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Summary: In this white paper, we describe the performance ofhe carbon monoxide measurement of
Picarro’s G2302 carbon monoxide, carbon dioxide, ah water vapor analyzer. Precisions of better thar2
ppb are routinely achieved in a five minute measument time. We also present a careful study of theross-
interference of other common atmospheric constitues with the measurement of carbon monoxide. Througy
use of the appropriate methods, one can achieve eXdent performance that meets and even exceeds the
WMO inter-laboratory comparability standard of =2 ppb for trend detection of the marine boundary layer
and £ 5 ppb for continental sites experiencing thefluence of regional pollution (CO > 250 ppb). Tl G2302
enables high-quality measurements of both the welhixed atmosphere as well as pollution plumes downwil

of urban centers.

The importance of carbon monoxide to greenhouse gasonitoring science

Although carbon monoxide is not considered a sicgnift greenhouse gas, it is an important
atmospheric tracer and it plays a critical roleatmospheric chemistry. Major sources of
atmospheric CO include anthropogenic emissionsbamaass burning. Measurements of CO at
Global Atmosphere Watch (GAW) stations focus on ersthnding the role of CO in the
atmospheric photo-chemically driven cycle involvingethane, formaldehyde, ozone, and OH.
GAW measurements are made in the well-mixed atneepin remote locations far from
anthropogenic sources. For this type of measurgntem World Meteorological Organization
has placed a strict requirement on the inter-laibboyacomparability of CO of + 2 ppifor trend
detection of the marine boundary layer and = 5 pmbcontinental sites experiencing the
influence of regional pollution (CO > 250 pBb) This requirement is difficult to achieve in
practice, using standard carbon monoxide instruatiem. Common techniques for measuring
CO are GC-HgO (Gas Chromatography with a mercune detector), GC-FID (Gas
Chromatography with a Flame lonization Detector)DIRI (Non-Dispersive Infrared

#we use ‘ppb,’ or parts-per-billion, as a convehghorthand for nmol mal.

b See, for example, GAW Report No. 192, Guidelimestie Measurement of Atmospheric Carbon Monoxafs0.
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Absorption), Gas Filter Correlation, and VURF (VaouUltra-Violet Fluorescence). While it is
possible with all these techniques to perform hgghality CO measurements, they all present
difficulties for field deployment, either becaudeey suffer from poor reliability, they require
frequent human intervention, and/or they requirgsconables.

An emerging field of greenhouse gas measuremeehaeiis focused on understanding the so-
called urban metabolism [reference], with the go&lquantifying the emissions of carbon
dioxide and other greenhouse gases from urbanrsemteas small a spatial scale as is possible.
A key challenge for these types of measurement® isorrectly distinguish anthropogenic,
particularly petrogenic, emissions from biogeniarses. Radiocarbon analysis is the gold
standard for this type of measurement, but beceagiecarbon analysis of sufficient accuracy
can only be performed at core Accelerator Mass tepmetry (AMS) laboratories, it is
prohibitively expensive. However, it has been shdweference] that carbon monoxide is well-
correlated with petrogenic emissions, because bamnucenters it is produced primarily through
combustion of fossil fuels. While the requiremeftis measurements of carbon monoxide in
these measurements have not yet been establistesdare likely to be relaxed relative to the
WMO inter-laboratory comparability standard.

In this white paper, we describe in detail the perance G2302 CO / GO H,O analyzer.
Through use of the appropriate methods, one caml\axlexcellent performance that meets and
even exceeds the WMO inter-laboratory comparabgigndard. The white paper is organized
into the following sections:

The near infrared spectroscopy of the G2302 @NBUYZE............uvvuruiiiiiiiin i e e e e e aaeaaaaeaaees 2
Carbon Monoxide: Performance under Dry Gas COMIBLO. .........uuuiiiiriieieee e eeieies e s e e eaeevesavensena s aneneaeeaeas 6
Carbon Dioxide Measurement, Interference, and COOM.................eeieeiiiiiieiiiiiiie e 15
Water Vapor Measurement, Interference, and COMBCLL..........uuiiiieieeiiiiiiiiiiiieiie s remer e e e e e e s erereeeeaeeees 17
Summary of cross-interference COrreCtion fACIOLS. ccc.....vvviiiiiiiiii e e 27
Uncertainty in the carbon monoxide COrrection fEEL0............ccoiiiiiiiiiiiiiiii oo e e 29
Putting it all together — making GAW-quality meamments in the field with the G2302..........ccccccvivivereeeennnn. 33

The near infrared spectroscopy of the G2302 analyze

We begin with a discussion of the near-infraredcspscopy that lies at the heart of the G2302.
We have selected one of the strongest CO lindseimear-infrared region, which is (nearly) free
of spectral interference from other atmosphericcgse Unfortunately, the spectrum is not
completely free of interfering lines. Within a dteon of a wavenumber of the CO line are
several features associated withkCHand CQ. This spectrum can be seen in Figure 1. The
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primary CO feature is a singtéC'®0 line, nestled between a set of carbon dioxide vaatbr
vapor lines. Clearly, there is a significant pbagy of spectral interference in the CO
measurement from carbon dioxide and water vapoe W carefully study the effects of both
of these gases on the measurement of CO.

For these purposes, it is important to quantify ¢hess-talk for all important isotopologues of
carbon dioxide and water vapor, so that in realldvapplications, we can quantify the effect of
variations in the stable isotope ratios on the mmeasent of CO. The spectra of the
isotopologues are sufficiently well-known that tRBTRAN database can be used to make
absorption line assignments. The situation fob@ardioxide is straightforward, since all of the
carbon dioxide lines in the immediate vicinity 6£tCO line are associated wittC'°0; lines.
The other stable isotopologues of £l have a negligible effect on the measuremdr@O.

~3%v 'H "0

—— 10 ppm CH4
5000 ppm CO2

— 300 ppm CO

1000

100

10 b

i WIIIHNWM HM‘

|
I ‘
/ |

absorption loss (ppb/cm)

0.1

0.01

frequency

Figure 1: spectrum of CO, CQ, CH,4, and H,O. The spectroscopic structure below about 1 pphicis an
artifact of the spectral acquisition (for example there are no distinct lines visible due to methane)
The spectra of the water isotopologues in theweald often deviate significantly from what is
reported in the HITRAN database. For this reasahave made careful experimental spectra
on water vapor of differing isotopic compositioithe following waters have been used for this
study:
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Figure 2: set-up for humidifying dry gas standards.

PicarroO0 water: This water is an

internal working standard at the Picarro
factory, of near meteoric water with
measured delta of -9.6 %o and -62%o
permil in3'%0 anddD, respectively.

Picarro33 water: This water is also an
internal working standard at the Picarro
factory, which has been enhanced by
+1000 %o indD and +100 % ir5'°0.

+5000 %0 8%0: This test water was
prepared by adding a small volume of
~ 10 atom % K20 to Picarro00 water,

to generate water that is highly enhanced®Bl. The +5000 %. assignment is only
approximate, due to the large uncertainty of thi Bample.

0 +5000 %08''O: This test water was prepared by adding a smélinve of ~ 10 atom %
H,"'O to Picarro00 water, to generate water that iklfignhanced ®’O. Similarly, the
+5000 %o assignment is only approximate, due to ltnge uncertainty of the 10%

sample.

We generated vapors from each of these waters ttsngpparatus shown in Figure 2. Zero
air was used as the gas input. Fine spectra vwdected for each of these waters, and the
results are plotted below, along with the carbomaxide peak. Identification of the peaks is
noted directly on the graph. Fortunately, the ingot water peaks in the vicinity of the
carbon monoxide peak are all associated with thet mommon isotopologues of water,
which simplifies the spectroscopy substantiallyhe tH,*?0 peaks just to the right of the
carbon monoxide line are sufficiently distant, adficiently small, that no correction for
this isotope will be required*H?H*0 are even further away from the CO line.

PICARRO

480 Oakmead Parkway
Sunnyvale, CA 94085
(408) 962-3900

WWW.picarro.com



co
Ficarro00
Picarro33
100 L / +5000 :;o
F v +5000 "0 |

10 |

loss (ppbfcm)

T L LU |1 AP NS S L (10011001 A —

frequency

Figure 3: the spectra of the principle water vapolisotopologues in the vicinity of the carbon monoxid line.
Note the logarithmic scale. The small deviationsrothe baseline are not important to this analysis.

Study of these spectra reveals several interesiimd) important considerations. First, the
spectroscopy of the carbon monoxide region requicaseful real-time spectroscopic
guantification of two additional species: the malstindant isotopologues of carbon dioxide and
water vapor. There are a total of five distincedpal features that need to be included in the
spectroscopic fitter: the target carbon monoxide,liand two lines each for carbon dioxide and
water vapor. Furthermore, we note that for typarabient concentrations of 100 ppb of carbon
monoxide, 380 ppm of carbon dioxide, and 15,000 ppmwater vapor, the ratios of the largest
line for each species in this immediate spectigibreare 1:66:32 for CO:C{H,0. This places
very stringent requirements on precision and acyuoa the spectrometer and on the nonlinear
analysis that converts the measured spectra angterthese spectra into concentration values.

A typical spectrum, along with the full
spectroscopic fit, is shown in the figure at thé le
(there is less than 10 ppb of CO in this gas sample
along with about 0.5% water and 200 ppm O
The residuals are shown on a ~15X magnified scale.
The interfering lines are modeled quite well by the
spectroscopic fitting algorithms. But it is theam

optical loss

residuals
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drifts in the exact locations of the spectral pwifdrifts either in frequency or in optical losisat
can cause small distortions of the spectra, whigh i turn cause small distortions in the
reported residuals. It is drift in the residualsielh can cause cross-talk of ¢énd HO to the
reported CO values. We will discuss this croskdtaldetail later in this white paper.

Carbon Monoxide: Performance under Dry Gas Conditims

In the GAW Report No. 192, Guidelines for the Measwent of Atmospheric Carbon
Monoxide the data quality objectives for carbon monoxiceasurements are as follows:

o0 Mole fractions of one and the same air sample detexd by different laboratories and/or
monitoring stations should be + 2 ppb (95% confaelevel or coverage factor of k=2),
with averaging time of 1 hour.

o For CO measurements above 250 ppb, the requiredrtamty is + 5 ppb (95%
confidence level or coverage factor of k=2).

These uncertainties include random sources of rassgell as biases and systematic errors that
can and do occur under real-world conditions, aodipg that the Picarro G2302 achieves these
very challenging data quality objectives will requithe patient efforts of many laboratories
studying many instruments, and is beyond the sadpis white paper. However, we have
performed experiments on one instrument over ageai several days that clearly demonstrates
the potential of this technology to achieve théboarmonoxide data quality objectives set out by
the WMJ..

Single Bottle Measurements

In a first step, we directed gas from a single Ibottontaining compressed air containing
approximately ambient levels of carbon dioxide anethane, and an unspecified amount of
carbon monoxideé For the purposes of determining precision ariff, dhe exact amount of
carbon monoxide is not important; we will deal witlte absolute calibration of the instrument
later in this white paper. We performed this tesbur laboratory for about three consecutive
days. The results are shown in Figure 4.

¢ As a proxy for a complete assessment of the latssratory comparability of the G2302, we will ayrd and
report twice the standard deviation of our measerds) corresponding to the k=2 requirement spaligdin the
GAW report.

4 The vendor did not provide analytical analysiscafbon monoxide in this bottle, and Picarro doesmaintain
traceable standards for carbon monoxide.
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Figure 4: single bottle test of a G1302 CO analyzefor different window averages.
Below, we tabulate the statistical variation of tta¢a for these three days:

Table 1: measured ® for a 3 day test. All three days of data were udefor calculation of the standard
deviation.

Averaging window precision (20) (ppb)
5 seconds 29.26

1 minute 8.34

4 minutes 4.32

5 minutes (not shown) 3.90

20 minutes 2.16

60 minutes 1.54

240 minutes 1.14

480 minutes 0.99

First, it is important to point out that this ingtnent has a five minute standard deviation of 1.95
ppb, which just meets 2 ppb in a five minute averaghich was the Picarro guaranteed
specification for the G1302. In other words, thetiument that we used for this work was not an
ideal instrument, but was a relatively poor un@nfr the standpoint of precision. The findings
described in this white paper therefore do notesgnt a best-case scenario, but a realistic
estimate of what can be achieved with the G2302.
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Clearly, these data are quite encouraging; theigioec(20) of the 60 minute average is well
below the inter-laboratory comparability of + 2 pptet, while these data look very promising,
there are many reasons to caution against overdasde, for several reasons:

» These data were collected in a laboratory settiing the field, where temperatures may
vary more dramatically, the measurement statistspecially for long averages, may
degrade significantly

* These data were collected over a period of a feys tlma week of data collection. For
larger time periods, precision and drift will ofdg degraded from these reported numbers

CO Measurements Using a Secondary Gas Standard

The results demonstrate above, while demonstrgtiegt promise, do not yet provide a reliable
path to a method that consistently and robustlyigdes carbon monoxide data that meets the
WMO inter-laboratory comparability standard ovdranditions, all time, and all instruments.
We then pose the question: can a method be detriaecan robustly delivery WMO-quality CO
results using a secondary gas standard?

We expect that the drift in the CO measurement hef 62302 is
dominated by zero drift. Fractional span drift fhe G2302 should be  3-wayvalve
similar to the fractional span drift on carbon dae which is less thar
0.1% of reading even over long periods of time;G@ levels below 500
ppb, this corresponds to an error of just 0.5 ppE®@°. Thus, the best
approach is to use a working standard to tracldtlieof the zero in the
CO measuremehnt

l# 3poq
Z# dhoq

To investigate this possibility, we performed arpexment (depicted in the figure at right) in
which we alternated between two bottle sourcesyetyar minutes. We wanted to select a fast
interval so that any possible drift can be trackeat, slow enough that the dead time during
switching (about 30 seconds in these measurementsdt a significant fraction of the duty
factor. We do not believe that such a fast switghspeed, or high duty cycle, is required to
achieve the + 2 ppb (@) standard. These two bottles have two differearben dioxide
concentrations, and again unknown carbon monoxadeentrations.

° Due to the hazards of handling high levels of oarmonoxide, this span drift test has not yet beeriormed.
These conclusions are based on experience witB1381 and G2301 analyzers for carbon dioxide arttiane.

" an alternative to a bottle is to use a catalysetnove the CO (e.g., Sofnocat) from the samplesgaam. More
work is required to validate the efficacy of catalyemoval as a referencing method for the G2302.
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Figure 5: time series showing the concentration afarbon dioxide and carbon monoxide from the analyze

A short segment of time, about two hours longhieven in Figure 5. For two-minute segment,
the averages of the reported carbon monoxide angbiadioxide readings are calculated,
excluding a 30 second segment at the transitiont jp@tween the two gases. We first report the
carbon dioxide readings for each bottle over thieseven-day period of the test.
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Figure 6: reported carbon dioxide concentrations fom each of the two bottles over a 7-day period.

The readings are extremely stable, with just a sdrdt the order of 50-100 ppb across the full
duration of the experiment.
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Figure 7: reported carbon monoxide concentration fom two bottles, switched every two minutes.

In Figure 7, we display the carbon monoxide fromhe2 minute segment on bottle #1 and bottle
#2. Clearly, the carbon monoxide readings are singentical, with the data sets almost
completely overlapped. We will now perform furttzeralysis on these data. First, we analyze
the results from a single bottle. These resutssaown in Figure 8.
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Figure 8: Carbon monoxide measurements on bottle #ith different averaging windows. The times are
total elapsed times — measurements are made on Hett1 with a 50% duty cycle during this time.
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We summarize the precision and standard deviataloulated over the full week of data with no
data removed. These data are collected with afdatgr of less than 50%, so we expect some
degradation of precision relative to the data olgtdiin the previous, single bottle test.

Averaging window precision (20) (ppb)
4 minutes 6.12
20 minutes 3.14
60 minutes 2.24
240 minutes 1.70
480 minutes 1.52

Consider the processed data series from each twotenisegment. We label the resulting
concentration series from the ‘sample’ bottle aiefierence’ bottle aS andR, respectively. The
concentrations for thé&" segment are thus ju§ andR. The simplest analysis would simply
calculate the difference between sample and refereand add the known reference vdRig to
the resulting data to calculegy.

Scorr_i = R(rue +(S - R)

The average over time can then be calculated bggake mean o&.. . For example, a 60
minute average would take the mean of 15 bins ofpéa and reference (each cycle is four
minutes in duration, or 15 cycles in an hour). #ééine the 60 minute average centered aj'the
bin as being the average of the period of time fBihminutes before this bin to 30 minutes after
this bin. Therefore:

60— 1 &
Scorr_j = I:\)(rue = Z(S - R)
15,5%
Or, more generally, for aN bin average,
N— 1 &
Scorr_j = Rtrue +(N Z(S - F\))J , whereN =2n+1
i=j-n

These averages are shown in the following figuweNf= 1, 5, 15, 60, and 120.
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Figure 9: simple averages of the difference betweesample and reference.

The statistics generated from this averaging psoaes expressed in the following table:

Averaging window precision (20) (ppb)
4 minutes 8.52
20 minutes 3.96
60 minutes 2.24
240 minutes 131
480 minutes 0.87

480 Oakmead Parkway

Sunnyvale, CA 94085
A (408) 962-3900

WWW.picarro.com



Again, these results are quite good. The sixtyuteimverage very nearly meets the data quality
objective for CO of 2 ppb on an hourly averageaut,Bomparing these data to the single bottle
statistics, it is interesting to note that thessistics arewvorsethan those for the single bottle
data, for all averages except the longest timeogdeaverage. Why is that? There are three
reasons:

o In any given time period, only half of the timesgent collecting CO data. For a 50%
duty factor, this increases the noise by the squuareof 2.

0 The corrected concentration is calculated from diféerence between two numbers
(which have equal statistics in this instance). eséh noises (assuming that they are
uncorrelated) sum in quadrature, which increasestise by and additional square root
of two.

o Finally, in each 4 minute segment, about 1 minstelead time during the switching
events that is not included in either the referemrche sample measurement. This effect

degrades the noise lq%

The total noise on short time scales should inerégsthe product of these factors, or about 2.3.
This is roughly the case. The four minute averagehe single bottle is 4.53 ppb, and the 4
minute average for the referenced output is 8 &2afratio of 1.88. The improvement over this
theoretical number comes from the fact that evefastttime scales; we are already seeing the
benefit of the referencing method to remove insentarift.

It is important to remember that the simple avergdormula, with a 50% duty factor between
sample and reference, has equal contributionsemdiise coming from the sample channel and
the reference channel. However, while there im& bf maximum of one hour specified in the
WMO guidelines for the measurement of CO, theradsreason to limit the averaging on the
reference channel to one hour. By extending trexa@me on the reference over a longer time
period, we can improve upon the statistics of tekerencing method without significantly
sacrificing the drift correction capabilities inket in this method.

There are many potential formulations for this aganrg, but we have chosen the following
recipe: to calculate the corrected concentraticar avtime period, calculate the average of the
sample concentration over that time period, andraabfrom it the average of the reference
value over the time peria8T centered on this same time period. In other wdadsa one hour
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sample average, calculate the average referenge fraim the hour before through the hour after

the time period in question. Or, using the formiolaused above in terms of bins, whéréins
correspond to a time peridd we find:

j+tm

N— 1 In 1

Scor_j =Ruye *| = 2.S—=— > R |, where3N = 2m+1 andN = 2n+1.
N i=j-n 3N i=j-m

Using this expression, we can calculate the siegisor the corrected sample concentration for

the same exact data set as we used above. THes rase tabulated below, along with the

previous result for the simple referencing methad] also the single bottle data, for comparison.

Averaging precision (20) | precision (o) precision (o) precision (20)
window on (ppb) —single | (ppb) — sample | (ppb) — simple (ppb) — ext.
sample bottle channel @ reference average on
50% DC method reference

4 minutes 4.53 6.12 8.52 7.00
20 minutes 3.90 3.14 3.96 3.16
60 minutes 154 2.24 2.24 1.68
240 minutes 1.14 1.70 1.31 1.09
480 minutes 0.99 1.52 0.87 1.00
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We highlight the fact that the 60 minute measurdamesmng this new referencing calculation
easily achieves the 2 ppb WMO data quality standaeat a seven day measurement. There are
still improvements to be made in this method -4sihot necessary to spend 50% of the time
measuring the reference gas, nor is it necessawyitoh every two minutes. We will continue to
further develop these methods.

In summary:

o Without applying a referencing method, the G230Zapable of achieving the WMO
inter-laboratory data quality standard for CO o2 ppb (k=2) for short periods of time
(days).

o By applying an aggressive referencing method t@eking standard, improved long-term
drift of 1 ppb can be demonstrated, at the expehs®me increase in the shorter term
noise due to the reduced duty factor of measuresy@nthe sample gas.

0 The combination of these two results demonstrates the G2302 is suitable for
measurements that meet the WMO data quality stdnidaer CO over long periods of
time.

Carbon Dioxide Measurement, Interference, and Corretion

Calibration of the G2302 Carbon Dioxide Measurement

The CO region has a small but significant carbaxide
(**c*0,) line immediately adjacent to the primary carbon
monoxide line. This line is a clearly interferiige. We
begin by assessing our ability to quantify thiserfdring
line. The experiment we have performed is to emnagjé
the instrument with variable carbon dioxide and ewat
vapor concentrations, using the apparatus showrassM
Flow Controllers (MFCs) are used to vary the
concentration of water vapor and carbon dioxidee Nave then compared the resulting carbon
dioxide measurements using two outputs of the G2302

Picarro G2302

apIxolp uogien

o the primary carbon dioxide output, which is ideatito the G2301. This line has been
carefully validated over the course of multiple esiments at multiple laboratories. To
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facilitate the comparison, theportedcarbon dioxide measurement is used, prior to any
water vapor correction for dilution or spectroscopioadening.

o the secondary carbon dioxide output from the CQoreg this line is not used anywhere
in the G2301.

The two outputs are shown in Figure 10, below.hdltgh the secondary carbon dioxide line is
much noisier (a standard deviation of several pgtier than 10s of ppb), it agrees reasonably
well with the primary concentration reporting otlee full range of conditions.
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Figure 10: Reported primary and secondary concentrgon reported from the G2302. The secondary linesi
much noisier than the standard carbon dioxide linebut agrees well with the primary line.

Cross-interference of carbon dioxide on the carbmnoxide measurement

Next, we have performed an experiment to measwreddpendence of the reported carbon
monoxide on carbon dioxide. In this experiment, exposed the instrument to concentrations
ranging from 400 — 5000 ppm of carbon dioxide, arehsured the reported carbon monoxide.
We used a precious metals catalytic filter (25 t8afnhocat 514) to scrub any residual CO from
the gas delivered into the instrument. The rasglitiata are shown below.
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Figure 11: dependence of the reported carbon monaké signal on carbon dioxide concentration.

The instrument demonstrates a very weak depende#nge40 + 0.25 x 18 ppm CO / ppm CQ
or about 0.8 ppb CO per 100 ppm of £O'he intercept of 25.2 £ 0.4 ppb of CO is theseffto
the zero of this instrument.

Water Vapor Measurement, Interference, and Correcton

Calibration of the G2302 Water Vapor Measurement

— Dry gas input

In the G2302, the water vapor line shown in Figliie used as
the primary water vapor measurement. This is femift line

than is used in the G2301, and therefore needs twakbrated
against our standard water line. Our first stepgoiscross-
calibrate the G2302 water vapor measurement agdirest
G2301 water vapor measurement, which was calibradaihst
a NIST-traceable dew-point meter at the Max Plaimsititute

for Biogeochemistry in Jena, Germényn this experiment, two Gl liepelt
instruments were used to measure the same humidtigesn,
each measuring one of the two water lines. Theiditynwas
varied by changing the temperature of the filtehjol increases the evaporation rate from the
water.

hydrophobic
gas-permeable
filter

liquid water (~200 pliters)

heater

Picarro G2301
humidified
gas

The data reported from each instrument have bestegdlin the same graph, in Figure 12. Prior
to plotting, the data from the G2302 have beenstdgiusing the following expression:

9 Calibration courtesy of H. Chen and C. Gerbig &IMena.
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G2301|_| rep :GZBOZI_l " - 09862302H ep + 000832302|_| 2

rep

We may then plug this formula into the expressionthe G2301 relating the reported water
vapor concentration to the actual water vapor cotnagior"

H poua = 0772577, +0.025257H2 )= 0.7564°%H,,, + 0.0329F77H_ )

actual — rep rep

This work therefore provides traceability via thgestroscopic lines from the G2302 vapor
measurement to the original G1301 vapor calibragerformed at the Max Planck Institute in

Jena, Germany. In addition, the above expressiatimg the reported water concentrations from
the G2302 to the G2301 allow us to correct obthendry gas mixing ratios for carbon dioxide

on the G2302 by substituting the G2302 water vaite the expressions in the white paper for
the G2301:

(CO,)

wet :1+CG2302|_| e + dG2302H repz
(Coz)dry
parameter | value
c - 0.C117¢ + 0.0000!
d -3.61F+ 024 x 1C*

" For more information, please see the white papectirate Greenhouse Gas Measurements in Humid Bean®
Using the Picarro G1301 Carbon Dioxide / MethaWéater Vapor Gas Analyzer,”
http://www.picarro.com/assets/docs/White_Paper G18@ater Vapor_Correction.pdf
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Figure 12: cross-calibration of the G2302 water vagr measurement to the G2301 water vapor measurement
The G2302 data have been adjusted by a small lineand quadratic factor to overlay the two measuremets.
Please see the text for more information.

Cross-interference of Water Vapor on the Carbon dkiale Measurement

As mentioned above in the section on the spectpysobthe carbon monoxide line, for typical
ambient concentrations of 100 ppb of carbon morexX880 ppm of carbon dioxide, and 15,000
ppm of water vapor, the ratios of the largest lioe each species in this immediate spectral
region are 1:66:32 for CO:GM,0. In other words, under normal conditions, theboan
monoxide absorption line is just a few % in heigbipared to the other lines in the immediate
vicinity. This situation presents a challenge tbe spectroscopic fit engine that reports
concentrations — it must provide a determinatiothefcarbon monoxide peak height with a high
degree of accuracy and precision, in the preseiiceioh larger spectral features.

Water vapor can interfere with the measurement@tarbon monoxide in the following ways:

o Dilution: The dilution effect is simply the change in mixiratio of carbon monoxide
caused by variability in the humidity. For exammedry air mass traveling over warm
water will accumulate humidity, and this additionadater vapor will dilute the
concentration of the other gases. Conversely,midch@air mass that becomes drier (as
through precipitation) will cause an inverse diatieffect, increasing the mixing ratios of
the other gases. The magnitude of the effectli%adecrease in the reported fractional
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concentration for every 1% increase in water vagmorcentration. The dilution effect is
largely due to the most abundant isotopologue d&mn@H,'°0), which is 99.8% of all

the water in the world under most conditions. Thaection for dilution is proportional
to the magnitude of the CO concentration.

o Spectral broadenind: The Lorentzian broadening of the spectral linesadfected by the
presence or absence of water vapor. The magnibddihe effect on the reported
concentration is of the order of the dilution eff@hough generally somewhat smaller),
and, like the dilution, the correction is propont@ to the magnitude of the CO
concentration. As with dilution, this effect isdely due td'H,'°0.

o Direct spectral interference: Direct spectral interferences are caused by angrwat
vapor spectral lines that are in the immediatenitigiof carbon monoxide spectral lines.
These interfering lines can cause an offset tacé#intbon monoxide measurement. Unlike
dilution, this effect can depend on whichever ipologue or isotopologues are
interfering with the carbon monoxide line. Unlikee first two effects, direct spectral
interference affects the measurement even at zebomc monoxide concentration.

o Second-order spectral interference: Water vapor can also interfere with the carbon
monoxide measurement by changing the spectrablioadening obther speciesn the
vicinity of the carbon monoxide line. In particuyléncreasing water vapor concentration
can affect the broadening of the nearby carbonidéxine, which, if not properly
accounted for, will cause errors in the reportetb@a monoxide concentration. This
correction factor can be non-zero even at zerootanbonoxide concentration, but is zero
when either carbon dioxide or water vapor is zero.

We begin by performing measurements to quantify dbmnbined dilution and spectroscopic
broadening effects. In this experiment, we hunedifan extremely high concentration bottle of
carbon monoxide (~1000 ppm), using the same typeydfophobic filter apparatus described
above. The results of this experiment are showhignre 13. The data are well-characterized
by the quadratic equation of the following form:

% =1+a%%H  +b¥%7H2 , wherea = -0.01287 + 0.00003 arzi= -5.365 + 0.06 x 10

dry

' For a more complete treatment of the general thebspectral broadening, please see the techwiaé paper,
“Accurate Greenhouse Gas Measurements in Humid Sgsams Using the Picarro G1301 Carbon Dioxide /
Methane / Water Vapor Gas Analyzer,” available on he t Picarro website:
http://www.picarro.com/assets/docs/White_Paper G18@ater Vapor_Correction.pdf
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Here, we have noted explicitly the fact that theoréed water vapor is uses a different line that
the G2301. Comparison between the CO correctictorfaneasured here, and the £d CH
correction factors obtained on the G2301, can didymade after applying the expressions
relating the two water vapor measurements.

If we recast the above expression in terms of épented water vapor from the G2301, we find
that the new linear and quadratic termsaire -0.0130 andb’ = -4.50 x 10". We may compare
these results directly to the values for C&hd CH that are used on the G1301 and G2301
wherea’ = -0.0120 and’ = -2.674 x 10 for CO, anda’ = -0.00982 and’ = -2.393 x 10 for
CH,. Not surprisingly, the resulting correction fast@are very similar.

1.00 4 « normalized carbon monoxide
—— quadratic fit

0.98 1
0.96

0.94

. MFC I bubbler I
MFC

0.92 4

normalized carbon monoxide reading

Picarro G2302

CO concentration = 973.83 ppm

0.90 1 ‘ -

— T T T T T T T T T T T
-1 0 1 2 3 4 5 6 7

apIxolp uogied

water vapor concentration (%)

Figure 13: normalized carbon monoxide concentratiorfnormalized to the x-intercept of these data). \Ater

vapor concentrations up to 6% were achieved.
Next, we investigate the any cross-interferencectff on the measurement of zero carbon
monoxide, due to direct spectroscopic interferemcasecond-order spectroscopic interference.
From the detailed spectra, it is clear that botth@a dioxide and water vapor must be included
in this analysis. To perform this experimental kyowe have generated a gas stream with
variable amounts of carbon dioxide and water vdpgotwo bottles (5000 ppm carbon dioxide
and zero air), three MFCs, and a water bubbleet®gate a gas stream with a variable amount of
water vapor (0 — 3%) and carbon dioxide (0 — 200 )

I See the white paper located here:
http://www.picarro.com/assets/docs/White Paper G18@ater Vapor_ Correction.pdf
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We then look for a correction factor for the zezwdl of carbon monoxide that has the following
form:

CQO

reported -

CO

actual

=A.,, WhereA., = A+BH,, +CHZ +D(CO,)

rep

wet + E(COZ )wet H rep

Each term is associated with the following effects:

o0 A: The offset to the carbon monoxide reading regubim the absence of carbon dioxide
and water vapor; i.e., the ‘true zero’ of the carbmonoxide measurement for this
instrument. This term was determined in the,CQrrection section to be 25.2 £ 0.4 ppb
CoO.

o B: The error in the reported carbon monoxide regtivat is proportional to the reported
water vapor concentration but independent of tlibaradioxide signal. This term is the
direct interference of the water vapor spectroscbpe on the reported carbon monoxide
peak. This term was also determined in the, C@rection section to be -8.40 + 0.25 x
10°® ppm CO / ppm C®

o C: The errorin the reported carbon monoxide reathat is proportional to the square of
the water vapor concentration. This is the nomlingontribution to the direct
spectroscopic interference, due primarily to threrein the measurement induced by self-
broadening of the water line (which is not captufeg the spectroscopic pattern
recognition algorithm)

o D: The error in the reported carbon monoxide readlag is proportional to the carbon
dioxide concentration. This is due to the dirgcroscopic interference of the carbon
dioxide line on the carbon monoxide line.

o E: The error in the reported carbon monoxide readay is proportional to both the
carbon dioxideand the water vapor concentration. This error is edusy second order
spectral interference, where the cross-broadentnthe carbon dioxide line by water
vapor (which is not captured by the spectroscopitep recognition algorithm) causes an
error in the fit of the carbon dioxide peaks, ahdst an error in the reported carbon
monoxide line.

0 higher order: we will investigate the necessity of employingy digher-order terms into
this equation for the range of concentrations vedi&ely to see.

The figure below shows the reported carbon monogigeal as a function of time, along with
the water vapor and carbon dioxide concentratigponted by the instrument. The carbon
monoxide data (which has been averaged by 30 ssfshdws a clear dependence on both the
water vapor and the carbon dioxide concentratiaits, a full range of reported values of nearly
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100 ppb. Clearly, without correction, this woulcegent a very serious error to the reported
values from the instrument

19566 1957 1958 1959 1660 1961 1962 1963 1964

0.25 P R I R [ R R R
+ 2000

| 184
. 020 J
£ ] 164 0
g 4
o 0.15 4 14 I —
ke =
% S 1 -2000 §
o) & 12 4 &
S 010 = =
S : e B
£ Q—10 _ =
c g 1 -4000 %
o E o
8 0054 = S
e Qg
IS = =
(&) ; 4 o
T ooo 6 I -8000 £
£ ) 8
2 ] 4 J
g -0.05 4 + -8000

Wz _>
-0.10 - - . . : i -10000

T T T T T T T T T
1956 1957 1858 1959 1960 1861 1962 1963 1964

time (days)

Figure 14: reported carbon monoxide concentrationdreen) as a function of time, along with water vapo
(blue) and carbon dioxide (red). Some of the obsezd dependence is due to non-zero carbon monoxidethe
tanks used to create the mixture. This will be disussed and quantified later in this white paper.

We begin by removing the dependence of water vapothese data. We analyze each step
change (in water vapor and carbon dioxide) in theva data for the average reported value of
water, carbon dioxide, and carbon monoxide, aftaaiding the time immediately after the each
transition of the MFCs. Those data are shown enfipjure below, where the reported carbon

monoxide concentration is displayed as a functibmater vapor, for each of the four carbon
dioxide concentration stelps

¥ Much of this variability is real; that is, thers & varying carbon monoxide concentration in the sfaeam
generated by the test setup, due to a non-negligitriount of carbon monoxide present in the twandglis used to
prepare the mixture.

"It is important to note that the carbon dioxide@entration used here is the corrected dry-gasnaisatio, not the
reported wet mixing ratio. This output was choserthat the data and correction factors are ma#yeseparable
in this experiment. An equivalent set of correctfactors could be defined using the wet mixingor&br carbon
dioxide.
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Figure 15: reported carbon monoxide concentratioras a function of water vapor concentration, for seeral
different carbon dioxide concentrations. Some ofhe observed dependence is due to the non-zero levef
carbon monoxide in the zero air tank and the carbordioxide tank used for this experiment.

We then fit a quadratic function in water vaporetch of the four carbon dioxide concentration
steps, letting all three terms vary. We begindmuking on the quadratic terms from each of the
four polynomial fits. Note that there is no clespendence of this term on carbon dioxide
concentration over the full range from 320 to 1p@dn. The average result from these four fits
is -0.00822 £+ 0.00064. It is interesting to ndiattthe reported error in this coefficient from
each of the least squares fits was reported tod$89 on average, which is essentially the same
as the standard deviation of the four quadratimser This indicates that within measurement
uncertainty, there is no additional dependence h&f ¢uadratic term on carbon dioxide
concentration. This quadratic term correspondsno C in the equation above.

In the next step, we refit the data with a fixechdpatic term of -0.00822, allowing the lower
order terms to vary. These results are shown beldwe quality of the fits is essentially
identical from the previous fits in which the quaiilr term was allowed to vary.

480 Oakmead Parkway

Sunnyvale, CA 94085
A (408) 962-3900

WWW.picarro.com



A 009425
0.10 4 B 0.00819 Y = A + B*X - 0.00822*X’

A 0.08924
0.00587

0.07044
-0.00358

CO, =320 ppm
¢ CO_ =570 ppm
1 CO, = 1070 ppm
0014 | v CO_ =1790ppm

Reported Carbon Monoxide (ppm)

T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

Water Vapor Concentration (%)

Figure 16: The same data as above, but with the gdratic term fixed at -0.00822 / % HO.

From these results, we now study the linear tetdmlike the quadratic term, there is a clear
dependence of this linear term on carbon dioxidecentration, as can be seen in the figure
below. A quadratic fit is much better, clearly,ttithere are only four data points, and the
magnitude of this correction factor is in fact gusimall — just a few ppb / % water. At this time,
we will assume the linear fit properly captures timelerlying correction. From the data, we can
then determine two correction factors from the #éignaabove: the dependence of the reported
carbon monoxide concentration on water vapor canggon @ in the equation above, with a
value of 0.01038 = 0.00078 ppm CO / %v), and tlessiterm which depends on water vapor
and carbon dioxideE(in the equation above, with a value of — 8.05857%x 10° ppm CO / %v

/' ppm CQ).

¥ = 0.01038 - X*8.0585 x 10"
quadratic fit: Y = 0.0123 - X*1.312 x 10°+X™*2.36 x 10°

0012+
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0.008
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0002+
0.000
-0.0024
-0.004 4

-0.006 o
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Finally, we look at the carbon monoxide offset téthat is, the extrapolated value of carbon
monoxide for water vapor = 0%) as a function oboardioxide concentration, shown in the
figure below. We have removed from these datartsteument offseA and the CQ@
concentration dependenBe before plotting it below. These data still sh@wignificant offset at
zero carbon dioxide, and a strong dependence tworcaioxide concentration. Both of these
effects are due to the fact that each of the twtdsoused for this experiment (zero air and CO)
have residual carbon monoxide in them, which sitiigsoverall level of the measurement.

From the data below, we have determined that treaetank has 73.8 + 1.2 ppb of carbon
monoxide, and the 5000 ppm carbon dioxide tank3f@a3 + 3.0 ppb of carbon monoxide.

0%

0.080 -
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0.060 3
0055 3
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0035—: carbon monoxide concentration in 5000 ppm bottle = 0.0373 ppm
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0.025 3
0.020 3
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carbon monoxide concentration in zero air bottle = 0.07381 ppm

carbon monoxide - extrapolated to H

carbon dioxide concentration {ppm)

Figure 17: observed dependence of reported carbonanoxide on carbon dioxide, for dry samples. Thes@e

the data remaining after applying all water vapor and carbon dioxide correction factors.
In this experiment, the fact that the two bottlagéndiffering, non-zero amounts of carbon
monoxide has a slight affect on the correctiondiectierived above, due to the fact that, in
addition to the zero correction, there also needseta span correction applied to the data. This
correction amounts to about 0.5 — 1.0 ppb CO /#.Hn fact, what we have done is ‘baked’
this span correction into our zero correction fad@a. However, it is possible to remove this
effect from our correction factors, by using the@entration of carbon monoxide in the gas
mixture (which can be obtained from Figure 17) apglying the wet-to-dry water dilution and
spectral broadening correction described abovee tbuhe span correction for water vapor, the
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value forB must be adjusted from +0.01038 to +0.00943, aad#nbon dioxide — water vapor
cross ternE must be adjusted from -8.06 x4 -7.96 x 10. The adjustment tB amounts to
a correction of 0.95 ppb / %,8, and the adjustment Bamounts to a correction of 0.01 ppb
for every % HO and 100 ppm change in @OBoth of these corrections are small.

Finally, we may apply all the correction factorgtie original data, to understand the
effectiveness of the correction. These data ave/shin the figure. The standard deviation of the
five minute data is 2.2 ppb. This can be comparigil the standard deviation of the single bottle
data of 1.95 ppb. The additional error associati¢hl the water and carbon dioxide correction
factors is just the root quadrature differencenele standard deviations, or just 1.0 ppb, over the
complete range of water vapor and carbon dioxide.

0.08
] ——raw data
0.06 - — 5 minute average

0.04
0.02
0.00

-0.02 +

-0.04

carbon monoxide, after correction {ppm)

-0.06

-0.08
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time (days)

Figure 18: reported carbon monoxide after applyingall correction factors and removing the effect of the
carbon monoxide measured in each bottle.

Summary of cross-interference correction factors

Both water vapor and carbon dioxide have a petleptffect on the measurement of carbon
monoxide in the G2302. Water vapor is by far thhergjer effect — the correction factors for
water vapor are in general more than 10 times tafigen the correction factors for carbon
dioxide for typical concentration ranges.

These correction factors have been derived in glesset of experiments performed on a single
instrument. It is therefore important to note thet do not yet understand the extent to which
these correction factors are stable from instrurt@mstrumentpr stable on a given instrument
over time, temperature, and other environmentatlitimms. In particular, the correction to the
carbon monoxide value at zero levels is likely & dubject to variability. Unlike the water
correction for carbon dioxide, which stems direétm the spectroscopic effects of water vapor
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on carbon dioxide, the carbon monoxide correctidnzero is necessary because slight
imperfections in our spectrometers that cause pectsoscopic model of this spectral region to
have small, but perceptible, errors, which themdi@e into errors in the reported carbon
monoxide. We emphasize that the G2302 measuremmargsbe validated with great care, not
only at the Picarro factory with additional measoeats, but at leading greenhouse gas
monitoring laboratories around the world. As tipegresses and further work is done to
validate this instrumentation, we will update oesting procedures and documentation to reflect
this new work.

Carbon monoxide

The recipe for obtaining the corrected dry-gas ngxiatio for carbon monoxide from the G2302
is as follows. First, correct the reported zeneeleof carbon monoxide using the expression
below.

Cozeroadjusted = C()reported - ACO’ WhereACO = A+ BHrep + CHrzep + D(COZ)wet + E(Coz)wetH rep
parameter value uncertainty units range of correctbn for 380 —
480 ppm COy and 0 — 1% HO
A +0.0252 +0.0004 ppm CO N/A
B +0.00943 +0.00078 ppm CO / %M™ 10.4 ppb
C —0.00822 +0.00064 ppm CO f #,0 8.2 ppb
D +8.40x10 | £0.25x 10 | ppm CO/ppm CQ 0.8 ppb
E —-796x18 | +0.7x10° | ppmCO/% HO/ppm CQ | 0.8 ppb

Using this carbon monoxide value, the actual carmmmoxide concentration can be derived
using the following expression:

CO,.10adi
cz:egadjusted =1+ aIﬁZSOZH - + bBZ?’OZH ép ’

dry
wherea = -0.01287 + 0.00003 ppm / %8 andb = -5.365 + 0.06 x TOppm / % H,O.
Carbon Dioxide

The carbon dioxide reading from the G2302 can loeected for water vapor concentration using
the following equation.

(COZ)Wet =1+CG23Oq_| e + dGZBOa_| repz

(Coz)dry

parameter | value
a - 0.01200 + 0.000(C
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b -2.674+0.18x1*
- 0.00982 + 0.000C
d -2.393+0.1x1*

(@]

Water Vapor

The actudl water vapor concentration is related to the reqgbwater vapor concentration using
the following expression:

H soer = 0.75665%%H , +0.0329F%2H2 )

actual rep

Uncertainty in the carbon monoxide correction factos

Clearly, to achieve a high degree of accuracy amgtigion on the measurement of carbon
monoxide using the G2302, great care must be tekdpetermine the cross-calibration factors to
carbon dioxide and especially water vapor, esggcélppb levels of carbon monoxide. 1t is
therefore important to understand both the magaitafithe correction factor throughout the
likely parameter space, as well as the uncertamtiyese corrections.

We have generated a contour plot of the CO comedtictor at zero as a function of water vapor
and carbon dioxide. Clearly, water vapor is thersivmffender, with an error that grows

increasingly more negative at high water vapor eatration. Carbon dioxide exhibits a much
weaker dependence.

™ Traceable via internal Picarro spectroscopic téads’ to a measurement made on a G1301 at MaxliPlan
Institute for Biogeochemistry in Jena, Germany.
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Figure 19: contour plot of the total correction fa¢or for carbon monoxide.

carbon dioxide (ppm)

The instrument was ‘calibrated’ (that is, we haeethe error to be zero) at 450 ppm Lad
0% HO (the red dot in the figure). The size of thereotion factor relative to this point is
shown by the contours — each contour is separgtéddppb of CO. Notice that the magnitude of
the correction factor is within + 2 ppb for 300 806ppm of CQand 0 — 1% kKD. This fact give
us hope that once a correction factor is applieeljristrument can be quite stable over time.

However, in this particular range, the linear am@ddratic correction factors for water vapor in
particular tend to cancel, leading to a small raofyealues for the total correction. However,
there is nothing to guarantee that these two cooreactors will always maintain this fortuitous
arrangement. It is for this reason that we cansetthe size of the correction factor as a reliable
measure of the uncertainty.

Instead, we may estimate the overall uncertaintyefcorrection (2) as the quadrature sum of
the uncertainties (8) in each of the correction factdésthroughE (we have omitted\ because
drift in this parameter is addressed in the disoasen drift and drift correction, above). This
uncertainty map is plotted below. Estimating theartainty in this way captures the uncertainty
in the actual measurement of the correction factehsch has in it both the raw noise of the CO
measurement, as well as any drifts that were obdeduring the calibration test (about 12
hours). Thus, the overall uncertainty of the odiom calculated in this manner should a
reasonable scenario for the stability of the caiwecfactors over a time period of perhaps a few
days to a week. More work is required to assesstibility of the correction factors over time.
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2-c uncertainty in carbon monoxide correction at zero (ppb)
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Figure 20: uncertainty in the correction factor, deived from the quadrature sum of the uncertaintiesof each
of the individual correction factors.

2-5 uncertainty in carbon monoxide correction at zero (ppb)
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Figure 21: The same as the slide above, but lookirad a narrower range of water vapor.

From this graph, we see that the 2incertainty is within 5 ppb CO for water vapordvel1.5%,

2 ppb CO for water vapor below 0.8%, and below b fap water vapor below 0.6% and carbon
dioxide between 300 and 600 ppm. In the right hame provide an expanded view of the
correction uncertainty for low water vapor (i.ery damples). Even by drying to 0.6 % water
(dew point of 0 C), the &uncertainty under all conditions except high wasgror and high
carbon dioxide is less than 1 ppb.

The next important question to answer is to ag$esstability of the correction factors. As a
simple initial assessment of this stability, we éna@peated the previous test and completely re-

480 Oakmead Parkway

Sunnyvale, CA 94085
A (408) 962-3900

www.picarro.com



derived the coefficients two weeks after the ihiest. The differences between the coefficients
derived from the two tests are listed below:

0.00116 ppm CO

0.00155 ppm CO / % 1©

-7.0 x 10 ppm CO / % HO

2.43 x 10’ ppm CO / ppm C@

m 9O O W >

-1.22 x 10-6 ppm CO / ppm G0O% HO

The difference between the complete correctiorofaabver the entire operating ranges of carbon
dioxide and water vapor are plotted in the uncetygdlot below. Over the vast majority of the
range, the uncertainty is less than 2 ppb of carbonoxide; this uncertainty includes not only
the underlying variability in the correction factdyut also the uncertainty in our ability to
measure these correction factors, due to the inhagese in the instrument, and the finite time
over which the data are collected. Thus, while test was only two weeks in duration, it does
indicate a reasonable level of stability of thereotion, stemming from the inherent stability in
the spectrometer. However, there is clearly mayekvio do to fully assess the stability of the
correction factors over time, especially the watgyor correction factor.
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2-c uncertainty in carbon monoxide correction at zero (ppb)
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Figure 22: Difference in the correction factors deived two weeks apart using separate data sets.

Putting it all together — making GAW-quality measurements in the field with
the G2302

Given these measurements and our understandirige gdrecision and stability inherent in WS-
CRDS analyzers, we make the following recommendatfor using the G2302 analyzer for field
measurements of carbon monoxide in the atmosphere:

1. The native drift of the instrument can enable carbmnoxide measurements that can
meet the WMO standard of = 2 ppb @2-at least over the short term (hours and days).
For more polluted continental air, where the resmient is + 5 ppb (2), the native
instrument performance fares even better. We éxpat occasional working standards,
applied daily or perhaps even weekly, that are umedrack the zero drift in the
instrument will be sufficient to achieve WMO levelt performance for continental air.
The situation is even better for urban metaboligplieations, where the CO levels are
even higher and the uncertainty levels are rel@oatewhat further.

2. For measurements that require the utmost in acganad traceability, we recommend the
use of a working gas standard that contains a anohsind known amount of carbon
monoxide in a background of ~380 ppm carbon dioxidé nominal atmospheric values
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for oxygen and nitrogén The purpose of this working gas standard isaokt zero drift

in the instrument. The precise level of carbon axide is not important, as long as it is
below about 500 ppb or so. A CO scrubber may bestguted for a working gas
standard. Every G2302 instrument at Picarro igeteagainst the WMO = 2 ppb ®-
standard for 72 hours, during which time the seeondtandard is measured for 5
minutes out of every 20 minute period. Data arayaed using the statistical methods
outlined in this white paper. Every G2302 instrmiis guaranteed to achieve the £ 2
ppb (20) using this methdd

3. It is not necessary to verify the span of the carbmnoxide measurement. The drift in
the span will be less than 0.125 % of the readand).25 ppb for 250 ppb of carbon
monoxidé.

4. The cross-talk of carbon dioxide on the carbon maesignal is about 0.7 ppb over a
range of 380 — 480 ppm of carbon dioxide (and dy gonditions). We believe that a
beginning-of-life calibration of the GO - CO cross-talk (to correct the zero of the
instrument) should be sufficient to maintain th@ ppb (2e) accuracy over time. This
cross-interference will be measured and correcteteaPicarro factory on every G2302
instrument.

5. The cross-interference of water vapor will be meaguand corrected on every G2302
instrument at the Picarro factory. The questiomai@s what the stability of this
correction method will be over time; unfortunatetgt enough work has been done to
validate this correction over long periods of tiged for many instruments. We can
however make a few observations about this comedtictor. First, it seems clear that it
is not necessary to thoroughly dry the sample wistng the G2302. Measuring carbon
monoxide in moderately humid gas streams can bengmcshed with low uncertainty
with the G2302. Exactly how humid ‘moderately hdimis will depend both on the
required uncertainty of the measurement and onsthbility of the correction factors.

" In the absence of water vapor, the G2302 usesdhgby carbon dioxide spectral lines to track smhafts in the
on-board wavelength monitor. It is therefore caliér high quality measurements that more tharuaB60 ppm of
carbon dioxide be supplied to the instrument.esislthan 200 ppm of carbon dioxide is not supptiea jnstrument
will not be damaged, but it may not report accu@@mixing ratios.

° Other methods with different duty factors and timtervals may also meet the WMO standard.

P We base this conclusion on the spectroscopic pagiace of our carbon dioxide measurements, for hwiaie
guarantee, and easily achieve, span drift of lems ©.15% on C®
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Given the uncertainty analysis presented abovegexmect that drying the sample to
below 0.6% (about 0 C dew point) as can be achiexsddg Nafion dryers should be
sufficient to achieve +5 ppb or even +2 ppb unéetyaover long periods of time. Even
higher water vapor levels may be tolerated whiléntaining these low uncertainties if it
is proven that the correction factors are stabler dime. It also may be possible to
measure the water cross-interference in real tiynpdoiodically humidifying (using, for
example, Nafion) the dry working standard. ConRictrro to discuss constructing such
a method.
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