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Abstract

Atmospheric CO in-situ measurements are carried out at the Izafha (Tenerife) global
GAW, mountain station using a RGA-{Reduction Gas Analyser), In-situ measurements
at Izana are representative of the subtropical North-East Atlantic free troposphere,

s specially during the-right-peried. We present the measurement system configuration,
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the response function, the calibration scheme, the data processing, the Izana’s 2008—
2011 CO nocturnal time series, and the mean diurnal cycle by months.

We have developed a rigorous uncertainty analysis for carbon monoxide measure-
ments carried out at the Izana station which could be applied to other GAW stations.
We determine the combined standard uncertainty from four components of the mea-
surement: uncertainty of the WMO standard gases interpolated over the range of mea-
surement, the uncertainty that takes into account the agreement between the standard
gases and the response function used, the uncertainty due to the repeatability of the
injections, and the propagated uncertainty related to the yesponse function parame-
ters uneertainties (which also takes into account the covariance between the param-
eters). The mean value of the combined standard uncertainty decreased significantly
after March 2009, from 2.37 nmol mol~" to 1.66 nmolmol™’ , due to improvements in the
measurement system. A fifth type of uncertainty we call representation uncertainty is
considered when some of the data necessary to compute exaetly the mean are absent.
Any computed mean has also a propagated uncertainty arising from the uncertainties
of the data used to compute the mean. The law of propagation depends on the type of
uncertainty component (random or systematic).

In-situ hourly means are compared with simultaneous and collocated NOAA flask
samples. The uncertainty in the differences is determined and whether thesg are sig-
nificant. For 2009—2011, only 24.5 % of the differences are significant, and 68 % of the
differences are between —2.39 and 2.5 nmol mol™". Total and annual mean differences
are computed using conventional expressions but also expressions with weights based
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on the minimum variance method. The annual mean differences for 2009-2011 are
well within the +£2 nmol mol ™" compatibility goal of GAW.

1 Introduction

Carbon monoxide affects the oxidizing capacity of the troposphere, and, in particular,
plays an important role en the cycles of hydroxyl radical (OH), hydroperoxy; (HO,), and
ozone (O3); e.g. see Logan et al. (1981). Carbon monoxide atmospheric lifetime ranges
from 10 days in summer over continental regions to more than a year over polar regions
in winter (Novelli et al., 1992). Its relatively short lifetimg and its uneven distribution
of sources produce large temporal and spatial CO variations. The major sources of
carbon monoxide are the combustion of fossil fuels, biomass burning, the oxidation of
methane, and the oxidation of non-methane hydrocarbons. The major sink of CO is the
reaction with OH, whereas surface deposition is a small sink (Ehhalt et al., 2001).
Comparisons of CO measurements among laboratories have shown differences
larger than the guality objectives stated by the World Meteorological Organization
(WMO) in its Global Atmosphere Watch Programme (GAW), WMO (2010). The
Izafa station (28.309°N, 16.499° W, 2373 ma.s.l.) is located on the top of a moun-
tain in the island of Tenerife (Canary Islands, Spain), well above a strong subtropi-
cal temperature inversion layer. In-situ measurements at lzana are representative of
the subtropical North-East Atlantic free troposphere, specially during the night period
20:00-08:00UTC (e.g. Schmitt et al., 1988; Navascues and Rus, 1991; Armerding
et al., 1997; Fischer et al., 1998; Rodriguez et al., 2009): air from below the inver-
sion layer ean-nej pass above it, and there is a regime of downslope wind produced
by radiative cooling of the ground. The station is located on the top of a crest, where
there is horizontal divergence of the downslope wind and subsidence of the air from
above the station. During daytime an upslope wind produced by radiative heating of the
ground transports to Izana a small amount of contaminated air coming from bellew the
subtropical temperature inversion layer (Fischer et al., 1998; Rodriguez et al., 2009),
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producing a diurnal increase in carbon monoxide (Sect. 6). In this paper, we present
the measurement system configuration, the response function, the calibration scheme,
the data processing, the lzafa’s 2008-2011 carbon monoxide nocturnal time series,
and the mean diurnal cycle by months (Sects. 2, 3, and 6).

Reporting uncertainties associated with measurement results is strongly recom-
mended by the WMO greenhouse gases measurement community (WMO, 2010,
2011). However, carrying out a rigorous uncertainty analysis taking into account uncer-
tainty propagation and covariances between uncertainty components (JCGM, 2008) is
a challenging task. In this paper, we present a rigorous uncertainty analysis for the car-
bon monoxide measurements carried out at the 1zana station (Sect. 4). The concepts
presented here my be applied to other GAW stations.

The comparison between continuous (or quasi-continuous) measurements obtained
by in-situ instruments and discrete measurements from collocated weekly flask sam-
ples analysed by another laboratory; is an independent way of assessing the quality
of the continuous in-situ measurements (WMO, 2011). r-this—paper—ag part of our
quality assurance procedures, we compare the Izaha’s in-situ quasi-continuous mea-
surements with NOAA collocated flasks (Sect. 5). The differencg between the mea-
surements ig evaluated in terms of their comparison uncertainty. Temporally averaged
differences (e.g. annual means) also take into account the uncertainties-of-the-differ-
enees.

2 Measurement system configuration

The general ambient air inlet line of the station is an 8cm ID (inner diameter) stainless
steel pipe that crosses the station building from the roof till the ground floor, with the
entrance located 30 ma-g A pump located on the ground floor produces a high flow
rate (cubic meters per minute) of ambient air. On the third floor, there is a dedicated
4mm ID PFA line that takes air from the general inlet using a KNF diaphragm pump

to-the-analytical-system. Water vapour is removed by flowing the air through a 300ml
6952
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glass flask immersed in a —67 °C alcohol bath. A multi-position selection valve (MPV)
delivers ambient air or standard gas to the instrument.

The measurement system is based on a modified Trace Analytical gas chromato-
graph with mercuric oxide reduction detection (RGA). The RGA uses two chromato-
graphic columns maintained at 105 °C: Unibeads 1S 60/80 mesh as pre-column, and
Molecular Sieve 5A 60/80 mesh as main column. JThe pre-column separates CO and
H, from other trace gases in an air sample. The main column separates H, and CO be-
fore entering a bed (265 °C) containing solid mercuric oxide. Reduced gases entering
the bed are oxidized and HgO reduced to Hg, which is then measured by UV radia-
tion absorption. High purity synthetic air is used as carrier gas. We usg stainless steal

sample Ioop volume of 1 mI lhe—twe—eeh*mns—aﬂd—the—smﬁpm—leepﬂa%e—eeﬂneeted—te

anel—ﬂen—meth&ne—kwdfeea%bens- Flgure 1 shows a typlcal chromatogram eppea#n&
the H, peak firstly, and-then the CO peak. Fhe-system-is-controlled-by-a-computer

Working standard gas and ambient air are injected alternatively. There is an injection
every ten minutes.

3 Standard gases, calibrations, response function, and processing

Instrument calibrations are performed every two weeks using 3-5 WMO CO standard
gases. These CO-in-air mixtures were purchased from the WMO CO CCL (Central
Calibration Laboratory), They range from 62.6 to 221.2 nmolmol™" and are referenced
to the WMO-2004 scale. These five high pressure cylinders serve as our primary lab-
oratory standards. Table 1 shows their mole fractions with the 1-sigma uncertainty
assigned in 2006 by the CCL. Before March 2009 we used 3 standard gases to define

|nstrument characteristics, then five standards were used l-n—e#der—te—wmm&e—pe%en—

FegHJfa%e%iare used foIIowmg the procedureﬁescrlbed by Lang (1998) te-conditiening
them. Working gas tanks arg filled with natural air at the Izana station using a filling

system similar to that described by Kitzis (2009). The lifetime of a working gas high
_pressure tank is between 3 and 5 months (tanks are used till they reach 25 bar).
We determine the response function of the instrument based on the stan-
dard/reference peak height ratiosj

B
r=rlyg </7ng> , (1)

where, r is CO mole fraction of the sample, h is peak height, and hWg is the mean
peak height of the bracketing working standard. In each calibration, the coefficients
of the response function, r,,, and 3, are obtained fitting (through least-squares) the
mole fractions of the standards and the mean relative heights to the logarithm of the
response function. From these definitions, it follows that r,,4 is the working gas CO mole

fraction. In this paper, carbon monoxide is measured by mole fraction (nmol mol'1) on
the WMO-2004 scale (WMO, 2011). To quantify the goodness of the fit, we use the
RMS (Root Mean Square) residual,

J S 1= R (/)]
Uiy =

2
— , (2)
where n is the number of standards, n—2 represents the number of degrees of freedom
(JCGM, 2008) of the residuals (since the n standards have been used to compute two
regression parameters) and R(h,-/hwg) is the fitted response function. Figure 2 shows
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the least-squares fitting of a typical calibration,~whereas—Table2-showsg the residuals
with respect to theleast-squareg fit forsuch-calibratien. Figure 3 shows the working

gas mole fractions and the response function exponents obtained from calibrations
conducted during 2008 to 2011.

The time dependent response function for the working gas in use is computed using
the response functions determined in its calibrations: § is computed as the mean of
the calibration values, whereas a linear drift in time is allowed for Twg- The CO mole
fractions contained in high jporessure cylinders are known to drift with time (e.g. Novelli
et al., 2003). We evaluate potential drift in working standards using a Snedecor F sta-
tistical test (e.g. Martin, 1971, chapter 8) with the null hypothesis being “mole fraction
is constant”, and with its alternative being “linear drift in time”. We require a 95 % con-
fidence level to reject the null hypothesis. Constant mole fraction and the linear drift
rate are computed using a least-squares fit with weights. The test takes into account
the relative reduction of the chi-square computed with the residuals when using the lin-
ear drift instead of the constant mole fraction. To carry out the weighted least-squares
fitting, a 1-sigma uncertainty for each value of r,,4 has to be provided. The main ad-
vantage of using a Snedecor F test instead of a Chi-square test is that the 1-sigma
uncertainties can be multiplied by a common factor without affecting the result of the
test. Therefore, the test is not sensitive to the exact values of the uncertainties, only to
their relative values. We have used uy; as the 1-sigma uncertainties necessary. Six of
the sixteen working gases used (see the upper graph of Fig. 3) show significant drift:
five with rates ranging from 0 5810 -1.63 nmol{mehﬂeﬁ{-h-)—land one with a positive
drift of 2.75 nmol(me{-meﬁ%h-)—lThese_ghanges may, result from the interaction of CO
with the internal surface of the cylinder, and the targg decrease in theinternal pressure

(from 125 to 25 bar) ef—the—eyhade#ale#@he few months they Bsi
mele—#aeﬂens—eaﬁbe—as&gﬂed—te—the—!-zana—aﬂ—sanqplei Ident|f|cat|on and d|scard|ng

of outlayers uses an iterative process of three filtering steps. We beginconsidering the
time series of working gas injections, in detail, the hwg/rWg time series. The first step
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uses a running mean of 7 days and the RMS departure (o,,,) of the residuals is com-
puted. Data with a departure from the running mean larger than 5¢,,, are discarded.
Note that the running mean is carried out only for evaluating data departures (i.e. it
is not used for smoothing actual data). This procedure is run again with a 2 day run-
ning mean and a 4o,,, threshold for discarding. Lastly, a 0.19 day running mean and
a 3.50,,, threshold for discarding are used. Summarizing, 0.40 %, 0.64 %, and 0.61 %
of the working gas injections were discarded in the first, second, and third step, re-
spectively. The quality of measured air mole fractions is also considered. First, mole
fractions are calculated only if both, the previous and the posterior working gas injec-
tions are present (3.11 % of the ambient air injections were discarded by this reason).
As for the working gas injections time series, an iterative process of three filtering steps
is deng using running means of 30, 3, and 0.26 days, and thresholds 4.50,,,, 40,,,,, and
3.50,,, for the first, second, and third step, respectively. Summarizing, 0.11 %, 0.30 %,
and 1.08 % of the ambient air samples were discarded in the first, second, and third
step, respectively. Figure 4 shows daily nighf means (20:00—-08:00 UTC) for the carbon
monoxide mole fraction measured at Izana Observatory. As indicated in Sect. 1, the
air sampled at the station at night is representative of the free troposphere. Processed
data are submitted to the WMO World Data Centre for Greenhouse Gases.

4 Uncertainty analysis

We compute the combined standard uncertainty for hourly means, as quadratic com-
bination of four uncertainty components: the uncertainty of the WMO standard gases
interpolated over the range of measurement (ug), the uncertainty that takes into ac-
count the agreement between the standard gases and the response function used
(ug), the uncertainty due to the repeatability of the injections (u/,), and the propagated
uncertainty elig to the yresponse function parameters uneertainties (Up,,), Which also
takes into account the covariance between the parameters. Sewe-use-the-fellowing
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egquation

Upor = \/u +UR + U + Uy, (3)
where
Ug=7.40x107%r2 - 1.80x 1072r +1.92; (4)
BrhugOnsn,,
Urgp = Ty (5)
2 _ 2
Upar = Ugy + upﬁ (6)
r
Upr = @o—rwg’ (7)
h
Upg = ro@og — (8)
wg
2
¢ =2—covar (r,gq,0) Iog 9)
Twg wg'

Uy is-the-combined-standard-uneertainty; the unif of y; in Eq. (4) ig.nmolmol™ ! , Uy is
defined-in-Eg—2), Oh/hag is the repeatability (standard deviation) of the relative height,

which has been divided by v/3 in Eq. (5) to take into account the improvement in re-
peatability due to using hourly means, O quantifies the consistence of the working
gas mole fraction along its lifetime (RMS departure from linear drift or from constancy),
0p is the standard deviation of the exponent, and covar( Wg,,B) is the covariance be-
tween r,,g and B.

The term ug (Eq. 4) was obtained through a least-squares fit of the standard un-
certainties for the WMO standard gases of the Izana station previded-by—Table—;.
Se represents the mole fraction dependent uncertainty due to the WMO standard
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gases, The term uy; takes into account the disagreement among the response function
and the WMO standard gases. Note that the residuals of the standards in the calibra-
tions can have an important systematic component that remains constant for the same
standard gas between successive calibrations. Therefore, an hypothetical decrease of
us when combining the information of successive calibrations ean-retbe-considered,
A mean value of ug; is computed for each working gas used. As indicated in Sect. 3,
‘ ee g, with CO mole fractions, 83.9

nmol moI , 151. 6 nmol moI and 165 7 nmolmol . Inthis-easethecomputed Uy, is

due to the fact that the mole
fractlons of two of the_gtandards are near. Ie—ave+d—sueh—undefesﬂmaﬂeﬂ—befe¥e-Ma¥eh
2009:-the wy; usedHs forced to be at least equal to the mean value of ug; after March
2009.

The terms ufep + uf,ar in Eq. (3) come from the propagation of the response function
uncertainty (JCGM, 2008). Taking differentials in Eq. (1)

h
dr=rr g + Br ng( h >+r|og—d/3 (10)

wg h h wg wg

which relates errors (differentials). Obtaining the square of Eq. (10) and averaging over
an appropriate ensemble, the terms ufep + uSar are obtained. The only non-null covari-
ance is that between the two parameters of the response function. The variables Oy’

og, and covar(rwg,,B) are computed using the residuals of these parameters respect to
the considered linear drift in time or constancy in time. A single value for each variable
per working gas in-use is obtained. The typical value of O is 1.09 nmolmol ™" before

March 2009, and 0.40 nmolmol™" after March 2009; whereas—the typical value of Og
is 0.030 before March 2009, and 0.0044 after March 2009. The correlation coefficient
between T'wg and (B reaches significant values as high as 0.73, and as low as —-0.91, de-
pending its sign on the mole fraction of the working gas. Seg, the associated covariance
has to be considered in the uncertainty computationy
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The repeatability (standard deviation) of the relative height, O/ g is determined
from the repeated injections for each standard made during instrument calibrations.
Mereoveritg necessary to know the dependence of Oh/hyg ON relative height, h/hy,q,

2
h
O—h/hwg=k 1+<h—> 5 (11)
wg

where k is a parameter equal to (0,)/h,4, which depends on the mole fraction of the
working gas and possibly on time. For the computation of the uncertainty component
given by Eq. (5), Eq. (11) is used to provide Oh/hug using a single (mean) value of k
for each working gas used. Equation (11) has been obtained taking into account that
the statistical properties of the height error do not depend on mole fraction (the error in
the placement of the peak baselinre does not depend on peak height, but on baseline
noise).

Figure 5 shows the uncertainty components for the period 2008—-2011. Table 3 sum-
marizes the mean values of each uncertainty component before and after March 2009.
The mean combined standard uncertainty decreased significantly after March 2009,
from 2.37 nmolmol™' to 1.66 nmolmol™". After March 2009 the components Uprs Upg,
and u,,, are significantly smaller than before reflecting an improvement in the determi-
nation and consistency of the response function parameters. Those values are partic-
ularly high during the first half of 2008. After March 2009, the single largest uncertainty
component was ug;, whereas before March 2009 it was up,y

4.1 The representation uncertainty and the propagated uncertainty of themean
for quasi-continuous and flask measurements

There is a fifth type of uncertainty we call representation uncertainty, u,s. This is present
when computing ymeans from a number of available data (n) that is smaller than the

theoretical pumber of data neeessary-to-compute-exacthy-the-mean{M). The-computed
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mean-will be different from the aetual mean funknown) ard-the representation uncer-
tainty quantifies this differencey In time series analysis a hierarchy of data assemblages
are possible (e.g. hourly mean, daily mean, monthly mean, annual mean), each being
computed from the means of the previous level. An additional representation uncer-
tainty is associated with each assemblage. For example, an additional representation
uncertainty will appear when computing a daily mean from only 22 available hourly
means (in-this-ease;-N =24, and n = 22). The value N is known witheut-deubtg for

each level except for the flrst ene—'Fhat—is—feFeempu&Hg—me—heuﬂy—me&ns—the#ree-

eempu%e—e*aeﬂy—the—mean—wret—eaw—te—assesiThe addmonal representatlon uncer-

tainty is given by the equation

N-n
2 sam
UI'S_ n (N_-1)’ (12)
where
1 n
Osam = mz l’—(l’) (13)
i=1

is the standard deviation of the sample of data, (r) is the mean, and r; is the data
number / used to compute the mean. Indeed, the standard deviation of the sample
of data includes the dispersion due to measurement repeatability. Se-gefore using
Eqg. (12), the uncertainty due to the repeatability should be subtracted quadratically
from og,, and if the result is negative convert it to zero. Equation (12) is a general
statistical result that holds for the variance of the mean of a sample without replacement
of size n from a finite population of size N (e.g. Martin, 1971, chapter 5). Note that when
N > n, the term between parenthesis in Eq. (12) becomes equal to 1, seyin such case,
_itdees-netmatterthe-exactvalue-efN,
6960



R1-6
Tachado

R2-17
Texto insertado
temporal 

R2-17
Texto insertado
a temporal 

R2-17
Texto insertado
maximum 

R2-17
Texto insertado
independent 

R2-17
Tachado

R2-17
Texto insertado
determined from the N data

R2-17
Tachado

R1-27
Tachado

R1-27
Texto insertado
the exact value of N does not matter

R2-18a
Comentario en el texto
The order of these two sentences has been interchanged in the revised manuscript (i.e. the second sentence appears now in first place).

R2-18a
Texto insertado
It assumes that the missing values are randomly distributed with respect to the mean. If this is not the case, the actual representation error could be larger than what the computed representation uncertainty predicts. For example, if three consecutive hours of a day are missing and they are located at an extreme of a significant diurnal cycle, the representation uncertainty will underestimate the actual representation error.

R2-24
Texto insertado
 Note that u_pr was larger than u_tot during part of 2008. There is nothing wrong with this fact. According to Eq. (3), u_tot is larger than any of its four components (u_st, u_fit, u_rep, and u_par). However, u_pr and u_pbeta can be larger than u_par and even u_tot for a negative large enough covariance term c (see Eq. (6)).

R2-2
Tachado

R2-2
Texto de reemplazo
It is also 

R2-17
Tachado

R2-17
Texto de reemplazo
. T

R2-17
Tachado

R2-17
Texto de reemplazo
precisely

R2-17
Tachado

R2-17
Texto de reemplazo
For example, in the Izaña data, the lowest ensemble is the hourly mean, for which n=3 and N is unknown but certainly greater than n.

R2-2
Tachado

R2-2
Texto de reemplazo
B

R2-2
Tachado

R2-2
Texto de reemplazo
;

R2-17
Tachado

R2-17
Texto de reemplazo
(N) within the time interval in which the temporal mean is defined

R2-17
Tachado

R2-17
Texto de reemplazo
The temporal mean computed from the n available data may

R2-17
Texto insertado
 statistically

Africa
Tachado


10

15

20

10

15

20

25

Any computed mean has also a propagated uncertainty arising from the uncertain-
ties of the data used to compute tg mean. Therefore, a mean will have an additional
representation uncertainty and a propagated uncertainty (both to be summed quadrat-
ically) that includes, among others, the propagated representation uncertainty arising
from the previous levels of means. The uncertainty components are of two types: sys-
tematic, ugye;, and random, uy,n4, and are combined quadratically. The law of propaga-
tion depends on the type of uncertainty. Therefore, we can write

= 2 2 2
Uiy = \/u"s + u(r),rand + u(r),syst’ (14)

where v, indicates the uncertainty of the mean, v, ranq indicates the random compo-
nent of the propagated uncertainty, and v, ¢s; indicates the systematic component of
the propagated uncertainty. For the propagation of random uncertainty, the equation

12
r) rand _2 z (15)

holds; whereas for the propagation of systematic uncertainty, the equation

_1 n
u(zr),syst =7 uiyst,- (16)
i=1
holds, where the subindex / indicates the uncertainty of the data number / used to
compute the mean. Note that in Eq. (15) there is partial cancellation of random errors,
whereas in Eq. (16) there is retany cancellation ef-systematic-errors because the sys-
tematic error is the same (or nearly the same) for all the data used in the computation
oefthe-mean. The random uncertainty can be expressed as

Urang; = u?ep, + U?,v (17)
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whereas, for the systematic uncertainty

_ [2 2 2
Usyst, = \/ Uy, + Ugy, + Upar,- (18)

Note that up,, behaves as systematic for computing hourly, daily, and monthly means,
but behaves as random for computing annual means. The component ug has sys-
tematic and random contributions, but we consider it as systematic for the uncertainty
propagation (se;-everestimatinga-bij the propagated uncertainty).

Table 4 shows mean values of the uncertainty components for hourly, daily night,
monthly, and annual means during the period 25 March 2009-31 December 2011.
The hourly means correspond to the night period (20:00—08:00 UTC). The mean rep-
resentation uncertalnty in the hourly means is 0.63 nmolmol™ ! for the nighf period,
and 0.83 nmolmol~" for the daytime period (08:00-20:00 UTC). The larger value during
daytime is due to the CO diurnal cycle (Sect. 6), which makes oy, larger during day-
time. Since the time coverage of the continuous in-situ measurements is very high, no
additional representation uncertainty components appear when computing the succes-
sive means (daily nighj, monthly, and annual) but only the propagated representation
uncertainty. Therefore, the uncertainties associated to random errors (repeatability and
representation) are smaller for longer periods of averaging, while the uncertainties as-
sociated to systematic errors (ug; and uy;) are the same for all the periods of averaging.
The uncertainty u,,, has a mixed behaviour due to the fact that its character (random
or systematlc) depends on the perlod of averagmg

analy3|s at NOAA ESRL GMD Carbon Cycle GreenhouseAGroup (CCGG) as part of
Cooperative Air Sampling Network (Komhyr et al., 1985; Conway et al., 1988; Thoning
et al,, 1995) In every sampling event two flasks are coIIected nearly S|multaneously

flasks-are-flagged-aceordingly. Monthly and annual means computed with such sparse

flask data (4 independent values per month) are subject to a large representation
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uncertainty. Table 5 shows mean values of the representation uncertainty in the differ-

ent types-of means ferthe- NOAAflasks, For the hourly and daily nighy means based on

a single pair of flasks, the associated og,,,, were computed using the quasi-continuous

in-situ measurements. The blas asseerated—te—samptmg—eut—et—ﬂqe—p%d-ef—#e&#epe-
.

ﬁ—eeﬂsmefei The _Etandard deV|at|on osam of ﬂasks—wrthm—a—menth—has—been—eem—
vietg, 9.80 nmolmol ™’
Following the d|scu53|on above, it is not surprising that the representation uncertalntles
in the in situ means (Table 4) are much smaller than those from flask sampling.

5 Flasks-continuous comparison, comparison uncertainty, and means

mrg—m—&tu—ms#umeﬂts—aﬂd—eeneeated—ﬂask—eamptes—@an |ndependent way of as-
sessing the quality of the continuous in-situ measurements (WMO, 2011). A significant
difference between a flask sample gand a simultaneous in-situ hourly mean ean be
obtained due to two causes: (1) the measurements have different, potentially large,
errors (note that the concept of error includes the bias in the measurements of any
of the laboratories), and/or (2) the air sampled by the two methods is different (i.e.
both measurements have different “true values”). The second potential cause for differ-
ences between measurements will be quantified through what we call the comparison
uncertainty. The statistical significance of each difference (i.e. if there are significantly
different errors in both measurements) will be evaluated comparing it with its compari-
son uncertainty. Note that the error (unknown) is the difference between the true value
and the value provided by the measurement system (JCGM, 2008). To compare in-situ
hourly means with simultaneous NOAA flask samples we proceed as follows.

First. Flasks results are used only if gre defined by NOAA as representative of back-
ground conditions, their sampling and analysis are-al-+ighy, andresults from both mem-
bers of the pair are available. Each pair of mole fractions, r;; and ry,, is substituted by
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its mean, (r;), and its standard deviation,

e =l

V2

Suellstandard deV|at|on is |nd|cat|ve of the internal conS|stency of the palr

hourIy mean as r,, and the standard deviation of the sample of data within the hour
as o, which quantlfles the departures of the instantaneous measurements from the
mean. So, we compute the difference,

dif = (r}) - e, (20)

and its comparison uncertainty,

why, o, must be used in Eq. (21) mstead of the standard deV|at|on of the hourly mean.
The comparison uncertainty asseses if the difference is significant. If |dif| < 20y, this
means-that the difference is not significant, whereas if |dif| > 20y , this-means-that the
difference is significant.

Figure 6 shows the time series of differences between NOAA flask samples and si-
multaneous in-situ hourly means. Error bars indicate comparison uncertainty. Dots in
red do not have associated error bar due to the absence of ¢, (corresponding to hours
with only one valid in-situ irjeetier). For 2008, 47.4 % of the differences are significant,
whereas for 2009-2011, only 24.5 % of the differences are significant. Computing per-
centiles for the CO differences, we conclude that for 2009-2011, 68 % of the differences
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are between —2.39 and 2.5 nmolmol ™" (a large fraction of this dispersion is caused by
the comparison uncertainty, since the 68 percentile of oy is equal to 2.28 nmolmol™"),
whereas for 2008, 68 % of the differences are between —1.26 and 6.58 nmolmol™’

5.1 Annual and multi-annual means

Heretotal-{full-period-of-data)-and-annual-mean differences are computed using con-

ventional expressions and expressions weighted by the comparison uncertainty. Note

that the mean dlfference s—equat—te—the—dn#e%enee—ef—system&ﬂ&e%m%s—et—beth—l&b—

The conventional mean is denoted as Mean,

(dify = % > dif;, (22)
i=1

where n is the number of differences used to compute the mean. FWMean is a “full”
weighted mean computed following the minimum variance method (equivalent to the
maximum likelihood method for Gaussian distributions), e.g. Martin (1971, chapter 9),

n 2

. 1 Cinv ..
(dlf)FW = E Z %d”,‘, (23)
i=1 Ogit;
where
1 1w 1
T2 24)
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Fhe-basie-idea—g difference with a larger uncertainty prevides-information of a lower
quality to-compute-the-mean; and therefore; the applied weight |s smaller. WMean is
“intermediate we|ghted mean for which Eq. (23) applles but de is replaced by the

med|an of adlf for those adlf smaller than the medlan of adlf Fhe-basicidea-is-te-avoid
an-excessive-weight-of-these-dify with a very small adlf We believe that WMean is the

most appropriate estimator. Differences without gssociated uncertainty and these-with
an—ateeelate—\falue—lat=<_e;eir—tl=heu11Onmolmol'1 {3-differencesin-2008-asFig—6-shows)
have-netbeenusedteo-computg the weighted means.

Table 6 provides the mean differences between flask and in situ measurements.
Smaller differences are found in 2009—2011 than in 2008. The annual mean differences
for 2009-2011 are well within the +2nmolmol™’ compatibility goal of GAW (WMO,
2011). Netethatthe-variousmean-differeneeg are not very different. The conventional
annual mean differences are the closest to zero, except for 2008. Hewevey, for CO,
and CH,4; we have observed many annual weighted mean differences closer to zero
than the conventional mean difference.

Table 6 also shows the standard deV|at|on of the mean, Ogan- FeHhe—eeﬂveatienat

standard deV|at|on of the sample (S ) d|V|ded by the—sqaa%e—reet—ef—t-he—numbe#e#
data;—rused-to-compute-the-mean (e.g. Martin, 1971, chapter 5). On-the-otherhand,

the relation

n
O—r%ean =5 z O—gif/. (25)

holds. For the weighted means, the relation 6y,ean = Oiny/ V1 holds (e.g. Martin, 1971,
chapter 9), where gy, is given by Eq. (24). Note that the o,,.,, associated tg FWMean
is smaller than those associated tg the other means since FWMean is obtained using
the minimum variance method, and c;,, is smaller for smaller values of o4;. For the
conventional mean, Table 6 shows that the values of SD/\/n are larger than the values
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of 0mean, €Xcept for 2010 due to the presence of a difference with a very large value
of oy (11.3 nmolmol'1) during this year. This means that the dispersion of the differ-
ences within one year is larger than it would be expected according to the values of
ogir,- Therefore, fo computing weighted means, o does not include all the causes of
variability within one year.—r-detait—64; does not fully include the errors-in-the-mea-
surementg that behave as random aleng, one year. This—-means—that—feq computing

_weightetd means, the smallest oy; are smaller than they should be arg FWMean isret
ajvery good estimator of the mean for this dataset.

Finally, we consider if the annual average flask versus in situ differences are signifi-
cant. The mean difference, which is distributed normally according to the Central Limit
theorem (e.g. see Martin, 1971, chapter 5), is significant fer-g 95 % confidence level
if (dif)] > 1.960,,6an, Where ( dif ) denotes annual mean difference. As Table 6 shows,
the conventional mean and the “intermediate” weighted mean differenceg are not sig-
nificant for 2009, 2010, and 2011, whereas they are significant for 2008. Mean is not
significant over the full period 2008-2011, whereas WMean is significant. The “full”’
weighted mean differenceis significant for all years except 2010, but we-haveg stated
previously-thajit is not g good estimator for this particular data set.

6 Time series analysis

To analyse the CO time series of daily nigh means, we carry out a least-squares fitting
to a quadratic interannual component plus a constant annual cycle composed by 4
Fourier harmonics,

4
f(t)=ag+aqt+ a2t2 + Z [b;cos(w,t) + ¢;sin(®;1)], (26)
i=1

where f is time in days, being ¢t = 1 for 1 January 2008, a,, a4, and a, are the para-
meters of the interannual component to be determined, b; and c; are the parameters
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of the annual cycle to be determined, and @, = 2w/ /T with T = 365.25 days. This fitting
is the same as the one used by Novelli et al. (1998, 2003) and developed by Thoning
et aI (1989)

i idg, the fitted in-
terannual component and the fitted |nterannual component plus the fitted annual cycle,
The RMS reS|duaI of the ﬂttrnis equal to 11.5 nmolmol ™’ . Fheinterarnual-compeonent

ws, nocturnal GO
annual means: Jihese—wefe—eemputeiusmglneasured data when available and values
from the curve fitted data when measured data were not available. As Table 7 shows,
the number of days with data not ava|IabIe arg very small. From 2008 to 2010 the CO
annual mean increased 4. Onmol mol ™" (standard uncertainty: 2. 3nmolmol‘ ), while
a decrease of 2.5 nmolmol™" (standard uncertainty: 2.2 nmolmol ™’ ) is found between
2010 and 2011.

Figure7-shews the fitted annual cycle,-whieh-hag an amplitude from the minimum to
the maximum of 40.7 nmolmol™". The ymaximum occurs in late March, while the min-
imum is injmiddle jAugust. This is the seasonal cycle common to the Northern Hemi-
sphere which is primarily driven by reaction with OH and anthropogenic sources (e.g.
Novelli et al., 1998). The annual cycle obtained here is similar to that obtained by
Schmitt and Volz-Thomas (1997) using measurements carried out at Izana from May
1993 to December 1995.

change in the residuals indicates a change in air mass. The perS|stence of the resid-
uals can be measured computing the autocorrelation (Fig. 8). For a time-lag of 1, 2,
3, and 7 days, the autocorrelation is 0.56, 0.30, 0.21, and 0.10, respectively. We con-
clude the residuals are not autocorrelated after a time-lag of 7 days. Sg, 7 days could
be considered the typical period of persistence of an air mass for CO.

Figure 9 shows the carbon monoxide monthly mean diurnal cycle ferevery-menth
relative to the nocturnal background, computed using hourly data for the period 2008—
2011. In detail, this figure shows mean values of the differences: hourly CO minus the
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nocturnal background level. Suek reference background level was computed jas fol-
lows. Firstly, the averages of the pre (00:00-07:00 UTC) and post (21:00-04:00 UTC)
nights were computed. Then, the linear drift in time passing through both averages ig_
used as the reference background leve). Note for example that hour 1 means the hourly
mean for the period 00:00-01:00 UTC. Carbon monoxide at Izana is tipieattystable dur-
ing the night period 20:00-08:00 UTC, starts to increase around 09:00 UTC, reaches
its maximum around 13:00-15:00 UTC, before returnlng to the nocturnal background
(Fig. 9). The amplitudg_is a%euﬂd 5-e1 6 nmolmol ™’ , except in December, when the
amplitude is around 4 nmolmol™". The mean time of flask sampling during 2008—2011
was 10:00 UTC. That is, sampling occurred during non background conditions. There
is a mean bias of approximately +1.5 nmolmol~" between the air sampled with flasks
and the nocturnal background conditions. During 2002—2007 the mean time of flask
sampling was 15:35 UTC. Given all other effects are similar to the more recent period,
CO determined from flask air samples are approximately +4.5 nmolmol ™’ higher than
nocturnal background conditions. NOAA began air sampling at Izafa jate 1991, un-
til 2002 flasks were sampled during nighttime, but this was discontinued due to the
absence of staff during nighttime.

7 Summary and conclusions

A rigorous procedure to determine the uncertainties in the semi-continuous measure-
ments of CO made at the I1zana global GAW station has been developed. This approach
is applicable to other sites in the WMO GAW global network. The error in the measure-
ments are reported as the combined standard uncertainty. This has four components:
the uncertainty of the WMO standard gases interpolated over the range of measure-
ment, the uncertainty that takes into account the agreement between the standard
gases and the response function used, the uncertainty due to the repeatability of the
injections, and the propagated uncertainty related to the yesponse function parameters
uneertainties (which also takes into account the covariance between the parameters).
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The mean value of the combined standard uncertainty decreased significantly after
March 2009, from 2.37 nmolmol™" to 1.66 nmolmol~". The reason of this improvement
is a very significant reduction in the response function parameter ureertaintieg (the
dominant source of uncertainty before March 2009). There was an improvement in the
determination and consistency of the response function parameters due to the follow-
ing facts that apply after March 2009. The improvement reflects the use of a newer
and larger set of WMO standard gases, more injections of the working gas in the cal-
ibration sequence, and use of an adjacent closed port in the multiposition selection
valve to stop sample loop flushing for pressure equilibration. The dominant uncertainty
component after March 2009 is the uncertainty that takes into account the agreement
between the standard gases and the response function (1.27 nmol mol_1). A fifth type
of uncertainty we call representation uncertainty is considered when some of the data
necessary to compute exaetly the ynean are absent. Any computed mean has also
a propagated uncertainty arising from the uncertainties of the data used to compute the
mean. The law of propagation depends on the type of uncertainty component (random
or systematic), i.e. there is partial cancellation of random errorg, heweverthere is not
cancellation of systematic errors. The representation uncertainties in the in-situ mea-
surements are much smaller than those computed using flaski(e g. the representation
uncertainty in the monthly means is equal to 4.98 nmolmol™ ! for the NOAA flaskg, and
0.03 nmolmol~" for the quasi-continuous measurements). The larger uncertainty in the
flask air measurements reflects the relatively sparse sampling.

The 2008-2011 Izafha carbon monoxide nocturnal time series ispresented—Fhe-time
series is evaluated using a least squares fit to a quadratic interannual component plus
a constant annual cycle composed by 4 Fourier harmonics. The interannual component

increases till the beginning of 2010 and then decreases. Fhefittedannual-cyelehas
an amplitude e§40.7 nmolmol™" . }s-raximurm-cceurs-inlate-Marchwhile-its-inirmum

eceursn-middle-Augusy Fhe-gutocorrelation of the residuals indicates that the typical

perlod of perS|stence of an air mass for CO is 7 days The monthly mean diurnal cycle
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with respect to mid-tropospheric background conditions. The magnitude of the bias
depends on the sampling hour.

We also examine differences between hourly means determined by the in-situ con-
tinuous measurements with flask air samples determined within the hour. The uncer-
tainties in the mean results from each method allows determination if-the-differenee-is
signifieant, During 2008, 47.4 % of the differences were significant, with 68 % of these
between —1.26 and 6.58 nmolmol ™. During 2009-2011, only 24.5 % of the differences
were significant and 68 % were between —2.39 and 2.5 nmol mol™’ (this range is largely
due to the comparison uncertainty). Total and annual mean differences between the
grab samples and in situ measurements were computed using conventional expres-
sions but also expressions with weights based on the minimum variance method. Dur-
ing the period 2009-2011 the flask in situ differences are much closer to zero than dur-
ing 2008, which likely results from the better performance of the Izana measurement
system during 2009—2011. The annual mean differences between NOAA and in-situ
(AEMET) measurements for 2009—2011 are not significant and within the 2 nmolmol ™’
inter-laboratory compatibility goal of GAW.
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Table 1. WMO CO standard gases of the |zana station: CO mole fraction and uncertainty {1

sigma)-as-calibrated-r-2006 by the WMO CO CCL in the-WMO-2004-GO-sealg,

CcO 1-sigma
Cylinder (nmolmo|"1) (nmolmo|"1)
CA06768 62.6 1.2
CA06946 91.2 0.7
CA06988 119.6 0.8
CA06968 164.5 1.1
CA06978 221.2 1.5
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Table 2. Residuals yespect to the least-squares fitting for the typical calibration plotted in
Fig. 2. CO mole fraction of the standard gases, 1-sigma uncertainty and residuals are given
in nmolmol~".

CO 1-sigma Residual

62.6 1.2 0.53

91.2 0.7 -0.97

119.6 0.8 0.00

164.5 1.1 -0.95

221.2 1.5 1.71
6975

Table 3. Mean values of the uncertainty components jn nmolmol™" pefore and after March
2009.

Period Ugt Ut Urep Uy  Upg  Upy Usot

1 Jan 2008-24 Mar 2009 0.89 1.28 0.33 1.27 1.13 1.64 237
25 Mar 2009-31 Dec 2011 0.0 1.27 0.36 0.36 0.13 0.39 1.66
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Table 4. Mean values of the uncertainty components (in nmol moI“) for the-differenttypes-of

means—during-the-peried 25 March 2009-31 December 2011. The hourly means eensidered
correspond to the night period (20:00-08:00 UTC).

Type of mean Ust Usit upar urep Urs

Hourly 0.90 127 0.39 0.36 0.63

Daily night,_ 090 127 0.39 0.10 0.18

Monthly 0.90 127 0.39 0.02 0.03

Annual 0.90 1.27 0.11 0.01 0.01
6977

Table 5. Mean values of the representation uncertainty (nmolmol‘1) inthe—differenttypes—of
meansfor the NOAA flasks,

Type of mean Additional v, Propagated u,; Totalu,, n N
Hourly 1.09 0.00 109 1 >1
Daily night 3.44 1.09 3.61 1 12
Monthly 4.64 1.81 498 4 30
Annual 0.00 1.44 144 12 12
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Table 6. Mean differences {flaskg minus in-situ) and standard deviations jn nmolmol™'y n dif
denotes the number of differences available.

Period ndif Mean Opesn SD/VN WMean Opesn FWMean  Opean

2008-2011 147 0.79 0.20 0.42 0.61 0.16 0.59 0.07

2008 39 323 0.35 1.36 248 0.31 216 0.15

2009 35 -043 0.36 0.47 -0.47  0.31 0.81 0.12

2010 38 0.02 048 0.44 025 0.31 -0.11  0.18

2011 35 012 042 0.49 0.15 0.33 -0.68 0.14
6979

Table 7. Annual mean

08:00 UTC;-standard-uneertainty in nmolmol‘gand number of days wnth data av&ﬂabﬂ*i_

CO Standard  Available
Year (nmol mol ™" ) uncertainty days
2008 93.63 1.63 355
2009 94.73 1.56 355
2010 97.64 1.56 351
2011 95.16 1.56 356
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Fig. 1. Typical RGA chromatogram. jThe first eluted peak corresponds to H,, whereas the sec-
ond one corresponds to CO.
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Fig. 2. Least-squares fitting of a typical calibration. The fitting js plotted in blug, whereas the
measured means are plotted in redy_
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Fig. 4. Daily night means-(20:00-08:00 UTC) ferthe carbon monoxide mole fractionmeasured
at Izaha Observatory (blue squares). Fﬁteimterannual component {green—curve)and-fitted,
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Fig. 7. Carbon monoxide fitted annual cycle.
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Fig. 9. Carbon monoxide mean diurnal cycle relative to the nocturnal background level.
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