Atmos. Meas. Tech., 6, 75763 2013 Atmospheric 9
www.atmos-meas-tech.net/6/751/2013/ g
doi:10.5194/amt-6-751-2013 Measurement >
© Author(s) 2013. CC Attribution 3.0 License. Techniq ues @

A multi-year record of airborne CO , observations in the US
Southern Great Plains

S. C. Biraud!, M. S. Torn1, J. R. Smith?, C. Sweeney, W. J. Riley!, and P. P. Tans

ILawrence Berkeley National Laboratory, Berkeley, California, USA
2Atmospheric Observing System Inc., Boulder, Colorado, USA
SNOAA Earth System Research Laboratory, Boulder, Colorado, USA

Correspondence tds. C. Biraud (schiraud@lbl.gov)

Received: 1 September 2012 — Published in Atmos. Meas. Tech. Discuss.: 25 September 2012
Revised: 4 March 2013 — Accepted: 5 March 2013 — Published: 15 March 2013

Abstract. We report on 10yr of airborne measurements of sometimes resulted in significant differences between flask
atmospheric C@ mole fraction from continuous and flask and continuous measurement values for those legs, and the
systems, collected between 2002 and 2012 over the Atmoinformation contained in fine-scale variability about atmo-
spheric Radiation Measurement Program Climate Researchpheric transport was not captured by flask-based observa-
Facility in the US Southern Great Plains (SGP). These obtions. The CQ mole fraction trend at 3000 ma.m.s.l. was
servations were designed to quantify trends and variabilityl.91 ppmyr! between 2008 and 2010, very close to the
in atmospheric mole fraction of GQand other greenhouse concurrent trend at Mauna Loa of 1.95 ppm¥ir The sea-
gases with the precision and accuracy needed to evaluatgonal amplitude of C@mole fraction in the free troposphere
ground-based and satellite-based column @8imates, test (FT) was half that in the planetary boundary layer (PBL)
forward and inverse models, and help with the interpreta-(~ 15 ppm vs.~ 30 ppm) and twice that at Mauna Loa (ap-
tion of ground-based C£mole-fraction measurements. Dur- proximately 8 ppm). The C®horizontal variability was up

ing flights, we measured Gand meteorological data con- to 10 ppm in the PBL and less than 1 ppm at the top of the
tinuously and collected flasks for a rich suite of additional vertical profiles in the FT.

gases: CQ, CO, CH, N,O, 13C0O,, carbonyl sulfide (COS),
and trace hydrocarbon species. These measurements were

collected approximately twice per week by small aircraft

(Cessna 172 initially, then Cessna 206) on a series of horil Introduction

zontal legs ranging in altitude from 460 m to 5500 ma.m.s.l.

Since the beginning of the program, more than 400 continu-T"e steady rise and seasonal cycle of atmosphericra®e

ous CQ vertical profiles have been collected (2007_2012)’fracti0n, first documented in detail at the Mauna Loa Obser-
along with about 330 profiles from NOAA/ESRL 12-flask vatory in Hawaii (Keeling, 1960; Pales and Keeling, 1965)
(2006-2012) and 284 from NOAA/ESRL 2-flask (2002— and now at systematic monitoring sites around the world, has
2006) packages for carbon cycle gases and isotopes. Avepreatly contributed to our understanding of the carbon cycle
aged over the entire record, there were no systematic dif2nd its relationship to a changing climate (Peters et al., 2010;
ferences between the continuous and flask 6servations Huntzinger et al., 2011). Nevertheless, uncertainties in the
when they were sampling the same air, i.e., over the onelerrestrial carbon sink are among the greatest sources of un-
minute flask-sampling time. Using multiple technologies (a certainty in predicting climate over the next century (NACP
flask sampler and two continuous analyzers), we documente§!S: 2005; Friedlingstein et al., 2006; IPCC, 2007). In addi-
a mean difference o 0.2 ppm between instruments. How- tion, for climate mitigation policy, there is a growing focus on
ever, flask data were not equivalent in all regards; horizon-esting and implementing methods for monitoring and veri-

tal variability in CQ mole fraction within the 5-10 min legs fyin? azrgfl‘;‘;mgenic emissions (Mays et al., 2009; Shepson
etal., :
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Atmospheric CQ mole-fraction observations, combined  We designed our airborne program to provide a well doc-
with inverse modelling, can be used to estimate land andumented data set able to meet the science needs identified
ocean CQ sources and sinks at regional and continentalabove. Our high frequency vertical profiles from SGP have
scales (Tans et al., 1990; Enting et al., 1995; Rayner et al.proven useful in validating atmospheric £©@olumn mea-
1999; Gurney et al., 2002; Ciais et al., 2010). In addition, air-surements from ground-based Fourier transform spectrome-
borne and tall tower observations of atmospheric, @@le ters (Wunch et al., 2010, 2011) and satellite-based retrievals
fraction are increasingly used to validate satellite-based ofKulawik et al., 2010, 2012; Kuai et al., 2013). The objec-
ground-based column CQetrievals, test new airborne sen- tives of this paper are to: (1) use multiple technologies to
sors (Abshire et al., 2010), and test the representativeness oflidate airborne observations collected in the US Depart-
ground-based observations (Xueref-Remy et al., 2011). Air-ment of Energy (DOE) Atmospheric Radiation Measurement
borne campaigns with continuous g@bservations can also (ARM) Climate Research Facility (ACRF) SGP; (2) present
be used to investigate the horizontal and vertical variability ofresults from a multi-year record of G@bservations to ex-
CO, mole fraction at multiple scales (Lin et al., 2004; Choi plore seasonal, vertical, and high frequency patterns in con-
et al., 2008; Carouge et al., 2010). tinuous CQ observations; and (3) provide documentation

However, there are many fewer airborne campaigns tharand uncertainty quantification to enable application of these
there are land-based tower observations, few vertical proebservations to a broad set of research questions.
files relating planetary boundary layer (PBL) and free tropo-
sphere (FT) mole fraction, few measurement programs with
regular airborne observation missions, and poor uncertaintp Methods
guantification (Hill et al., 2011). As a result, inversions are
under-constrained (Ciais et al., 2010). Publications on mod-The ARM program supports a large testbed300x 300 km)
elling of atmospheric transport (Peters et al., 2007; Pickettfor measurements and modelling in the US Southern Great
Heaps et al., 2011) and GGurface flux inferred from atmo- Plains (Ackerman et al., 2004). All atmospheric and climatic
spheric inversions (Stephens et al., 2007; Ciais et al., 2010yariables measured in the ACRF are available from the ARM
have called for more precise continental £@ole-fraction  Data Archives Wwww.arm.goy. The heart of the SGP site
vertical profiles. There are also errors in inversion estimatess the heavily instrumented central facility (CF) located at
due to uncertainty in C®observations themselves (Rayner 36°37 N, 97°30' W, 314 ma.m.s.l., near the town of Lamont,
et al., 2002), and regions poorly constrained by the measure©klahoma. Forests dominate the eastern one-third of Okla-
ments (Gurney et al., 2004). Measurement errors have beelnoma and the ACRF; the western half of the state is primar-
assumed to be small, based on laboratory calibration andy agricultural and grassland. Spring and early summer is
analysis of known mole fraction in blind tests (Masarie et al., generally characterized by active weather patterns, with nu-
2001). Another important source of error in inverse estimategnerous frontal systems and precipitation. In contrast, fall is
is due to the very small mole-fraction differences that mustusually dry and sunny.
be resolved among observing sites to infer spatial gradients The Lawrence Berkeley National Laboratory (LBNL)
in COy surface fluxes. For example, Stephens et al. (2011)ARM Carbon Project started in 2001 with state-of-the-art
estimated thak 0.2 ppm differences between two observa- CO, atmospheric mole-fraction measurements (Bakwin et
tories located 500 km apart must be resolved for a resolutioral., 1998) from a 60 m tower located at the CF, and a system
of ~50g CnT2yr—L. For context, annual net ecosystem ex- of fixed and mobile instruments for measuring £ @ater,
change measured at the Southern Great Plains (SGP) is tyjgnd energy fluxes, deployed at selected locations around the
ically around—300g C n2yr—1: Riley et al. (2009). Like- SGP region (Billesbach et al., 2004; Fischer et al., 2012). In
wise, Marquis and Tans (2008) set a goakdd.1 ppm com- 2002, airborne observations over the central facility started
parability for measurements used in global atmospheric monas part of a joint effort between the ARM program, the Earth
itoring. Inter-laboratory differences assessed from round-System Research Laboratory (ESRL) of the US National
robin comparison have shown that the uncertainty in mea-Oceanic and Atmospheric Administration (NOAA), and the
sured CQ from several laboratories is approaching 0.1 ppmLBNL ARM Carbon project. The focus of this project is
(WMO, 2011), and such comparability is becoming main- to collect aerosol and trace-gas vertical profiles on board a
stream, thanks to the standardization of observational procesmall manned aircraft (Cessna 172). The typical flight pat-
dures and commercialization of new plug-and-play ground-tern consisted of a series of 12 level legs at standard alti-
based instruments developed by companies like LI-COr, Logudes, ranging from 460 m to 5500 ma.m.s.l. centered over
Gatos Inc., Picarro Inc., and others. Nevertheless, the goaghe 60 m CF tower (Fig. 1). Each leg was flown at constant
of < 0.1 ppm has eluded aircraft-based observations, becausatitude and lasted 5 (below 1800 m) or 10 (above 1800 m)
of the difficulty in ensuring high-accuracy measurements un-minutes. Because of additional DOE restrictions on instru-
der changing ambient pressure and temperature in a mechament flight rules, these flights had a strong daytime, clear-
ically stressed environment. sky bias (Fig. 2). In contrast to short-duration airborne ob-

servations presented in previous studies (Langenfelds et al.,
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Fig. 1. (Left) Vertical flight pattern for flights deployed over the ARM/SGP from 460 m to 5500 ma.m.s.l. (Right) Horizontal projection

of flight pattern centered on the tower of ARM/SGP, overlayed over a true color land cover picture of the region. Red square shows the
location of the SGP central facility 60 m tower. Orientation of the flight pattern depends on prevailing winds and changes with altitude to
avoid contamination by platform exhaust. Yellow lines show the flight path for a typical flight (24 October 2011).

Karion et al., 2013), our observations were the first routine 18 22 2 6 10 1

— T

atmospheric C@profiles co-located with simultaneous con- 100 —— 7
tinuous ground C@ flux and mole-fraction measurements - IRmo (N=329)
in the US and/or continental sites. Further, they were for a 80 [ l2-Fiask(N=199) i
time the only such measurements conducted routinely over I PP (N=355) .

the agricultural heartland of North America. Flask samples

are analyzed by NOAA ESRL for a suite of carbon cycle 60 - 7
gases and isotopes, thereby linking all flights to the global
cooperative air-sampling networkt{p://www.esrl.noaa.gov/
gmd/ccgg/flask.html In 2006, the aircraft was upgraded to
accommodate a larger payload (Cessha 206), and instrumen
tation for flask collection at 12 heights was added. In 2007, 20 i .
continuous CQ mole-fraction measurements were initiated, | il
making these the only routine, long-term, continuous,CO oL

profile observations over the US. In 2008, the airborne pro- 0 4 8 12 16 20 24
gram expanded its scope and became a separate project: )

the ARM Airborne Carbon MEasurements Project (ACME). Hour at Top of Profile (GMT)

Data collected under this program can be accessed throughg. 2. Frequency histogram of hour at which highest altitude sam-
the ARM web-based portalh(tp://WWW.arm.govlcampaignS/ pling took place, sorted by sampling system.

aaf2008acmpe All CO, observations in this paper are re-

ported in the WMO/GAW X2007 scale.

40+ .

Number of Flights

=S I = S I

2.1 Flask-based observation methods a given altitude per flight, either in the mid-PBt 600 m),

or in the FT (3000 m). If the pair of flasks was collected
Starting in 2002, we collected bi-weekly flasks as part of thein the mid-PBL, we tried to coordinate airborne sampling
NOAA/ESRL Global Monitoring Division Aircraft Group. with ground flask sampling, yielding near-synchronous col-
Flask samples were, and continue to be, analyzed in Boullection of samples at 60 m and 600 m. A total of 676 flasks
der by the Carbon Cycle Greenhouse Gases group (CCGGyere collected and analyzed between September 2002 and
for CO,, CHy, CO, H, N2O, and Sk; and by the Institute  January 2006 with this system, leading to 334 pairs of obser-
of Arctic and Alpine Research (INSTAAR) for many volatile vations. Among those pairs of flasks, 199 were collected in
organic compounds (VOCs) such as acetylengHiG and  the FT and 135 were collected within the PBL (including 51
propane (@Hsg). A pair of flasks (2 L each) was collected at ground coordinated samplings).

www.atmos-meas-tech.net/6/751/2013/ Atmos. Meas. Tech., 6, 7533-2013
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The two-flask sampler was upgraded in 2006 and a 12- - E
flask sampler, designed by NOAA/ESRL, was installed on
the aircraft and has been used up to the present. With this - @
technology, samples are collected on each horizontal leg of
the vertical profile described in the section above. The flask
sampler has two components: (1) a rack-mounted precisio

3-way Valve Flow Meter

compressor package (PCP) and (2) a portable multi-flask Fe=—(——=
package (PFP). Prior to each flight, the pilot connects a hew

/ . . Manifold - (“sample el )E‘:ﬁ: Buffer
PFP to the resident PCP. An automatic test is then performeg v vaive
to check for leaks and plumbing problems. The PCP is con- 2 Bypass =
nected to a platform display that allows the pilot to trigger Needi valie

sampling when the desired location and altitude have been
reached. For each sample, the inlet is first flushed with 5 L of
ambient air; then the flask itself is flushed with 10 L of am- Compressor
bient air. After the inlet is flushed and the flask is complete, At

the downstream valve of the flask is closed to achieve a 40

psia pressurization of the flask. After each flight, the filled Fig. 3. Air flow for RMO continuou§ analyzer. Note that there are
PFP is returned to the NOAA laboratory for analysis of the feedbacks loops between proportional valves (not shown) and the
suite of trace gases. As of July 2012, a total of 3868 flaskg"""e€ flow meters and pressure transducer of the buffer volume. MP
had been collected, constituting 332 vertical profiles. Due tOls the chemlcal drier filled with Magnesium Perchlorate. DPT is the

. N o dew point temperature sensor.

infrastructure requirements for maintaining a large stock of

operational PFPs and conducting the intensive analyses per-

formed on the flask samples, we are currently collecting flask

samples on only one out of every three-four flights. by a cartridge of magnesium perchlorate (MP)), and electri-
cal cables.
2.2 Continuous CQ observation methods Forty-five minutes before take-off, the pilot turns the sys-

tem on by flipping a single power switch and operating three
In June 2007, a continuous NDIR G@nalyzer (hereafterre- mechanical valves that enable air flow between the sub-
ferred to as RMO for rack mount system #0), built by Atmo- systems and isolating the plumbing from outside air when it
spheric Observing System Inc. (AOS, Boulder, Colorado),is not being used. The analyzer operates autonomously dur-
was deployed on the aircraft (Fig. 3) and has been used eveng flight. The steps are reversed at the end of a mission. Data
since. This type of analyzer has been used by other researdre typically downloaded within minutes after each flight.
groups located in Spain, Germany, and Hungary (Font et al.Diagnostics of the system (lags, flow rates, drying efficiency,
2008; Chen et al., 2010; Haszpra et al., 2012). The core of théemporal variability) and decomposition into vertical profiles
system is a nickel-plated, differential aluminum analyzer andand transects are done in final form in about 10 min by a pro-
gas processor, designed around two identical nickel-platediram developed and written by AOS, Inc. Additional soft-
gas cells, one for reference gas and the other for samplevare is used to track reference gas usage and diagnose the
gas. Radiation sources are collimated through the gas cellgneumatic and electronic performance of the analyzer. The
and then concentrated onto temperature-controlled photosystem is intended to be used to measure @Qhe atmo-
detectors. Absorption of the radiation serves as the measurgphere (350 ppm to 450 ppm range). It has negligible sensi-
of CO, mole fraction. There are no moving parts, and thetivity to the motion of the platform. Typically, the air stream
sources are modulated electronically at 8 Hz. A pair of identi-reaching the sample cell has a dew point-&5°C, corre-
cal radiation filters, one in front of and the other behind, eachsponding to less than 100 ppm water vapour.
gas cell isolates radiation to the targeted molecular band cen- During the warm-up cycle, the reference cell is flushed
tered at 4.26 um with a width of 0.20 um. The final piece of with differential zero gas (which is the only gas that the cell
the analyzer is the custom digital demodulator, which con-ever sees) for two minutes at 0.2 slpm to make sure the ref-
verts the differential AC signal generated by the analyzererence cell is dry£55°C dew point temperature) and fully
into a DC response. The resulting DC signal is an averagedlushed. After the first two minutes, the flow in the reference
count of CQ mole fraction over a specified bandwidth (cur- cell is alternatively turned down to no flow (for 20s) or to
rently 8 Hz) reported in volts, and a corresponding samplea trickle flow (0.01slpm for 3 min). During that time, the
dew point temperature (DPT). The system controls flow rate sample cell is flushed at 0.2 slpm with differential zero gas
pressure, and valve switching. The remainder of the systenffor 20 s) or dried ambient air (for 3 min). This cycle is re-
consists of compressors, dry reference gases (called respopeated 6 times. The warm-up phase ends with constant flush-
sivity, zero, and target in the text below), an air drier (a com-ing of the sample cell using dried atmospheric ambient air
bination of a semi-permeable membrane (Nafion) followedfor 11 min. The warm-up cycle, which consists of flushing
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the plumbing and both cells, takes about 45 min and must ASCENT DESCENT

be completed prior to take-off. After the initial 45min, the £ 415[ . . . .

measurement cycle starts, consisting of calibration gas mea- & 395/ . e

surements (20 s), followed by 3 min sampling measurements. o' | GEECEEEEEEElie e *oc eros sese seee os

The calibration is a differential zero, a target, or a responsiv- 8 375 .

ity gas. Every fifth differential zero is alternatively replaced E 355! 1

by either a responsivity or a target gas measurement (Fig. 4). ! R R R . A5E
Regular maintenance consists of: (1) replacing the mag- . e 395%

nesium perchlorate cartridge every 45 flight hours (about L vees soee sese 500e cese cees seee ssee sese | 9

every 15 flights for our project) to minimize the effects B 1375 &

of water vapour; (2) recharging the reference gases every,g I ’3553

240 flight hours (about every 80 flights for our project); & 51 7 o=o.0s pom (v=as09) _ o

and (3) verifying the calibration of the reference gases us- ' 0.757 7

ing 14 field-standard cylinders ranging from 350 to 450 ppm S 0 4

(WMO X2007 scale). As of March 2012, the original ana- < 075 ]

lyzer (RMO) has performed with an accuracy 0.2 ppm S sl

at 1 Hz (including bias) for more than 329 missions1(000 o 15 16 17

14
flight hours). The calibration of the on-board cylinders (dif- Hour (GMT)
ferential zero, responsivity, and target) is crucial and done _
when cylinders are installed in the analyzer system on thdig. 4. CO, mole fraction collected on 21 March 2011 by the two
platform, i.e., in the field, replicating measurement condi- continuous analyzers. Top and middle panels show observations by

tions. To achieve this, field calibration cylinders are con- RM0and RM12, respectively, organized by ascentand descent. Red

nected to a buffer volume (100 mL), vented to ambient pres_C|rcles give target, dark blue urf:les give zero, light-blue circles give
responsivity, and black dots give unknown sample measurements

sure. Calibrating the machine at the inlet of the system (not(l Hz). The bottom panel shows the mean differene8.04 ppm)

only the analyzer) is important to account for all biases assopeqyeen @ mole fraction measured using the two continuous sys-
ciated with the machine (drier, plumbing, analyzer itself). It tems.

is worth noting that we run reference gases through the drier
when we perform calibrations of the on-board cylinders on

the ground, but not in flight. Considering that it takes on average about 3 weeks for a
flask to be shipped to the sampling location, collected, and
2.3 Supporting data returned to the lab for analysis, there may be a storage offset

of as much as-0.2 ppm.
Between 2002 and 2008, relative humidity (RH) and temper- On 16 March 2011 a second analyzer built by AOS
ature () vertical profiles were recorded continuously as part (RM12), was deployed on the aircraft with an intentional
of the ARM in situ aerosol profiles (IAP) campaign. Since 15 seconds plumbing delay relative to RMO. Except for hav-
2008, RH andr’ profiles have been collected as part of the ing an older, noisier generation of electronics, RM12 is very
on-board ozone analyzer. Because these ancillary data agmilar in operation to RMO0. The two AOS analyzers (RMO,
collected by independent data acquisition systems, we do ndRM12) ran independently, operated with separate calibra-
always have a full set of observations of RF,and contin-  tions, had their own compressors, and pulled air from an

uous CQ. inlet also servicing the flask package. This intentional de-
lay makes it possible to observe solitary transient phenom-
2.4 Repeatability and accuracy ena and bias against any platform-induced effects that should

have zero delay. To assess the performance of both systems
Immediately after collection, each flask package is returned®n the ground, a common gas source (a cylinder on board the
to NOAA/ESRL for analysis of as many as 55 trace gases. Adircraft) of known mole fraction was measured by both con-
non-dispersive infrared analyzer measures 100 mL of samplénuous analyzers for one hour on 2 August 2011 (Fig. 5).
for CO, with a repeatability of-0.03 ppm (Conway et al., Repeatability for RMO and RM12 was 0.10 ppm (standard
1994). The repeatability of the instrument is determined fromdeviation of N = 2814 observations) and 0.25ppm (stan-
1 standard deviation of 20 aliquots of natural air measured dard deviation ofV = 2937 observations), respectively. Ac-
from a known cylinder. Note that flask-based observationscuracy, including the specific mission calibration and accu-
have a documented bias ¢f0.007 ppm per day of storage racy of reference-gas delivery, was 0.13 ppm a6d06 ppm
(http://lwww.esrl.noaa.gov/gmd/ccgg/aircraft/qc.htaile to ~ for RMO and RM12, respectively.
differential diffusion of CQ through the Teflon O-ring seals
located at the end of each flask. This bias is not taken
into account when flask-based measurements are reported.
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Fig. 5. Accuracy and repeatability in the aircraft on the ground for
the two continuous C®systems (black=RMO0 and blue=RM12)

estimated from the measurement of £@ole fraction delivered by s e 3 0_3 2 4 0 L 2 3
a cylinder maintained at ambient pressure and flushed continuously (d) RMO - RM12 (ppm)

by a stream of reference gas calibrated earlier in the laboratory. Re-

peatability for RMO and RM12 as shown on top panel was 0.10 ppmgﬁc?u?'(sér,:/?g)t Ic:r]]g fffgzkdgifsnuii;a;(ﬂ;l ts&%e;ﬁzﬁz:l Crﬁg:a-
(standard deviation aV = 2814 observations) and 0.25 ppm (stan-

dard deviation of¥V = 2937 observations), respectively. Accuracy surements collected above 3500m, i.e. ".] ‘he(.E)‘?MO and fiask .
. . N .~ measurements collected below 1000 m, i.e. within the PBL, during
as shown on bottom panel, including the specific mission calibra-

. . he November 2007 through March 2012 time period. The distri-
tion and accuracy of delivery of reference gas, was 0.13 ppm an ution of the difference calculated between two continuous CO
—0.06 ppm for RMO and RM12, respectively. 2

analyzers (RM0O and RM12) from observations collected between
March 2011 and August 2011 is shown in pa(@). Each point

. refers to the mean difference between a flask sample and the 1-min
2.5 Data quality check average of the continuous observations centered around the time

. . . . . that the flask was filling, one for each of the 12 steps during de-
To improve confidence in the flask observations, in 2002 weg q¢

started collecting a pair of flask samples either in the FT, or
in the mid-PBL. Besides the usual assessment of flask con-
ditioning and actual measurement quality control, which in-a fluctuating atmosphere by the flask technology is proba-
cludes the difference between the two members of the paibly a significant source of noise for this comparison (Fig. 6b
(the pair was flagged if the pair difference is larger thanand c). The “flushing + acquisition” window of the flasks is
0.5 ppm), we also cross-referenced sampling date and timdens of seconds, and fluctuations in the PBL can be large (a
latitude, longitude, and elevation for each individual flask. ppm or more) during that time interval for an aircraft fly-
Around 5% of the flask measurement metadata initially re-ing at approximately 100 nT$ (see discussion below on ob-
ported were inconsistent with actual observation metadataerved horizontal variability). Figure 6b and ¢ show that the
and were subsequently corrected. standard deviation of the mean difference between RMO and
In 2006, we began observations with the 12-flask systemflask samples is smaller in the FT (0.47 ppm) than in the PBL
Between June 2007 and March 2012, consistency check&.67 ppm).
of our airborne observations were performed by compar- As mentioned above, on 16 March 2011 RM12 was de-
ing continuous measurements and flask-based observationgloyed on the ACME platform. RM12 showed a repeata-
This process was a cross-validation between two indepenbility of 0.25 ppm (standard deviation df = 2937 obser-
dent systems (rather than merely a validation of one systervations), due to the use of noisier earlier generation elec-
by the other) and permitted detection of possible issues withtronics. Figure 7 gives an example of observations collected
either system. During this period, 359 RMO-based verticalusing all three systems (RMO, RM12, and PFP) during an
profiles and 2144 flask samples were collected. Figure 628 April 2011 flight. The mean and standard deviation of
shows the distribution of the difference between 1-min aver-the difference between RMO and RM12 was 0.06 ppm and
aged RMO data and the corresponding flask data. Across thi8.3 ppm, respectively. Noise in the difference between obser-
dataset, there is no significant offset between the two sysvations from the pair of analyzers should equal the square
tems (mean difference 6f0.08 ppm, Fig. 6a), and the stan- root of the sum of the square of the accuracy of each ana-
dard deviation of the difference is 0.6 ppm. The distribution lyzer. For thirty-seven flights between 16 March 2011 and
of the difference has a fairly long tail, meaning that some-30 July 2011, comparisons made in the same manner gave
times the flask-based and RMO observations do not compara mean RM0-RM12 difference 6£0.08 ppm and a stan-
well with each other. The timing of sample acquisition of dard deviation of the difference of 0.31 ppm. The standard

100 B

n
o
T
I

o

-1 0 1 2
(c) RMO - Flask (ppm)
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3.1 Typical atmospheric CQ profiles

Fig. 7. CO, mole fraction collected using multiple technolgies

(RMO, RM12, and PFP) during an 28 April 2011 flight. The top Observed mole-fraction patterns are driven by-G0urces
panel shows the time series of g@nole fraction measured us- and sinks, as well as atmospheric transport (Gerbig et al.,
ing all three systems. The middle panel shows the mean difference03: Choi et al., 2008). Flights were usually made in the
(0.06 ppm) between Comole fraction measured using the two rack gfternoon (Fig. 2), when the PBL is fully developed. Verti-

mount systems. The standard deviation of the difference is 0.3 PPMeg| mixing in the PBL responds to land-surface properties

The bottom panel shows a regression of the observations made USUch as temperature. moisture. and wind speed (Denning et
ing RMO and RM12 systems. Open purple and yellow circles cor- P ’ ! P 9

respond to the ascent and descent parts of the flight, respectively. al., 1995). Above th? PBL, the atmospherg IS usuglly non-
turbulent and stratified, and GQmole fraction are influ-

enced by large-scale circulation (Stull, 1988). Figure 8 shows

deviation of the difference was largely controlled by the vertical CQ mole-fraction profiles collected during the de-
electro-optical noise of RM12 (Fig. 6d). scent portion of three typical flights (Fig. 8a: 18 March 2009;

The use of multiple technologies on the ACME platform Fig. 8b: 20 May 2009; and Fig. 8c: 27 October 2010), using
is important, because of the substantial changes in ambierthe RMO analyzer and flask-based measurements. The ob-
humidity, pressure, and temperature that the platform experiserved variability across any particular horizontal leg demon-
ences during a flight. Mean absolute mole fraction measuredtrates the difficulty of comparing GQlask and continuous
by a continuous analyzer are validated by comparison withmeasurements. The differences between flask and RMO ob-
flask observations. An additional level of validation is made servations are larger within the PBL and where large horizon-
by comparing continuous observations with each other, ondal variability is observed by RMO. In addition, flask-based
analyzer having an intentional lag of 15 s with respect to theobservations do not give information about fine-scale vari-
other one. Atmospheric fluctuations must be detected by botlability in CO, mole fraction.
analyzers, one analyzer's response to these fluctuations lag- During wintertime in general and for the flight described in
ging behind the other analyzer’s response by 15s. Any flucFig. 8a specifically, plant respiratory flux and anthropogenic
tuations happening simultaneously or with some other dif-emissions dominate the land—atmosphere exchanges (Pataki
ferential lags in both analyzers must be viewed as artifactset al., 2007). Figure 8a shows that the £fMole fraction
This approach has improved objectivity of the airborne plat-in the PBL are relatively uniform around 397 ppm, while
form substantially by allowing detection and diagnostics ofthe CQ mole fraction above the PBL are 10 ppm lower.
problems in all parts of the system: leaks in the flask sam-During summer and fall, in general and for the flight de-
pler compressor package, drift in calibration cylinders usedscribed in Fig. 8c, vegetation photosynthesis drives the land—
by the continuous analyzers, and aging of the inlet tubing. atmosphere exchange (Bakwin et al., 1998). In those seasons,
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ON 380 Fig. 11.Climatology of all vertical profiles collected between 2007
O 360 I ¢ and 2010, shown as an anomaly relative to mole fraction at Mauna

* Loa (Mauna Loa data not yet available in 2011). £gbservations
2001 2005 2009 2013 at the Mauna Loa observatory have been interpolated on a weekly
) ) . . ) basis to normalize flight profiles. Gbservations are binned into
Fig. 10.Time series of C@vertical profiles collected from Septem- 15y gititude pixel and weekly flight profiles. Each quadrant of the

ber 2002 through July 2012 from flasks collected at 3000 m (aboveyanh, corresponds to a 3-month average climatological vertical pro-
the PBL, red circlesV = 740) and 1000 m (below the PBL, black  fjie (3rMm: January-February-March, ...). The solid black line shows

circles,N = 604). the mean vertical profile calculated across each 3-month average,
and the yellow shaded area shows one standard deviation around

. . o the average value.
the vertical pattern is reversed; g@ole fraction in the PBL

are relatively uniform around 381 ppm, while g@ole frac-

tion above the PBL are 10 ppm higher. Figure 8b shows rela-

tively uniform CO, mole fraction from the top to the bottom ~ 15ppm, due to ecosystem exchanges with the atmosphere,
of the vertical profile. May is a transition time in Northern Proximity to fossil sources, changes in PBL depth, and ex-
America, with the land-surface dominance shifting from a changes with the FT (Pearman et al., 1983; Enting and
plant respiration to a plant uptake, even if May is the monthMansbridge, 1991; Denning et al., 1995). £&®asonal cy-

of peak uptake by regiona”y grown winter wheat (R||ey et cle amplitude and trend can be estimated at different eleva-
al., 2009), resulting in similar mole fraction above and be-tions using both continuous and flask observations. Figure 9
low the PBL. Summer, fall, and winter conditions are associ-Shows continuous Cfbbservations collected using RMO be-
ated with a large difference in GOnole fraction across the tween November 2007 and July 2012. Figure 10 shows CO
top of the PBL (2000 m). Although this fairly large gra- Observations collected from flasks between September 2002
dient across the PBL was observed using continuous meaand July 2012. The seasonal maximum and minimunz CO
surements of C@®from a tall tower (Helliker et al., 2004) mole fraction occur in March and August of each year, re-
or flasks collected from an aircraft (Williams et al., 2011) spectively, reflecting photosynthetic drawdown and terres-
has been used to estimate net DX, uncertainty on those trial ecosystem respiration (Conway et al., 1994). The timing
estimates has not been well quantified, and the use of regpf the seasonal cycle is nearly the same at both heights. Over
lar continuous airborne observations could help improve esthe 10yr record, the peak-to-peak amplitude of the seasonal

timates of flux. cycle is~ 15 ppm at 3000 m (FT), and 30 ppm at 1000 m
(PBL) (Figs. 9 and 10). The difference in the seasonal cycle
3.2 Seasonal patterns amplitude between the two heights is large1® ppm) be-

cause the seasonal amplitude of J@the PBL is amplified
Ground-based observations in the SGP show @0le frac- by the rectifier effect of seasonal variation in PBL height co-
tion varying diurnally by up to 100 ppm and seasonally by varying with CQ sources and sinks (Denning et al., 1995).
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The FT line includes observations from three horizontal legs be- b + 1 2000§
tween 2500 m and 3200 m a.m.s.l.; the PBL top line includes obser- 11000
vations from one horizontal leg at1000 m a.m.s.l.; and the within
PBL line includes observations from two horizontal legs between : : 0
500m and 600 ma.m.s.l. The PBL legs were 5min and are scaled 0 025 05 0.75
to fit the same distance axis. (Right panel) The same data as in the Std. Dev. (ppm)

left panel, plotted as probability distribution functions for FT, PBL __ o ) )
top, and within PBL C@ mole fraction. Data were non-normally Fig. 13.The standard deviation of the differences in£{@ole frac-

distributed in the FT and at the PBL top; these types of non-normaltion between RMO and flasks collected between 2007 and 2012.
distributions were common throughout the five years in all three al- 1 "€ RMO data were binned to 1-min averages. Each quadrant of

titude regimes. There was an offset, or bias, between the flask valug9€ 9raph corresponds to a 3-month average climatological vertical

and the mean value of the continuous data in the PBL but not in thé®"ofile:
FT.

) ] 3.3 Horizontal variability with altitude
Other work has shown that covariance of atmospheric trans-

port also contributes to the large seasonal amplitude Obpg gescribed earlier, large variability in the g@ole frac-
serv_ed in the SGP (W|Illams etal, 2011). The Q@olg- _tion across individual horizontal legs was commonly ob-
fraction trend at 3000 m estimated from RMO observations isqared. with three implications for carbon cycle studies
~1.91 ppmyr?! between 2008 and 2012, very close to the (Fig 8),

Mauna Loa trend of 1.95 ppmyt over the same period. First, the horizontal variability sometimes resulted in bi-
Although historical time series of vertical profiles give ases between flask and continuous,@@asurements when
valuable information (Figs. 9 and 10), gtmospheric ransporty, e fask values were compared to continuous data for the
modelers are usually more interested in weekly or monthly,nqie fight leg. In that situation, the use of instantaneous

average observations rather than a particular observation Q{4sk measurements to characterize,Gfole-fraction gra-
flight. A seasonal composite of vertical @@nole-fraction  gients tg inform atmospheric inversions of surface,G®-
profiles between 2007 and 2011 (Fig. 11) demonstrategyanges may also be biased. We present several examples

the regional effects of plant activity and anthropogenic ¢ ¢, mole-fraction heterogeneity and mean biases across
sources relative to the well-mixed northern hemispheric sig-saa50ns. To illustrate vertical and horizontal Lole-

nal recorded at Mauna Loa. The g@ertical gradient be-  fraciion variability, we chose a single flight from 4 Au-
tween the FT and PBL is negative (-7 ppm) inwinterand 4,5t 2008, a day that is typical of this time of year in the SGP,
positive -4 ppm) in summer. No vertical gradient was ob- o ~after the dominant crop (winter wheat) has senesced,
served when all flights were averaged over spring. Itis impor-, o pasture is at peak productivity, and the PBL is rela-
tant to remember that Fig. 11 shows a composite of flights,tive|y high (Fig. 12). On this afternoon, FT continuous and
meaning that individual flights occasionally had very differ- ¢, CG mole fraction were 384.3 ppm (stdev = 0.24 ppm)
ent vertical structures, as indicated by the relatively large, 3g4 2 ppm, respectively. The continuous,@@le frac-
measured standard deviation. The standard deviation is 1ar9j,, had a left-skewed probability distribution, and there
in the PBL than in the FT, decreasing monotonically with al- 55 g significant difference between continuous and flask
titude, reflecting hemispheric mixing. It remains significant ., .4surements. Within the PBL, continuous and flask CO
(> 1 ppm) relative to the instrumental precision of 0.1 ppm, mole-fraction means were 386.5 (stdev=0.32ppm with a

up to 5000ma.m.s.l. roughly symmetric probability distribution) and 385.8 ppm,
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respectively. The bias between the means of the continuinfluence on the amplitude of seasonal variability in mole
ous and flask C&mole-fraction measurements was 0.7 ppm. fraction. The secular increase in the FT atmospherie CO
The CQ mole fraction at the PBL top were much more mole fraction at SGP was consistent with the trend at Mauna
variable (386.2 ppm; stdev =0.69 ppm) with a flatter and bi-Loa of 1.95 ppmyrZ.
modal probability distribution, and the single flask value There was substantial variability in the @@ole fraction
was 0.41 ppm lower than the mean of continuous data. Figever the 5-10 min horizontal legs, generally larger within the
ure 13 characterizes the variability between flask and conPBL and smaller in the FT. A better understanding of the
tinuous data over the five years of observations by elevationsource of this fine-scale variability would give insight into
In general: (1) horizontal variability and consequent differ- controls on vertical transport mechanisms for atmospheric
ences between continuous and flask,®@le-fraction mea- CO, and improve atmospheric inversions.
surements were larger in the PBL than in the FT, and sum- To test whether comparability goals have been met, for ex-
mer than in winter; (2) maximum variability was seen at the ample the WMO/GAW target ok 0.1 ppm, we recommend
top of the PBL, except in spring, when it was maximum that multiple technologies be deployed on each airborne plat-
near the surface. We note that the horizontal leg segmentform. From our experience in the field, no single technology
of the vertical profiles are 5 and 10 min long (lengtf20 km can be assumed to provide objective observations on a long-
and~ 40 km), above and below 2000 m, respectively, which term basis. The combination of duplicate continuous instru-
might not capture the full extent of the regional horizontal ments and flask collection gives rigorous diagnostics and a
variability. well-defined confidence level, and can be used to validate an

Second, the horizontal variability had vertical and seasonabbjective sampling strategy when high precision and accu-
structure, with more variability at the PBL-FT interface than racy are required.
above or below, and more variability when there was a larger
mole-fraction gradient between PBL and FT to mix across
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