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Abstract. Tunable diode laser absorption (TDL) and cav- 1 Introduction
ity ring-down spectroscopic (CRDS) sensors for atmospheric

carbon dioxide were co-deployed during summer and fall ofgensors based on optical spectroscopy are important tools for
2010 in field and laboratory conditions at Los Alamos Na- rapiq, accurate in situ measurements of greenhouse gases for
tional Laboratory. Both sensors were characterized for acyjosphere-atmosphere flux estimates and source attribution
curacy and precision for ambient carbon dioxide measureypjications. Sensors using mid-IR and IR laser sources or
ments at ground level and compared using both laboratory,igh, finesse optical cavities are the state of the art for con-
and ambient field dgta. After pqst—processmg that mcIudedtmu()us|y sensing greenhouse gases with high precision and
water vapor correction and calibration to WMO referencetempora| resolution (Brown, 2003; Chen et al., 2010; Karlon
si[?nfleards, overall mearC!%0,] =392.05-8.92ppm and ¢ 4| 2010). Numerous laser-based sensors are undergoing
[*°C™0,] = 392.22+ 9.05 ppm were observed between 29 (454 development to study greenhouse gases, thus it is im-
July and 16 August 2010. The mean difference betweemortant to conduct instrument inter-comparisons to establish
the CRDS and TDL data fO%ZC_OZ was 0.04£1.80ppm  thejr compatibility under field conditions. The World Meteo-
(+1o in 60s) for ambient field data, demonstrating ro|ogical Organization/International Atomic Energy Agency
the sensors meet the WMO/IAEA compatibility stan- recommends laboratory inter-comparison compatibility of
dard./ The observations show over the 19-day period the g 1 ppm for total C@ and further recommends that €O
[CO2]cRrpd[CO2]TpL ratio exhibits a Gaussian distribution  yixing ratios be reported for dry gases (WMO, 2009).
cer_1te_red atx_o:l‘OOSiS'SSX 10—.5 (+10), indicating th(_e . We inter-compare a commercially available cavity ring-
ratio is domma.ted by random noise as opposeq to a bias Eown absorption analyzer (CRDS) with a commercially
the output of either sensor. The CRDS sensor is capable o vailable tunable diode laser absorption (TDL) system for

measuring C'°0;] to a precision of 23 ppb in 1 min and monitoring carbon dioxide'fC160,]. Both the CRDS and

decreases to 6.5 ppb in 58 min. At one and 58-min, the TDL :
o - L TDL dth hout the climat d t
exhibits precisions of 29 ppb and 53 ppb. The CRDS is com- SETISOrs are Usec trougnotit Ine cimate anc ecosystem

t fast and stable: the TDL is | d res f research and environmental sensing communities and it is
pact, fast, and stablé, ne IS larger and requires requer]ljmportant to directly compare the results of laser-based op-
calibrations to maintain its precision. The sensors also ex

- . : ~"tical absorption sensors operating via related principles but
h'b't. consistent h.ourly. averaged dlurna! values underscorlngblif'ferent techniques to ensure data sets from either sensor
the interplay of biological, anthropogenic, and transport P10 are in agreement with reference standards and each other.

cesses regulating Gt the site. The purpose of this paper is to compatédt®0,] ob-
tained operating the CRDS and TDL sensors under their op-
timal operational protocols. We conducted the study in both
the laboratory and field settings to establish accuracy and
precision for the two sensors. In the laboratory, the CRDS
and TDL were tested against the same standard gas mixtures
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992 B. A. Flowers et al.: Inter-comparison of two high-accuracy fast-response spectroscopic sensors

(COyin air, dried to—45°C dew point). In the field, we com-

pared the ambient carbon dioxide data sets obtained from th60zay =

sensors obtained during a nineteen-day period in late sum-

mer 2010. For ambient measurements, the CRDS analyzer CHa cros 3

and TDL sensors were set up at the same field site and rufMeay = 1+ (—0.00982x Hz0crDS) + (—2.393x 104 x Hp0%n00) ©)

on a common inlet and controlled by their respective sam-

pling protocaols. The suitability of the above equations for water vapor correc-
tions to the HO, CH,, and CQ data produced by the CRDS
sensor are vetted by both (Chen et al., 2010; Rella, 2010).

2 Methods The TDL sensor uses a liquid nitrogen cooled tunable

lead-salt diode laser that measufé€0, absorption near

%308.225 cmt. Pressure and temperature in the TDL optical

CO, crpS @)
1+ (=0.012x H2Ocrps) + (—2.67 x 1074 x H02xp9)

The carbon dioxide sensors used in this study are a cavit
ring-down analyzer (Picarro 1301-m, Picarro, Inc. CA, USA) cavity were maintained at 15.0 Torr and D respectively.

(Crosson, 2008) and a TDL absorption sensor (TGAloo’The TDL sensor is calibrated frequently, the operational cy-
Campbell Scientific, Logan, UT). The CRDS sensor mea-_, . . L q Y: P y
cle is ambient air is sampled for 60 s, then a high concentra-

sures12C160,, 12CH,, and H1%0 while the TDL sen- f f h | i f
_ ogues of £O12CI0, 1Ci0 tion reference gas for 30's, then a low concentration reference
fgrlrznel%sufsd'@tof)ob gues Zlin i 2 gas for 30s. The first 15s of each measurement in the cycle
O“C™0 by direct absorption near 2309cm(Bowling .0 1ot ysed in the data analysis to account for flushing of

. . 16 . _ ) )
et lal.,f 2003).'h':0r. direct comparlson,dOply rtl}?@ Oli S'gd the TDL optical cell. The high and low reference gases were
nals from either Instrument are used in this work an aretertiary calibration standards cross referenced with WMO-

referred to as C@ hereafter. Both the CRDS and TDL traceable standards from NOAA-ESRL using the TDL. The

instruments.have been described previously (e.9., Crossor1”DL routinely operates using these tertiary standards to con-
2008; Bowling, et al., 2003) and the TDL sensor used

; : 4 ) serve the WMO standards over time. The WMO reference
in this study has been described |n.(Powers et al., 2010) ases were sourced from and calibrated by the NOAA Green-
The CRDS sensor uses a near-IR diode laser (scanned by, oo Gases Group at the Global Monitoring Division. The
tween 1603 an_d 1(_541_nm_to cover Q@_wd Ch bands) that . uncertainties in the WMO reference concentrations are the
QOes not require Iqu.ud.nltrogen cooling. .Nomme}l condi- standard deviations reported by the above laboratory. The
tions are controlled inside the CRDS optical cavity;

q h q q be ME3- TP was calibrated using a linear regression between the ref-
sured over the 19 day study to be £ 139.899+ 0.068 Torr, erence gases bracketing the £€»ncentration of any sam-

T =45.000+0.002°C), leading to stable spectroscopic fea-. ples run. The TDL responses to the high and low reference

tures largely devoid of pressure broa_denlng effegts. _S'm"gases are held constant in the linear regression to determine
larly, the CRDS sensor does not require frequent in situ ab

. L ) ) 'sampled [CQ]. Particulate matter is filtered from the TDL
sorption response calibrations, which are essential for th

h is desianed ith ample stream and is dried with a Nafion drying system so
TDL_ Sensor. T e QRDS SENsor s designe to operate W',t that the humidity of the sampled gas stream is approximately
out in situ calibration on ambient air, particulate matter is

filtered f h led b arving i the same humidity as the reference gases. The TDL sensor
litered from the sampled gas stream but no drying Is per'operates in the mid-IR and the fundamental.Gdbrational

formed. Water vapor can interfere with the accuracy O_f2CQ features used for detection are well separated from those of
and CH, measured with the CRDS due to its operation in water

the near-IR. Additionally, the WMO recommends GHG gas g 11 sensors were housed at a semi-arid pinon-juniper

tmheasftfj retm er]:ts bte reported fcirk]dré;n[l)xslng I‘?IIOS. Theremmﬂ'uniperus monospermavoodland site with low vegetation
€ etiects of water vapor on the periormance are o ensity at the Los Alamos National Laboratories’ Environ-

special concern. The response of the CRDS sensor to Wehental Research Park (Shim et al., 2011). The laboratory

ter vapor has been documented (Rella, 2010; Chen et althat housed the sensors was temperature controlled at 70 F
2010) and the procedures recommended by the manufactur%ruring both ambient and laboratory measurement. The av-

in their 2010 white paper (Rella, 2010) have been used her rage canopy height is 3.5m. For ambient monitoring, air

to produce dry mixing ratios of carbon dioxide used for the was sampled approximately 5 meters above ground outside a

inter-comparison. Water vapor affects the accuracy of thq boratory that is surrounded by the woodland£d#4 kn?.
water, methane, and carbon dioxide concentrations reporteél

. . oth the CRDS and TDL sensors sampled ambient air from
by CRDS sensor and the post-processing corrections forwaé single tube that was run out of the building to a small
ter vapor interference in all three channels are given belowtower. The tube was connected to a manifold and the CRDS
and TDL sensors sampled from the manifold continuously
at 500 mIminm and 200 mI min! respectively. The sensors
were run independently of each other, using their own oper-
ational sampling protocols. The CRDS sensor was operated

without in situ calibration for the 19-day study. In the TDL

HzOacwal = 0.772x (HzOcros+ 0.02525x H202ps) (1)
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protocol, the sample stream was switched to both a high or 550
low reference calibration gas for 30 s, then measured ambien
[CO,] for 1 min. The first 15s of data at each stage of this
cycle is ignored to account for flushing and sample equili-
bration in the TDL optical cavity (Powers et al., 2010), min-
imizing the difference of cavity volumes and sampling rates
on the inter-comparison statistics.

500 -

CO,/ ppm; CRDS

4001 .
[CO,]cxps = 0-989 + 0.004 * [CO, ],

3 Results and discussion 350 | | | |
400 450 500 550

3.1 Laboratory inter-comparison and instrumental CO, / ppm; TDL Enforced to Tertiary Standard
precision

Fig. 1. Laboratory calibration plot of CRDS sensor with TDL ter-
tlary standards showing linear response of the CRDS to reference

For the laboratory inter-comparison, the CRDS sensor gases between 375 and 560 ppm,CO

was plumbed into the manifold that controls the previ-

ously described automated sampling and calibration pro-

tocol for the TDL sensor. Automated cycling between

high, low, and unknown gases was performed for 16 hhigh precision tertiary standards to correct ambient concen-
and output for the CRDS and TDL sensors were aver-trations: x [CO2]crps= [Coz]CRDS Post-calibrated CRDS
aged to 1 min time constants. For the TDL, the enforceddata is used for inter-comparison with the TDL for both the
high and low reference concentrations were 557061 ppm  laboratory and ambient data sets. The WMO/IAEA metric
for [CO2lnigh and 354.6:0.1ppm for [CQliow Were for compatibility between two instruments is that they agree
used and the measured response to the unknown sant@ £0.1ppm for total CQ.

ple was measured [CQunknown=407.835+0.091ppm, a We use the laboratory inter-comparison study to estab-
percent relative standard deviation (% RSD)=0.02% forlish the precision and stability as a function of signal in-
[CO2]unknown The response for the CRDS sensor tegration time for the CRDS and TDL measurement meth-
was [CQlhigh=547.7070.743 ppm, [CQ]iow=352.829  ods using the Allan variance technique (Werle et al., 1993).
+0.076 ppm, and [C&unknown=405.923+0.121 ppm, re- When the overall noise is dominated by random noise, in-
spectively (CRDS%RSD=0.1%, 0.02%, and 0.03% creasing signal integration time decreases the variange (
respectively for the high, low, and unknown sam- until a time at which instrumental noise begins to dominate
ples). The CRDS sensor responded to “zero-air” (am-and the variance begins to increase. The maximum precision
bient air passed through a soda-lime £Q@crubber) of each sensor is defined at the integration time where the
[CO2]o=—-0.02+0.03 ppm over several hours of operation signal variance is minimized. The transition between ran-
prior to beginning the inter-comparison experiments. Thedom and instrumental noise can be sharp (quick) or shallow
TDL sensor is not recommended to be operated in absenc@long), demonstrated in Bowling et al. (2003) and Tuzson
of COy. The high and low TDL responses are programed toet al. (2010). We perform this analysis to compare the per-
the values of the C®tanks prescribed by the NOAA lab- formance of the CRDS and TDL measuring a reference gas.
oratory, so we enforced a (0,0) point in the calibration plot We note the TDL is calibrated for 30 s each at high and low
and enforced the fit through the origin of the calibration plot. standards and measures the sample gas for 60s. In contrast,
Prior to this, the linear regression exhibited a slope of 0.985the CRDS is not constantly re-calibrated and data is reported
and an offset of 1.43. This offset is not statistically differ- every~0.75s. This is apparent in the time scales of the Al-
ent from zero. The [Cg] values for the laboratory cali- lan variance plot, where the CRDS data begins at 1 s (black
bration are plotted in Fig. 1 and the slope of the linear re-trace) and at 15 s for the TDL (red trace). Using 16 h of data
gression between the CRDS and TDL response to the refat [CO;] =405.923+ 0.121 ppm (from the unknown sample
erence and unknown tanks is the CRDS calibration factortank in the previous section), we estimate the precision of
fcrps=0.989+ 0.004 ¢2=0.999 for the regression analy- the CRDS sensor to be 29 ppb at 30-s integration and 23 ppb
sis). This inter-comparison calibrates the CRDS responseat 60-s integration time. The same statistics for the TDL at
to the WMO reference standards. Thelg) standard de- 30 and 60 s integration time are 34 ppb and 29 ppb. At 58 min
viations for each concentration are used as error bars, bu8500 s integration time), the precision of the CRDS sensor is
are too small to see in the plot. The calibration factor is 6.5 ppb and the same statistic for the TDL is 53 ppb. Figure 2
based on reference standards known to a higher precisioshows the Allan variance plot for the CRDS (black trace)
(sub ppm compared with a few ppm) and wider concentra-and TDL (red trace) sensors taken from the laboratory data
tion range than previously used by our group for the CRDSset. We clearly see the stability of the CRDS sensor does
sensor. We use thgrps calibration factor determined from not show a sharp “V” shape as exhibited in Allan variance
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e B s between the CRDS and TDL sensors, the linear regression
between the CRDS and TDL ambient data sets results in
[COZ]CRDS: 1.00+3.8x 10°° [COZ]TDL- The mean ra-

tio calculated [CQ]/CRDSJ[COZ]TDL for the sampling pe-
riod is 1.000+0.005. Also shown in Fig. 4 is a his-
togram of the ratio [C@];:RDS/[COZ]TDL for the 1-min
data. The peak of the gaussian fit to the histogram data
is centered afp=1.003+3.28x 10°°. We note the im-
o portance of synchronizing the time axis for proper inter-
Integration time / sec. comparison between the two sensors. For example, on
16 August 2010 there was some drifting (both forward and
(red trace) for 16 h of data shown as a log-log plot of signal variancebaCkward) between the clocks on CRDS anq TDL analy;-
vs. signal integration time. The minimum variance is observed at_ers' _The d_ata had .to be_ separated into p_enods that eXh'_b'
58-min signal integration time for the CRDS sensor and at 60s forit€d linear time relationships between the time stamps of ei-
the TDL sensor. ther sensor, analyzed for correlation separately by match-
ing peak features in the subset time series, and subse-
quently concatenated together. Originally the correlation
plots for the TDL but a slower transition from the so-called analysis for 16 August showed [GR@rps=0.9794+0.008
white noise to drift noise regions of the Allan variance plot [CO,]p, + (13.104 2.95), a y-intercept that is statistically
(Werle et al., 1993). The local variance minimum at 2s in different from zero (and indeed may be interpreted as a
the CRDS trace is repeatable noise in the variance data, antl3 ppm offset in [CQlcrps). The data on 16 August
we do not interpret this as a variance minimum at whichwas separated into AM and PM periods and time synchro-
instrumental precision should be prescribed (Werle, 2010)nized separately. This data was merged and re-analyzed to
This behavior is similarly exhibited by the quantum cascade[CO,]crps=1.00340.007 [CQ]rpL + (3.67+ 2.6), which
laser absorption spectrometer (QCLAS) methane sensors deve interpret as a zero-intercept with respect to a quantitative
scribed by (Tuzson et al., 2010). The CRDS sensor exhibit§CO,] offset between the two sensors.
stability at considerably longer integration times than does The final trace in Fig. 3 is the self-corrected ambient water
the TDL sensor, the minimum detection limit (6.5 ppb) is ob- (IH20O]ary) measured during the ambient observations. The
served at 3500 s (58 min) signal integration time, opposed tanaximum volume percent observed throughout the measure-
30s (23 ppb) for the TDL, which corresponds to two cali- ment period was 2.7 % and the minimum was 0.66 %. The
bration cycles in its measurement protocol. The CRDS de-mean self-corrected (§]ary) observed was 1.58 0.34 %
tection limit at 58 min is in close agreement with the proto- by volume. We observed no correlation between the 1-
type CRDS sensor from the manufacturer (A. D. Van Pelt,min difference between the CRDS-TDL sensorsCQy)
personal communication, 2011), and is here independentlys, ([H20lary). The water vapor correction reported by

Allan variance / ppm~

Fig. 2. Allan variance plot for CRDS sensor (black trace) and TDL

verified. Rella (2010) is observed robust in this case study. The dif-
_ _ o o ference between the post-calibrated CRDS and TDL sig-
3.2 Continuous ambient carbon dioxide monitoring nals is the key statistic for the inter-comparison analysis de-

) scribed here. The mean difference between;[[‘éQDS and
We characterize the agreement between the two SeNSof&0, o, is 0.04 ppmt 1.80 ppm 1) for the 1-min time
for quantitative CQ measurement for ambient field air 5yeraged data (plotted as the third trace in Fig. 3). The mean
by comparing their temporal relationships; the linear re-yitference is less than the0.100 ppm metric set forth by the
gression between their temporal signals, and the Ca|CUWMO/|AEA, hence we have demonstrated that on average
lated ratio and difference for their response to ambienti e smpient air Coresults from the CRDS and TDL sen-
CO; for the 19 day observation period. The 1-min tem- g5 are compatible when the sensors are calibrated to high

poral response of both sensors to ambien,G@ar Los  hrecision standards and the CRDS signal is corrected for wa-
Alamos, NM is shown in Fig. 3. The [C-gpg MiX- ter vapor interference.

ing ratio is shown on top, [C&ypL is shown on the

bottom of the plot. The ambient [GO signal varies 3.3 Diurnal cycle of carbon dioxide

between 378 and 440ppm. The diurnal variation is

~60ppmday* at ground level. Linear regression analy- The laboratory calibration and 1-min time resolution agree-
sis between [CQ-rps and [CQJrpL is shown in Fig. 4. ment between the data sets are robust factors underlying
The linear regression analysis of the 1-min averaged signalonger time averaged data to describe the diurnal pattern of
between the sensors yields [@frps=1.00+1.7x 1073  the [COy] atmospheric background signal. The hourly aver-
[CO2]tpL *+(2.41+£ 0.66) with R2=0.96 for the ambient aged diurnal pattern of COs an important statistic to un-
data. Assuming a zero offset (i.e., perfect agreementderstand local biogenic respiration/photosynthesis processes
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Fig. 3. Temporal profile of }2C180,] mixing ratio measured near Los Alamos, NM with CRDS and TDL sensors. The CRDS signal has
been cross-calibrated, as described in the text. AJ@O,] trace shows the temporal profile of the [@]@RDS— [COs]tpL difference.
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Fig. 4. Linear regression analysis 8C180, measured with commercial CRDS and TDL analyzers after cross calibration using 1-min time
resolution. The linear regression analysis between the CRDS and TDL responsg]’a[zgg): 1.000+ 3.30x 105 [COLl1pL; r2=0.96.

The histogram plot of the ratio between the CRDS and TDL measurements and the gaussian fit Oﬁlhﬁb%ql:OZ]TDL ratio is centered
on an x value of 1.003.

and effects transport (including anthropogenic L@ the 25th percentiles), 4.852.40 ppm and 5.1F 2.56 ppm for
regional CQ background. Raw data was averaged to 1-hCRDS and TDL respectively. The correlation factof)(
time constants for each hour of the day (0—23 h) for the 19-between the [Cg] data sets is 0.91, a correlation factor
day ambient observation study to create hourly averaged dief 1.0 represents a perfectly correlated relationship. Anti-
urnal CQprofiles. Table 1 shows the median diurnal fJO correlation between median diurnal ambient temperature and
for each hour (60 min averaged) of the day between 29 Julymedian diurnal [CQ)] for both sensors is shown in Fig. 5.
and 16 August 2010 from the CRDS (top trace) and TDL While the mechanisms controlling this interplay of respira-
(bottom trace) sensor. Nightly increases (00:00-06:00 andion, photosynthesis, and dynamics are not the subject of our
20:00-23:00LT — local time) in [C& (both in magnitude  paper, it is clear that both sensors provide very consistent
and variability) are due to respiration and daily (07:00— information.

19:00LT) uptake of [CQ] by photosynthesis is evident in The CRDS system in this study provides robust perfor-
data sets from both sensors. Ambient temperature is includeghance for'2C160,, 12C1H,, and*H180 monitoring and is

in the third column. The fourth column in Table 1 shows readily deployable to field sites and mobile platforms includ-
the difference between the diurnal median gI@r each  ing aircraft. There is no isotopic speciation data available
hour. The mean difference between the CRDS and TDL di-from this particular CRDS sensor, however it does measure
urnal median 1-h values is much smaller (1480.50) ppm  CH4 and a new version of the sensor includes CO measure-
than either of their variabilities (difference between 75th andment. The TDL system used here is designed to determine

www.atmos-meas-tech.net/5/991/2012/ Atmos. Meas. Tech., 5, 9472012
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420_‘ ' ' rrro T Table 1. Hourly diurnal median [C@]/CRDS, [CO2]tpL, ambient
- temperature®C), and the absolute value affCO5] (CRDS-TDL)
£ 10 4 measured between 29 July and 16 August 2010 near Los Alamos,
(i
£ 400 %
é« 190 é é é g ﬁ E @ Hour  [COleprps [CO2ltDL Teomp. A[CO7]
= EP B0dazgn® 9
380 g EE é El
L L 0 398.20 399.41 19.6 1.21
0 2 4 6 8 10 12 14 16 13 zo 2 1 399.50 400.98 18.3 1.30
—— 2 400.15 401.18 18.0 1.02
420 7 3 401.28 402.30 17.7 1.02
= 4 402.54 401.53 17.3 1.01
g 410 7 5 401.77 403.41 17.0 1.64
£ ol é % E % é 6 404.10 398.86 16.3 5.23
= D 7 399.10 393.67 17.0 541
2 3000 é 0 E'ﬂ é é = 8 393.37 390.47 17.7 2.90
3 é Blagant & 9 391.07 388.55 19.0 2.52
380 i . 10 388.97 386.19 21.0 2.78
A 11 386.35 384.21 22.3 2.14
0 2 4 6 8 10 12 14 16 18 20 22 12 384.35 382.59 23.7 1.75
5 30_' T L 13 382.67 382.89 25.0 0.22
= 14 382.66 381.94 25.3 0.72
£ - g é é é 15 381.97 381.75 25.7 0.22
= 2"% Q B g E 16 382.13 381.96 26.0 0.17
'.E é é é % ,}E % @ 17 382.28 383.62 25.7 1.34
< 15y L 18 383.23 386.25 25.7 3.02
10 12 14 16 ls 20 22 19 391.12 389.83 23.5 3.71
Hour of Day, MST Local Time Los Alamos, NM 20 391.23 393.85 22.3 2.62
21 394.66 394.06 21.0 0.60
Fig. 5. Hourly diurnal median [CQ)] between 29 July and 16 Au- 22 394.34 393.83 21.0 0.51
gust 2010 near Los Alamos NM. The scaled CREZ60, ] s 23 394.13 394.04 20.0 0.09
trace is plotted on top, thé3C180,11p, trace is plotted in the mid- mean 3915%7.52 391.92 7.66 1.80+ 1.50

dle and hourly diurnal median ambient air temperature is plotted on
the bottom trace.

ambient carbon dioxide. Both sensors were observed
to behave linearly over a range of ambient [{@380—
450 ppm) and in laboratory (354-557 ppm). The robust
agreement between these sensors underscores their fast,
uantitative [CQ] capability for atmosphere-biosphere
xchange and ambient carbon dioxide (ground, mobile, and
flight) measurements. The compatibility of the two data sets
was judged as the the mean difference betweenz[ggs
and [CQ]tpL and was 0.04-1.8ppm {10) for dry gas
[CO2] ambient measurement, hence we demonstrate that
4 Conclusions the CRDS and TDL instruments are in agreement with the
WMO/IAEA compatibility recommendation o£0.100 ppm
We report the results of a field and laboratory inter- for dry [*°C'®0;]. A gaussian fit to the histogram of the
comparison experiment between two commercially availablelCO2]-rpd[CO2lTpL ratio over the 19 day observation
spectroscopic carbon dioxide”?C1%0,) sensors. Prior was centered at 1.0833.38x 10~° (+10). The precisions
to the field inter-comparison, the CRDS sensor was calfor the sensors were determined from statistical analysis
ibrated to two WMO reference standards for £ a from 16 h of data taken from a single GQ&ource. The
3-point calibration curve=0.989,72=0.999). Over a agreement between the water vapor corrected CRDS and
nineteen-day period, after post calibration, the agreementhe TDL (which is unaffected by water vapor interference)
between the two sensors was quite good (slope=1.000s an independent verification of the validity of the water
zero intercept enforced or [QQRDsz 1.00+1.7x 1073 vapor correction applied to the CRDS data. At 1min, the
[CO2]pL +(2.41+£0.66)) for 1min measurements of TDL exhibited its maximum precision (minimum variance)

§13C ands180 ratios in CQ at stationary sites. The TDL
is capable of measuring 99.91 % of the naturally occurring
gaseous C@isotopes and monitoring th#3C ands'80 ra-
tios in CO as tracers of air mass history and soil-atmosphere
exchange (Pataki et al., 2006; Shim et al., 2011; Powers eg
al., 2010). However, it is large and requires liquid &bol-
ing and regular calibration making it less ideal for mobile
applications.
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of 29 ppb and the CRDS shows a comparable precision ofCrosson, E. R.: A cavity ring-down analyzer for measuring atmo-
23 ppb. We observed the minimum variance of the CRDS spheric levels of methane, carbon dioxide, and water vapor, Appl.
CO, response after 58 min of signal integration. At 58 min  Phys. B, 92, 403-408, 2008.

time constants, we observed TDL precision of 53 ppb andKarlon. A., Sweeney, C., Tans, P., and Newberger, T.: AirCore:
6.5 ppb for the CRDS sensor. An Innovative Atmospheric Sampling System, J. Atmos. Ocean.

. . . . . . Tech., 27, 1839-1852, 2010.
Operational in situ calibration of the CRDS system is Pataki, D. E., Bowling, D. R., Ehleringer, J. R., and Zob-

needed. In_frequ_ently (especw}lly for grqund based sensing), itz, J. M.: High resolution atmospheric monitoring of ur-
but periodic calibration W!'[h hlgh precision standards shoulq ban carbon dioxide sources, Geophys. Res. Lett., 33, L03813,
be performed to ensure linearity of its response under ambi- 4i-10.1029/2005G1.024822006.

ent [CQy] conditions. Both sensors provide valuable data for powers, H. H., Hunt, J. E., Hanson, D. T., and McDowell, N. G.: A
carbon dioxide monitoring and their additional data streams dynamic soil chamber system coupled with a tunable diode laser
put the CQ data stream in different contexts, i.e.o®| for online measurements 643C, §180, and efflux rate of soil-
CO,, and CH from the CRDS and?C160, 13c160, and respired CQ, Rapid Commun. Mass Spectrom., 24, 243-253,

18012¢C160 from the TDL. Inter-comparison for isotopic spe- ~ 2010. _
ciation sensors (e.g-3C160, and80!2C160) should be in-  Rella, C.. Accurate Greenhouse Gas Measurements in Hu-

vestigated for appropriate sensors to judge their compatibil- Mid Gas Streams Using the Picarro G1301 Carbon Diox-
ity according to WMO/IAEA standards. Our study will be ide/Methane/Water Vapor Gas Analyzer, Sunnyvale, CA, 2010.

especially valuable for analysis of experiments where muI—Shim’ J., Powers, H. H., Meyer, C., Pockman, W., and McDow-
P y y P ell, N.: The role of inter-annual, seasonal, and synoptic cli-

tiple high precision fast r('-:‘Sponse Instruments are measurlng mate on the carbon isotope ratio of ecosystem respiration at
greenhouse gases and differences may need to be interpreted, gemi-arid woodland, Global Change Biol., 17, 2584—2600,

and diagnosed (Wofsy, 2011). doi:10.1111/}.1365-2486.2011.024542011.
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