentration 
dependence of the isotopic ratio is performed with an additional concentrated reference cylinder. 
The concentration-dependence of the isotopic ratio is measured by varying the dilution of a 
concentrated standard with known isotopic ratio.  Ethane is calibrated through dilution by zero-
air of a gas from a cylinder with known ethane:methane, ratio.  The cylinder used had CH4 at 
2499 ppm, C2H6 at 1.41 ppm with both species having concentration accuracy of ±1% certified 
by the vendor (Matheson).  Zero-methane background measurements are also performed using 
methane-free air from the zero-air generator as the source.
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Figure 2-8. Diagram of the calibration system for the Aerodyne instrument.
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2.3. Field Measurements

A measurement campaign was conducted at the DOE-ARM North Slope of Alaska site in 
Barrow that involved the deployment of instruments to measure CH4, and source tracers.  The 
campaign ran from September 1, 2014 to September 1, 2016.    We have deployed an in situ 
instrument to measure methane, the ratio of its isotopologues 13CH4/12CH4, and ethane. A second 
instrument is measuring carbon monoxide, carbonyl sulfide, carbon dioxide and water vapor. 
Inference of changes in emissions across different regions and seasons will be enabled by these 
measurements using atmospheric transport and inverse modeling techniques.  
During the first year of the campaign we prepared the shelter for the instruments, installed inlets, 
and deployed instruments. The trace gas instruments are deployed in the guest instrument shelter 
at the ARM-NSA site.  The instruments are not weatherproof and must be operated indoors, and 
therefore the instruments were connected to an outdoor inlet through tubing.  The instruments 
and the inlet are located on the northeast end of the shelter.  We employed passivated stainless 
tubing to make the inlet compatible with the widest range of gases including volatile organic 
compounds.  Because blockage of the inlet by frost is a significant concern, the tubing is 
insulated and can be heated using self-regulating heat-trace and temperature controllers.  During 
the first winter prior to deploying instruments, we ran the inlet, as well as a weather station and a 
networked computer to monitor the inlet and test the communications with the site.   Initially, we 
intended to install two inlets, one for the trace gases and one for aerosols, and these were 
designed to extend approximately 12 feet above the roof of the shelter.   Concerns that the inlet 
would block a Cimel sun photometer prompted us to reduce the height of the gas inlet to the 
level of the hand-rail on the roof.  Both of the trace gas instruments operating at the ARM-NSA 
site are state-of-the-art, semi-custom, and newly purchased for this campaign.  Delays in 
procuring and characterizing the instruments prevented us from deploying them during the first 
year of the campaign.
In September 2015, we installed the OCS/CO/CO2/H2O instrument  (LGR, Inc.) and began 
sampling ambient air.  In the initial phase of installation the full calibration system was not 
deployed, but a partial calibration of the OCS measurement was made using a permeation tube 
diluted with OCS-free ambient air passed scrubbed by a zero-air generator.  Although 
permeation tubes are commonly used, they require a high degree of temperature stabilization and 
repeated recalibration.  Calibration using whole-air reference cylinders is the preferred method 
for CO2, and these calibrations were started in December 2015 along with reference cylinders for 
CO and OCS calibration.  We tested the stability and remote control of the instrument initially 
while the rest of the system was installed.  In October 2015 we installed the instrument that 
measures 13CH4/12CH4/C2H6 instrument (Aerodyne Reasearch, Inc.) along with its calibration 
system. Both instruments started whole-air calibration in December 2015, but a valve in the 
Aerodyne system failed within a month after deployment and this precluded calibration of the 
methane system until the end of January when a repair could be implemented.



41

   
Figure 2-9. Inlet on NSA shelter (left) and instruments (right) inside NSA shelter. The black 
insulated inlet extends of the northeast corner of the shelter roof at the level of the handrail.  
Within the shelter are the LGR OCS/CO/CO2/H2O instrument (left side of the photo) and the 
Aerodyne 13CH4/12CH4/C2H6 instrument.

2.3.1. Observations  of Ambient 13CH4/12CH4/C2H6 in Barrow, AK

Measurements of methane, methane isotopologues, and ethane give an indication of the sources 
of methane in Barrow.   Ethane, which has negligible natural sources, is a good tracer for 
thermogenic methane including oil and gas sources.  The strong correlation of methane and 
ethane seen in Fig. 2-10 is a likely indicator of fossil methane contribution to the ambient mixing 
ratio. The composition of the carbon stable isotopes of methane, commonly depicted as a 
standardized shift (δ13CH4) in the ratio of 13CH4/12CH4, provides another indication of the 
methane source [17].  The isotopic ratios of methane measured in Barrow, AK shown in Fig. 2-
11 indicate a strong contribution from thermogenic sources consistent with natural gas 
emissions, which have isotopic ratios in the range of -36 to -50 ‰ [17]. 
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Figure 2-10. Methane and ethane mixing ratio time series from Barrow, AK.

Figure 2-11 Isotopic ratio of CH4 in ambient air in Barrow, AK in Spring 2016

2.3.2 Ambient OCS and CO2 Observations from Livermore, CA and Barrow, AK
During the year prior to deployment of the OCS/CO/CO2/H2O instrument in Barrow, AK, 
measurements were made with this instrument in Livermore, CA. The OCS and CO2 
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observations from the Sandia Livermore Tower (LIV) and from the North Slope Alaska ARM 
site (NSA) are presented here (Figures 2-13 and 2-14) and represent the most extensive set of 
continuous observations of OCS ever reported in Northern California and in the Arctic, to our 
knowledge. A full analysis and interpretation of the data collected here is beyond the scope of 
this study. Instead, we point out some interesting features in the relationship between OCS and 
CO2 on diel and synoptic time scales, highlighting the advantage of continuous observations for 
better understanding variability of OCS over two very different ecosystems with very different 
climates.

When zooming in on shorter segments of time (Fig. 2-13b, showing March 1 2015  March 20 
2015 at LIV; Fig. 2-14b showing September 29 2015 to November 25 2015 at NSA), the OCS 
and CO2 variability at both sites appears strongly anti-correlated, with OCS decreasing at times 
when CO2 is observed to be increasing. The anti-correlation is especially apparent at LIV, where 
the variability appears strongly driven by regular changes on diel time scales. Figure 2-12 
illustrates the mean diel cycle for OCS and CO2 at LIV separately for the cold/wet season and 
hot/dry season, with May 1 2015 used as the cut-off date between the two seasons. North of the 
Arctic Circle, diel variability, of course, is less meaningful and, as a consequence, the high-
frequency variability at NSA appears a bit more random than at LIV. Nevertheless, there are 
indications of similar behavior where times of increased CO2 are accompanied by depletions in 
OCS.
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Figure 2-12. Diel cycles of (A) OCS and (B) CO2 at LIV. Mole fractions are plotted as the 
mean hourly anomalies compared to a 48-hour running mean of the data. For both OCS and CO2, 
diel cycles are shown for the cold/wet season (dashed lines) and the hot/dry season (solid lines). 
May 1 2015 is the cut-off used to distinguish the two seasons and was arrived at based on 
providing the most distinct diel cycles for OCS and not strictly on meteorological data. Error 
bars represent the standard error of the mean hourly anomaly.

Variability of OCS and CO2 at NSA is expected to be influenced by synoptic scale changes in 
local boundary layer dynamics as well as the origins of long-range transport, making 
interpretation somewhat more complicated without also considering detailed meteorological 
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observations. To first order, the LIV observations can be interpreted within the context of a 
shallow nocturnal boundary layer that amplifies the effect of surface fluxes on the observed mole 
fractions relative to the daytime observations when boundary layer depth is much greater and 
mole fractions trend towards the tropospheric background. Under this interpretation of diel 
changes, the LIV observations during the fall, spring, and early winter months can be explained 
by invoking a surface sink of OCS and a surface source of CO2 resulting in minimum OCS 
concentrations and peak CO2 concentrations in the early AM hours before the nocturnal 
boundary layer breaks up shortly after sunrise. This effect has been observed previously in 
Northern California from a marine vessel off the coast of Monterey (about 120 km to the 
southwest of Livermore), where depleted OCS accompanied enhanced CO2 in air sampled during 
a period of continental outflow over the course of one night in early June 2010[12]. Similar 
nocturnal depletions in OCS have also been observed at multiple sites in Colorado during the 
summer of 2012 [9] and in suburban Paris over multiple periods during the Fall, Winter, and 
Spring of 2010 and 2011 [18]. These depletions are typically attributed to some combination of 
soil uptake and plant uptake as a result of nighttime stomatal conductance [9, 11, 19]. 

Interestingly, at LIV, the relationship between OCS and CO2 reverses as the season shifts from 
cold and wet to hot and dry, around late April and early May. The diel cycle for OCS after May 1 
(through mid-July) moves into phase with CO2, peaking at night, instead of during the day. 
Under the interpretation that nighttime mole fractions are driven by local surface exchange and 
daytime mole fractions trend towards the tropospheric background, the changing diel cycle of 
OCS suggests that by early May the terrestrial biosphere becomes a net source of OCS during the 
nighttime. This would be consistent with increasing OCS emissions from soils as soil 
temperatures increase, as observed directly in soil chamber experiments  (Berkelhammer et al., 
Maseyk et al., Sun et al., Whelan et al.)[9, 13, 19, 20] and inferred from total ecosystem fluxes 
by eddy covariance [11, 19].

A shift in the geographical distribution of surface sensitivity for the tower observations at night 
offers an alternate explanation for the seasonal shift in diel cycle, however. If for example, the 
observations are more sensitive to emissions from the marshlands [12, 21] of the San Francisco 
Bay (to the west) and the Sacramento Delta (to the north), emissions of OCS from these areas 
may also lead to the change in diel cycle with season. Anthropogenic emission [22, 23] also 
cannot be ruled out, but we do not see correlation of OCS at nighttime with combustion tracers 
such as CO or CH4.
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Figure 2-13. Time series of OCS (left, blue) and CO2 (right, black) at LIV, including the 
entire observation period (A) to show seasonal variability and a zoomed in segment (B) to 
illustrate the anti-correlation of OCS and CO2 during the cold/wet season in Livermore, CA. 
Major and minor date ticks (in B) are located 00:00 and 12:00 UTC, respectively, with the 
theoretical clear sky solar radiation shown to indicate periods of daylight.
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Figure 2-14. Time series of OCS (left, blue) and CO2 (right, black) at NSA, including the 
entire observation period (A) to show seasonal variability and a zoomed in segment (B) to 
illustrate the anti-correlation of OCS and CO2. Date ticks (in B) are located 00:00 UTC, with the 
theoretical clear sky solar radiation shown to indicate periods of daylight.
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3.  ATMOSPHERIC MODELING OF METHANE

We examined the question of how global atmospheric methane concentration affects a CESM 
simulation with only the atmospheric model, CAM, active. In order to determine the effect of 
atmospheric methane concentration in the CESM simulations, simulations with varying methane 
concentration were performed. Atmospheric methane concentration varied from 800 ppbv (pre-
industrial levels) to 3800 ppbv (RCP8.5 levels) in eleven separate simulations.  The eleven 
simulations are compared with each other and with observations.  We used CESM version 1.2, 
release 06, with the FC5 component set and ne30_ne30 resolution. In each simulation, methane 
volume mixing levels were held constant throughout the 24-year simulation. For the purposes of 
analysis, the first eleven months of each simulation were omitted.

3.1. Results from Simulations – Comparison with Observations

To validate the model used, comparisons were made between observations and the simulation 
with 1700 ppbv (near present-day) methane concentration. The default methane concentration for 
“present day” (year 2000) simulations is 1760 ppbv. Results from those comparisons are below 
(annual averages in all cases).  Figure 3-1 shows that simulated upper atmospheric temperatures 
are colder in the model than observed temperatures, and model surface temperatures are very 
similar to observed temperatures from the ERA Interim Reanalysis (1989-2005) average 
temperatures.  Figure 3-2 shows that zonal winds are similar to observations from the ERA40 
Reanalysis (1980-2001), with slightly stronger winds in the mid latitudes and weaker winds in 
the tropics and higher latitudes. The simulated sea surface temperatures in Figure 3-3 are 
generally within 0.5⁰ of temperatures observed in the HadISST/OI.v2 Present Day (1999-2008) 
set. Model temperatures off the northeast coast of North America and south coast of Greenland 
are colder than observed temperatures.  As Figure 3-4 shows, the model predicts significantly 
higher precipitation rate over much of southeast Asia and Central America, and lower 
precipitation rate over the Amazon region compared with observations (GPCP 1979-2009 
observations).  Arctic surface temperatures shown in Figure 3-5 are lower in the model than 
observations from the ERA Interim Reanalysis 1989-2005 set.  Figure 3-6 shows that the model 
predicts greater than observed cloud cover over much of the Arctic region, compared with 
observations from the CLOUDSAT (Radar + Lidar Sep 2006 – Dec 2010) set.
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Figure 3-1. Present day temperature
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Figure 3-2. Present day zonal winds
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Figure 3-3. Present day sea surface temperatures
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Figure 3-4. Present day precipitation rate
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Figure 3-5. Present day surface temperature
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Figure 3-6. Present day total cloud cover

3.2. Results from Simulations – Effects of Varying CH4 Concentration
As previously stated, a series of model sensitivity runs were performed under present day 

boundary conditions with a series of different prescribed global methane mixing ratios.  
Changing the atmospheric methane concentration resulted in substantial changes to the Earth’s 
residual energy balance, upwelling longwave flux, longwave cloud forcing, precipitation rate and 
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precipitable water, and surface temperature in the model response. Plots showing the changes in 
these model outputs as a function of methane concentration are shown below. Figure 3-6 shows 
that residual energy balance (Net shortwave flux – Net longwave flux) at the top of model 
(RESTOM) increases with increasing atmospheric methane. All simulated methane 
concentrations result in warming (RESTOM > 0).  The upwelling longwave flux shown in Figure 
3-8 decreases with increasing concentration. The longwave cloud forcing shown in Figure 3-9 
decreases with increasing methane concentration; while the shortwave cloud forcing in Figure 3-
10 shows no trend with concentration.  Total precipitation rate (liquid + ice) shown in Fig. 3-11 
decreases with increasing methane concentration. Figure 3-12 shows that the surface temperature 
over land generally increases with increasing methane concentration. 
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Figure 3-7. RESTOM - Residual energy balance at the top of the model

0 500 1000 1500 2000 2500 3000 3500 4000
0

50

100

150

200

250

300

Upwelling longwave flux at top of model (FLUT)

Atmospheric methane concentration (ppbv)

FL
U

T 
(W

/m
2)



56

Figure 3-8. FLUT – Upwelling longwave flux at model top
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Figure 3-9. LWCF - Longwave Cloud Forcing
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Figure 3-10. SWCF Shortwave Cloud Forcing
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Figure 3-11. PRECT, Total Precipitation Rate (liquid + ice)
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Figure 3-12. TS_LAND, Surface temperature over land

3.3. Results from Simulations – Differences between extreme low 
and high CH4 Concentration

Atmospheric methane concentrations affect temperatures, precipitation, albedo, and cloud 
cover significantly in the model response. Below are plots of the differences between low 
(“MVP3443A,” 800 ppbv, pre-industrial level) and high (“MVP3453A,” 3800 ppbv, RCP8.5 
level) atmospheric methane concentrations.  The model response to higher atmospheric methane 
concentration displays greater temperature throughout the atmosphere, except in the Antarctic 
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region, as shown in Fig. 3-13. Figure 3-14 indicates that the model response to higher 
atmospheric methane concentration is an increase in temperatures in the mid latitudes, especially 
over North America, Greenland, and Central Asia. Total cloud cover (Fig. 3-15) decreases over 
North America and increases over Africa with higher methane concentration. Minimal changes 
to total cloud cover (Fig. 3-16) in the Arctic are seen with varying methane concentrations.  
Figure 3-17 shows that higher methane concentration results in increased precipitation rate over 
Africa and the Tibetan plateau and decreased precipitation rate over North America, and 
cumulative precipitation (Fig. 3-18) increased over Africa and the Tibetan plateau and decreased 
over North America and Madagascar. Higher methane concentration results in decreased 
snowfall over most of the Arctic region (Fig. 3-19). Snow depth on the north coast of Greenland 
and most of Russia is greatly reduced with higher methane levels (Fig. 3-20).  
 

Figure 3-13.  Influence of Extreme Low and High CH4 on Temperature



59

Figure 3-14.  Influence of extreme low and high CH4 on surface temperature
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Figure 3-15.  Influence of low and high CH4 on total cloud
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Figure 3-16.  Influence of low and high CH4 on total cloud cover (Arctic)



62

Figure 3-17.  Influence of low and high CH4 on precipitation rate


