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Abstract:

The Measurement of Air Pollution from Satellite (MAPS) instrument measures carbon monoxide (CO)
in the middle troposphere from a space platform. In anticipation of the deployment of MAPS aboard the
space shuttle. Endeavor for two 10-day missions in 1994, plans were made to prepare a set of correlative
measurements which would be used as part of the mission validation program. Eleven laboratories
participated in the correlative measurement program by providing NASA with the results of their CO
field programs during April and October 1994. Measurements of CO in the boundary layer, while not
used in the MAPS validation, provide a picture of CO in the lower troposphere. Because measurements
of CO made by different laboratories have been known to differ significantly, all correlative team
members participated in an intercomparison of their measurements to define potential differences in
techniques and calibration scales. While good agreement was found between some laboratories, there
were differences between others. The use of similar analytical techniques and calibration scales did not
always provide similar results. The results of the intercomparisons were used to normalize all
ground-based measurements to the National Oceanic and Atmospheric Administration/Climate
Monitoring and Diagnostics Laboratory CO reference scale. These data provide an intemnally consistent
picture of CO in the lower atmosphere during spring and fall 1994,
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An internally consistent set of globally distributed atinospheric
carbon monoxide mixing ratios developed using results
from an intercomparison of measurements

P.C. Movelli,! ¥.5. Connors.2 H.G. Reichle, J¢.,2.3 B.E. Anderson,2
C.AM. Brenninkmeijer,4-3 E.G. Brunke 6 B.G. Doddridge,” V.W.J H. Kirchhoff,?
K.5. Lam,? K. A. Masarie, |12 T. Matsuo,!! D.D. Parrish,'2 H E. Scheel,!3 and

L.P. Stegle)d

Abstract. The Measurement of Air Pollution from Satellite (MAPS) instrument measures
carbon monoxide (CO) in the middle roposphere from a space platform. In anticipation of the
deployment of MAPS aboard the space shuttle Endeavor for two 1Q-day missions in 1994, plans
were made to prepare a set of corrglative measurements which would be used as parl of the
mission validation program. Elever laboratories pariicipated in the correlative measurement
program by providing NASA with the results of their CO field programs during April and
October 1994, Measurements of CO in the boundary layer, while not vsed in the MAPS
validation, provide a picture of CO in the lower troposphere. Because measurements of CO
made by different laboralories have been known to differ significamly, all correiative team
members participated in an intercomparison of their measurements to define potential
differences in techniques and calibration scales. While good agreement was found between
some laboratories, there were differences between others. The use of similar anaiytical
techniques and calibration scales did not always provide similar resulis. The results of the
intercomparisons were used to normalize all ground-based measurements to the Mational
Oceanic and Atmospheric Administration/Climate Monitoring and Diagnostics Laboratory CO
reference scale. These data provide an internally consistert piciure of CC in the lower

atmosphere during spring and fail 1994,

Introduction

Dring the past 25 years, measurements of carbon monoxide
(OO0 in the aomosphere have been made by research groups
around the world. These were used 1o deseribe the distributions
of CC in the boundary layer and in the upper troposphere,

TMOAA Climate M and Di
Celorado.

INASA Langley Research Cemicr, Hampron, Virginia.

*Mow o Depariment of Morine, Earth and Atmosphenc Sciences,
Norh Caraling Stae University, Raleigh.

Mauenal Instiie for Water and Atmosphenc Research {NIWA).
Instioee of Geological and Muelear Sciences, Lawer Hun, Mew Zealand.

*Now at Max Planck Lnstlute for Chemistry, Mz, Germany.

A[M EMATEK, CSIR, Stellenbosch, South Africa.

W of M logy. Lini 1y of Maryland, College Park.

*insttuto Nacional de Pesquisas Espacias (INPE), San Jose dos
Campas, Sac Pavlo, Brazil.

*Department of Ciwil and Siwcteal Engineering,
Polucchmc Institute, Hong Kong,

Alse at Cooperanve Institute for Rescarch in Envimnnental

Sciences (CIRES), University of Colorado, Boulder.

".I:lp.'ln Meweorolagical Agency, Tokyo

'NOAA Acmnomy Laboratory, Bou!der Colorado

for A

G-'lllnls:h Panenkirchen, Gennany.

“Commonwaalih Sewentifc and Indusirinl Research Qrganization
{CSIRQ), Division of A pheric Research, Aspendab

Lab v, Boulder,

Hong Kong

I Resgarch,

Australia

Copytight 1998 by the American Geophysical Union,

Paper number 971000031,
0148-022198597) D-0(H)3 ) $09.00

evalugte trends in aumosphenc mixing ratios, and examine the
role of CCin aimospheric chemical cycles [Seifer and funge,
1970; Logan et al, 1981, Novelli et af.. 1992, and references
therein}. It has been reported, however, thal measurements of
CO made by dilferen laboratgries may differ by as much as 30%.
These differences were betisved due, in large pan, w0 differences
in the calibration gases used in the analysis [Weeks or al,, 1989,
Kirchhoff and Marhing, 1990, Novelli et al, 1991]. In the
absence of experi 5 comparing CO made by
varigus groups, the combination of field data in an interprerable
manner was limited, p nting the develop of an acpurate
piciure of global CO disirbutions. This knowledge is needed for
a rigorous evaluation of the current understanding of the global
CO cycle,

Qur programs combine space-based measurements of CO
[Connors et ol.; 1996, Reichie ef al,, this issue] with a sev of
intercalibrated ground-based measurements to provide a detailed
picture of CO in the roposph These «m be
used ta examine the diswibutiens of CO i e ugposphecs,
examine its transpon from source regions, and serve to vatidale
madels ¢f its slobal budger.

Carbon monoxide mixing ratfos in the middle iroposphere
have been examined for short periods of time wusing the
Measurement  of  Air  Pollution  from  Satellites {MAPS)
i . MAPS CC from a spacc platform using
gas filter comelation radiomelry, with a maximum signal al
approsimarely 400 mbar [Reichle et al., 1986, 1990, this issue].
During previous Nights of MAPS (in 198! and 1984) the mission
validation was attempted by comparing measurements of CO
made from space 1o those made in the middle oposphere rom
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argrait platforms.  These conrclative measurements were made
by two laboraiones usng different methods and calibration
scales, The effieciveness of the validarion programs was limized
by the sparsuy of and ing in the correlalive
measurements.  The later were traced o differences in the
calibration scales used by the parucipaung lab ws {Reichi,

enther 50, 100, $50 or 200 ppb CO. The four standards arc
hencefonh referred 1o by these nomanal CO concentrations. The
four cabibration gases were expecied to reflect the range of COQ
minitg ratios found in the oposphere dunng spnng and summer,
the seasons of the scheduled flights of MAPS, Each sizndard was

et al., 1990].

Prior 10 the 1994 Mights, a correlative measurement team was
assembled that agreed 1o provide the MAPS team with the results
of therr field measurement programs during the peniods of the
1994 missions. To maximize the useful of the I
datz, all team members agreed (0 penmicipale in o an
intercemparison of CO measurements,

The comelalive mezsurement team had foer goals: (1) o
compare 0 measurements made by she different laboratogies,
(2) 1o use the Intercomparizon results lo normalize

ked with a dedicaled 1wo-stage, brass, high-punry,
lugh pressure regulator for gas delivery (Scoit Specialty Gases,
Plumsteadville, Pennsylvania}, Because there was only a limated
supply of calibration gas available for the i ison, each
labocatory was asked 1o use 4 mininum amount for 1heir analysis.
The discreet sampling of the GC-HgO methad {which uses very
small sample volumes) may have been Bever suited for this
experiment than the GFC method (which benefils from longer
sampling periods}.
'[he expenment was conducied " hlind" oaly CMDL knew ihe

made in the boundary layer and the free troposphere (0 & common
seate, {37 1o use the intemally consistent duta set o creare a

< ions of the i} pnm te their distribution,
About halfway h the i i y results from

the rm five iaboratories werc pmwded w their principal

detailed picture of CO distriboions in: the tower atmospl and
(4) 10 provide €O mixing ratios measured in the middle
troposphere for use in the MAPS velidation program. The first
three goals are addressed in ithis paper; the validation of the
MAPS measurements is discussed by Reichle er al. |this issue].

Methods

Eleven laboratories pamicipated in the intercomparison
experiment. The principal investigalors, their analytical methods
and calibration schemes, and the locations of wewr Reld
measurements are given in Table |. The analytical methods in
the intercomparison incleded gas ch graphy foflowsd by
hot mercunc oxide reducion detection (GC-Hg) and gas Hleer
eocrelation {GFC) cadiometry, GC-HpO uses chromatogeaphy to
separate chemical components of air. Reduced species {such as
COY then react with solid mercuric oxide to form el I

Upan compietion of the roemd robin, resulls wers
provndad 10 all participants. Fo check for drifi in the standards
during the experiment, CDL calibrated the sandards three times:
at the beginning, in the middle, and a1 the conclusion of the
experiment (Table 2). The precision on 2 CO valoe assigned 1o a
cylinder by CMIL on the basis of calibrations made days or weeks
apart iypically ranges from 0.5 to 1%. Within this unceriainty no
significant change in the CO content of the standards was detected
by CMDL.

Intercomparisen Results

The resulls of the intercomparison (Table 3) show that while
there was generally good agresment belween the laboramories,
(hem were also some differences, Stnce {wo of the goals of the

mercury., which is measured photometrically. Low derection
limirs {2 parts per billion (ppb} {1 peb = Inmole mole !N and
tugh precision (1-2% on multiple analyses) can be achieved. Gas

parison  were 1o define possible  differences in
measurements at various field sites and W subsequently
normahze. freld data to a common seale vsing the reselts of the

filter correiation is a nendispersive infrared technique that
determines ihe absorption of radiaion in the Fondamental
wavelenpgth of OO (4.7 pm). The precision of any reporeed value
improves with longer averaging iime and ranges from 1 to 105
{Parrish e al.. 1994 World Mewcorofogical Organization
(WMO), 19933].  Detection limits depend on instrument
configuration and range from 20 o 100 ppb.

Both techniques require the use of external standacds with
known CO content 1o quantify samples having anknown CO,
The accuracy of both measurements reflects the sum of the
accuracies of the analytical method and the refs € gases.

pari it was imp that the laboratories use the
same protocols in the laboralary which were used in the field,
Ezch laboratory was asked to calibraie the standards using
experimental protocols mimicking those used a their field zites.
1n many cases it was impractical to calibrate 1he standards 2t ¢ach

field site.  As a result, many labormories made  lheir
measurements in their home fab v. The i i
resulls were used ing thal made at the hame

labs and the field sites were consistent. This is a fair assumption
for the GC methad but perhaps 1ess so for GFC, where analysis
mnes were limited by the experimental design. A long-term

While GFC bas a linear vesponse over a wide range of CO
concentrations, GC-HgG often exhibils nonlinear response over
those found in the troposphere.  Resulis from the GC-HgO
technique are therefore sensitive to the calibration procedure
wsed. Detailed descriptions of both methods can be found in the
works of Criff er af. [1995] and WA | 19952).

The imtercomparison ¢xperiment was organized by the
Naional OQceamie and  Almospheric  Administration/Climate
Maonitoring and D Laboratory (NOAMACMDL) as 2
round  cobin calipravion of four CO-in-air mixres.  The
slandards were purchased from Scoit-Marrin, Inc. (Riverside,
Califomia), with the following target (unanalyzed) trace pas
concentrations: 500 ppb Hy, 1700 ppb CH,, 350 ppm €04, and

parison of field measurements made by University of
Maryland {UMd} and CMDL. show somewhat beuer agreement
than that of the laboratory experimem [Defdridge et al., this
issuc]. This improvement reflects ithe longer averaging time vsed
in the feld GFC measurements.

In this paper we do not describe the differences berween
individuat laboralories; the results of the experiment are
presemed in Table 3 for the resder 10 make those comparisons,
In reviewing the results, it should be noted that institlions,
which measure CO in consistently high or Iow CO envirenments,
may not have oplimized their instromenis for the range of CO
lesels in the siandards.

Next we comment on two gcm:rai characteristics of the data
sl and provide possibl for ic dilfe
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Tahle 1. LisiofP;

Their Methods, Siandards. and Sites of Field Measurmenis

[denuficavon*  Principle ) e Methodt/Sandards;  Calibrauond Sives Reference
CMDL P.C. Novelli GC-HpO/CMDL 2 Niwal Ridge, Colorado Novellr et al. [1992}
Mauna Loa, Hawasi
1. Barrow, Alaska
HNOAA/CMADL, Cooperauve
Air Sampling Metwork
NASA-DC8  B.E. Anderson GC-HgO/CMDL 1 Nord Amenca aircalt Mights  ew
UmMd B.G. Doddridge GFCMIST 1.3 Mace Head, Treland Daddridge o1 al. [1992]
Heimaey. leeland
Rapged Point, Barbados
Chesapeake Bay, aircrafl
{FU H.E. Scheel GC-HgOfF 1 Zugspitze, Genmany Critar and Klev [1994]
HiWA C.A.B. Brenninkmeijer  GC-HgO/MNIWA 2 Baring Head, New Zealand Brenninkmeijer [1993]
TSRO P Sieele GC-HgORCMDL 2 Cape Grim, Tasmania +
Pr. Charles, Australia
Cape Ferpuson, Australia
Mawson, Antarctica
L5R E.G. Brurke GC-HgORFU 2 Cape Poim, Bruake er al [1990]
South Afnca
NOAA-AL DD Parvish GFCMST 1.3 Sable Island, Canada Parrish & al [1994]
IMA T. Matsuo GFCCITL 2 Ryori, Japan WMO [19958]
Minamirorishima, Japan
HKP K.S. Lam GFCMIST 13 Cape D'Aguilar, Parrish et al. (1994]
Kong Kong
INFE ¥.W ). Kirchhoff GC-HgOHOGI, CMDL 1 Cutaba, Brazil Kirchhoff and Marifmo
(1990}

*Laboratories are listed in chmnologncal order of their calibration of the smndards. CMDL, National Oceanic and Atmospheric

¥, United Staes; CSIR, Council for Scieniific and Industal

Admunisration (NOAA) Climate b g and Diagnostics Lab

Research, South Afnca; CSIRO, Ccmmnnmiih Sciemific and Indusuml Research Crzanization, Australia; HPK, Heng Kong Polylechnic

b

i Research,

University, Hong Kong: TFU, Fi j For A ic

Research, Brazil; JMA. lapan Meteorological Agency, anan MASA, Natonal A ics and Space Admiai

y: INPE, Brazilian Insutuce for Space
jion, United Siates:

NIW A, Mational Institule of Waier ané Atmospheric Resenrch, New Zealand: NOAA-AL, NOAA Aeronomy Laboratory, Uniied States;

Umd, University of Maryland, College Park.
tAnalytical rethod a3 defined in text.

tStandard seale: CMDL, CMDL CO scale: NlST Nalmnal Instinute of Scignce and Technology, United Sues; OGI, Oregorn Graduate

{nstitute; CIT], Chemical I and Technology

MNIWA, (a5 above),

§Calibeation procedure: | = ane point calibration; 2 = multipoint calibration; 3 = standacd dilution.

**Now provided,

beween laboratories. First, ir is clear that the choice of nnalyhcal

Second, it was found that laboratories using similar rethods
and & « f ¢ scale could have significant differences

hod strongly influenced the results.  The um

associaled with measurements made by gas filler comelation were
greater than those determined by GC-HgO reduction detection.
These differences are directly related to the precision of the
analytical method [WMQ, 19932] ard are mosi dramatic al low
€O Jevels where the erors associated with the mean €O values
determined by GFC were on the average five limes those
determined by GC-HgO. White the error of any particulac
mixing ratio determined by GFC is, in pant, dependent on the
averaging time of the signal, GC-HgQ reduction consistently
praduced more precise results under the experimental conditions
of the inlercomparison.

in the CO values they assigned the slandards. CMDL, the
Asustralian Commonwealth Scientific and Industrial Ressarch
Organization (CSIRO), the Brazilian Institute for Space Research
({Institgio (Macional de Pesquizas Espacios (INPED. and the
Mational Asronautics ang Space Adminisiration-DCE (MASA) all
used GC-HgO and siandards réferenced © the CMDL CO scale,
but the mixing ratios reporied for these standards differed by as
much as 30%. CSIRO and NASA used standards obiained
direcily from CMDL.  The relalionship between the INPE
standards and CMOL was less ciearly defined. Jn the past, INPE
used €O siwadards from the Oregon Graduae Cenler,
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Table 2. Resulis of Muliiple Calibrauons of the Four MAPS
Sundards by CMDL. 1993 10 1995

Noeminal CO  luly 1993 July 1994 Ociober 1995 Mean

approximately 10 ppm CO, about $0-200 nmes greater than
typacal CO in the lower ph Therefore the p d

p

used 10 difute and introduce the standards inio the mirstream and

50 5150213 5190500 SLI0SS)  $1.510.40)
100 9TL040)  982{0290 9761055 916055
150 14770500 1981 (0.40) 1474002490  147.7(035)
00 1974097 1983¢1.20) 198411160  19B.0(0.55)

All meng rnos are expressed as parts per biilion by moke fracnon,
relerenced agmnst the CMDL CO cabbranen scale. Valyss n pareniheses
arc one siandard devianon,

commercial sources, and NASA. For the caiibration of the four
MAPS siandards, a reference gas reportedly lied 1o the CMDL
_s:lale was used. However, in light of the intercompanision results
1t is appar¢nt than this reference was lower than its assigned CO
value, The mixing ratios reported for the MAPS standards on the
basis of recafibration of INPE working standards, using a
standard ebtained directly from CMDL (Table 3}, suggest that the
difference between Tabocatorics was largely because of a probl

quentiy calibrate Lhe samples affects the results.

I is apparent thar the use of comparable merhods and a
common ceference scale do not, a poon, guarantee similar
results. Amatytical procedures must also be considered, Many
GC-HgO dewctors reponedly exhibit nonlinear response over the

range of pheric CO < ADE hes to corect
the nenfinganty may vary from group to group vielding slighity
diiferent results.  Most co tally lable GFCs renuired

modificauons to measure the Jow zmounts (<100 ppb} of CO
found in the aimosphere [Dickerson and Delany, 1988]. Small
differences in these modificauons as applied to a particular
instruiment could lead to the vanation as observed in the
intercomparison resulls.

Data Integration

The resuils of (he inlercomparisons were used t0 hormalize the

with the reference as used.
Dnfferences also exist among the sxperimental resulls of UM,
NOAA Aeronomy Laboratory (AL), and Hong Kong Polyiechni

field from each laboratory 10 the CMDE CO
reference seale, The CMDL seale was chosen because (1) the
origin and evaluations of this scale have been well documented in

University (HKP). These laboratories all use GFC as their
analytical technigue in < ination with dards from the
National  Insti of Standardz and Technclogy (MIST).
Reporied precisions for these laborarories range from | to 5%
{references in Table 1. Monetheless, the reported mean CO
values were found to differ by 9 1o 20 ppb (16-145%). The lowest
MNIST swandard reference matenial available for CO s

Table 3. Intercomparison Resuhis

the i (2) it i5 in ag| {ke within 1%) with the tagh
concentration CO scale distributed by MIST: (3} it is thought o
have an accuracy berween | to 2% (although it is difficult o
evaluate absolute accuracy, we base our esumate upon
compansen to the NIST CO scale and others); and {4) ir serves as
the WMO primary calibration scale, and we anticipate it will de
mainened in the fuure [Novelli er of, 1991, 1994; WMQO,
19952,

Cylinder Idenuficavion

Laboratory cCizz04z CCIZ2056 CCI22045 CCI22041
cmpL* 51.540.12) 97,1 (0.23) 147.7
540, 1 (0 705 1974 (053)
gm 59024 1015 2.1) 1518271 1995 (1.4
N 56.4 (0.64) 1012 (0.44) 1511 (6:58) 197.8 (0.39)
R ; ; li! f_g,go; 969¢(1.2) 149.0.(1.09 W04 (0.36)
Nwas 1 (06) 027 (L0} 154.5 1.5} 2045 (2.0
a 526(0.12) 98.5(0.17) 148.7 (0 28 196,940 35
: 1035
C;IR 509 9.6 1492 1969
CSR 5331025 99.540.15) 1527601 M4121)
Cur 5194029 $8.2(0.17) 138 1 0.23) 198.3(0.69)
A 49720) 95,5 (4.2) (526427) 197.0 (1.8
H 50 @23 1043 (9.2) 159 (46} 187 20
. 545(22) 101.0 (2.6} 1559 ¢2.4) W72(13
a 198 658 96.3 1295
b 385 974 1425 )
. ’ . 1916
cMpLy 511035 976(0.32) 147.4 €0.14) 1984 (067)

CO mixing ratios are reponed in pans per billion. Values in parcrtheses are the standard error of the mean of three 1o four calibrations.

*uiy 1991

tReporied uncenainty as 15

$(a) Reported 1954, (b) revised 1996, no error reporied.
Huly 1994

IHe emor reponed, a. original values assigned the standards b V i
_ , 4, ] ¥ INPE and used in the reprocessing of the Apnil and Octaber
INPE field measurements at Cuiaba, Brazik: b, recaloulated mixing ratios based upon compartson of the INPE working standard to 3 £O-in-air

standard purchased from CMDL January 1996,
J0ctober 1995
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CO CALIBRATION ADJUSTMENT

dard A At were d ined uwging  comp +
j teveloped by Boggs and Ragers [1990] (Figure 1, Table

aq
1751 1

125

|
h
1

1751 1

CO (CMDL, ppb)

1251 ]

7oF ]

25 75 125 175 225
CO (Laboratory X, ppb}

Figure 1. {2) Plol of the Fraunhofer insti for A pheri
Environmental Research, Germany (IFU}, calibration results
versus thase of the Climate Meonitoring and Diagrostics
Laboratory (CMDL).  Corve is the orthogonal second-order
tegression through the data, The curve coeflficients and their
standard deviation are also presemted. (b) Plot of Hong Kong
Polytechnic University {HKP) calibration results versus those of
CMDL. The curve is the orthogonal linear regression through the
datz. Curve cosfficients and their standard deviation are
presented in Table 4,

The refationship between the resulis of cach laboratory
{Laboratory X) and CMDL was derived by ploning the assigned
CO values against one another. The mixing ratios and standard
errors assigned 1o the four standards were (it using a second-erder
onhogonal regression, and the curve coefficients and their

4). These coefficients were then applied direcuy o the field data
of Lab y X: the {ting reprocessed mixing ratos were
effecnively equivalent to those calculaied aganst the CMDL
scale. The equations used to descrbe the relalionship between
Laboratory X and CMDL and then used 1o normalize the held
data from each lzboratory to the CMDL, scale are presented in
Table 4. The CO levels observed s Cape D'Agmnlar, Hong
Kong, were the greatest found at any of our sites and much
higher than those wsed in the inteccomparison exper Hence
we found the reprocessed field measwements were guile
sensinve 1o the funcuon used 10 define the relationship between
HKP and CMDL laboratory results, When a second-order
polynomial was used to descnbe this zelationship, the resulting
lized field were (often >3000 ppb
relaive to the CMDL scale). These high values resulied from the
curvarure of the function at conceatrations above that of the
highest standard (200 ppbl. 'When normalized io the CMDL
scale using a linear fit to the calibration results, the HKP field
dawa, whale siill high, were more similar to those fourd at other
regionally polluted sites {such a5 the Tae-ahn Peninsula, Korea).

The agreement barween the different laboratories and CMDL
was genecally quite good, and the slope of their relationship
neared onity with only smalt offeets.  For most sites the
conwersiom 10 the CMDL scale frem the original daa typicalty
resulted iR changes to the mixing ratios of less than 109, The
one exception was the daa from Cuigha, Brazil.  The
inkercemparison indicated [NPE had a nearly censtant low offset
of 30% relative to CMDL, a comection for which was applied o
the field data. This offset was largely eliminated after INPE
obiained a standard direerly tied 10 the CMIDL seale.

Reichle e al, [this issue) present CO mixing ratios determined
from several aircraft flights (at altitudes of 7 to 10 km) made
nearly coincident with MAPS overpasses. Comparisons of the
aircraft and MAFS resulls indicated that CO mixing ratios
determined from the MAPS instroment agreed with those made
from the aircraft (normalized to the CMDL CO scale) to bener
than +10%. The middie woposphere CO mixing ratios from
MAFS and all the reprocessed boundary Jayer OO0 mixing ratios
provided by the correlative team are, therefore, also comparable
1o within 10%. These data provide & unique, intercalibrared,
mulidimensional data ser tha can be used to study the global

Table 4. Coefficients for Equations Deseribing the Refationship of Laboratory X and CMEL

Laboratory X N ay an
CMDL 0.0000 * 0.0000 1.0000 £ 0.0000 0.0000 £ 0,0000
CSIR 2.3387 21,6598 10251  0,0375 0.0002 £ 0.0002
CSIRO 4.7628 £0.4452 0.9001 £ 0.0100 0.0004 £ 0.0001
HKP*

a -4.2561 £ 10.6380 10679 £ 0.0725

b 340831 18,8250 0.1613 £0.4523 0.0038 £0.0199
FU LTS 17194 1.0433 £ 00331 0,0002 £ &.0001
NPE +24.5630 £ 0.4570 1.9932 £ 0.0137 -0.0621 £ 0.0001
MA 109677 2 89165 03759200195 0.0009 £ 0.0008
NASA-DCS -4.145 £ 3.280 0.9799 £ 0.0583 00002 3 0.0002
NIWA 35360 £ 04075 0.9830 £ 00085 00000+ 0.0004
NOAA-AL 00833 £ 4.742 0.9494 £ 0.0830 0.0000 £ 0.0003
unid -10.8951 % 3.4719 1.0726 £ 0.0591 L0002 & 0.0002

*Coefficients presenved for a, linear regression, and b, qeadratic fit.
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Table 5, Companson of Fiask and In Site Mission-Aweraged CO

Aprl Dewober

Sitc® Flask In Silu Flask In Situ
CGot 414119 4115 857 (1.3 MNa
BRW?2 183.3(5.M 1825 D 1288 {900 1254037y
MLOL 13060 I¥A TAITE) 31.5{6.9
WNWR: 155.748.2) 1572(135 1244 (126) 132.5(508)
1CE} 174.4 (2.6) JT02E2D 124.9{2.8) 13341153
RPB% T80 (B0 B1LE{80) .20 Ta(124)
MHT$ 169.9 (4.3} 160.7 (177 1371 4.5 1287 (15.4)

CO muang ratios in ppb. Values are the jon averages x1 dand deviation. NA , nol available.

*April in situ, April $-19, 1994; October in situ, Seplember J0-Cclober 11, 1994, All Mlask measurements were made by
NOAA/CMDL, values represent average for April 2-22, 994 (Apni), ar Seplember 26-Dciober 18, 1994 (Ociober). All CMDL
results are referenced o NOAACMDL OO calibralion seale. In sil from lab jes oiher than CMDL were

normalized to CMDL scale as descnbed in the texy,

§In sitn measurements made by CSIRO at Cape Grim, Tasmania {CGO) based upon revised calibrations.
#In siw measurements made sy CMDL 3 Fu. Bammow, Alaska (BRW), Mauna Loa, Hawaii {(MLC) and Niwor Ridge, Colorado

(NWR),

£17 situ measurements made by UM at Heimaey [celand {1CE), Ragged Point Barbados (RPB). and Mace Head, [reland (MHT).

distribution of CO, its vertical and horizomal vranspert, and
provide a ¢ int for model simulations of the global CO

Head, Niwor Ridge) were those that were occasionally impacted
by strong local or regional anthrogpogenic CO sources, The larger

cycle. The complete comelative data set will be made availabl
from the Carbon Dicxide Information Analysis Center. Oak
Ridge, Tennessee.

Average CO mixing ratios measured in the boundary layer for
periods comesponding to the April and October flights of MAPS
are presented in Plaie 1. As 2 whole, the sies were selected 1o
represent regional seale air masses and not local envi 3

dard deviaiions associated with the mean O mixing ratios
determined in sity illustrale thal these siles were exposed to a
wide range of CC levels ducing the MAPS flights,
In April, €O mixing ratios in the boundary layer typically
zpproach their seasonal mazimum in the sonhem hemisphere
while beginning theit recovery from the summer mipimum in the

The measuremems were made using insiruments located in sin
and by grab sampling techniques. Sites with in situ instraments
provided hourdy averaged CO mixing rabios.  Less frequent
measurements were made at siles where grab samples wete
collected.  Many sites in Plate 1 were part of the EMDL
cooperative air sampling nerwork (Conway er al, 1994], in which
2.5 L of air were collected about once per week in plass {lasks
and shipped o a central laborawary in Bowkder, Colorado, For
analysis, The CMDL sampling program, including the stability
of the sample containers, calibration, and znalytical wechniques
are deseribed in detail by Movelhi et al, [1991, 1992). The weekly
fMlask resulis were combined to provide an average CO mixing
ratio over the pericd of interes. At several localions in the
southem hemssphere a single pair of flasks was collecied by
Commeonwealth Scigntific and Indusirial Research Organizalion
(CSIRO) during each mission (e.g., Cape Ferguson, Macquarie
Istand, and Point Charles. Ausiralia; Mawson, Amtaretica).
Therefore the mixing ratios for these locations, as presented in
Plare |, represent a brief snapshot of CO at a specific lime dusing
the mission.

To haw missi 1ged mixing ratios defermined
from theee to four weekly flask somples compare to the
conti or quasi i T made in silu, we

compare the resulls from both approaches at seven sites (Table
5). Comparison of ihe CMDL flask sample resulls with the
normatized in sily measurements of CMDL, TSR0, and UMd
indicate thay the flask sampies rep d g litions al
these sites remarkably well during the MAPS flights. Often the
grab samples and in sito mission-average €O values agreed 1o
within a few ppb; alt were within the standard deviation of the in
sitw mean. The locations where the mean values from {flasks and
in sity measurements had a preater absolwe difference (Mace

isphere,  In April 1994, CO levels in the
background almosphere were greatest (=1 85- 1835 ppb} in the high
latitudes of the northem hemisphere and lowest {(<40-45 ppb) in
the high southern hemisphers. Extreme levels of CO (»250 pph)
were observed near cities (i.e. Hong Kong) and in cegionally
poligted areas such as eastern Monh America, Burope, and
eastern Asia. High CO in these areas most likely reflects larpe
surface enissions (rom the combustion of fossil fuels coupled
with the neatseasonal minimam in the zonal scale destruction of
CO by reaction with OH.

Mixing ratios in the southem hemisphere during April ranged
from 75 ppb in the Jower latitudes 1o about 40 ppb in the high
southern hemisphere. One notable exception is Cujaba in central
Brazil.  Higher €O at thiz location may reflect enhanced
production of OO from the oxidumion of acnmethane
hydrocarbons emitied from the cecrado, Earlier measurements
have clearly shown the tendency For higher €O mixing ratios in
this area relaive 16 these found in the marine boundary layer
[Kirchhoff and Marinho, 1989), In April, actoss the Pacific
Ocean d to rep the unpolluted marine boundary
{ayer (MBLY) thers was a rather smooth transiton from highTO
in the high lawtwdes of the norhern hemisphere 10 low CO
mixing catios in the south (150 to 40 pob).

The distribution of €O in the boundary layer was much
diffzrent it Ocipber. [n the background MBL, CO levels were
Lypically grearer in the northern hemisphers compared with thz
south, but the difference between north and south was much
smaller. This reflects the seasonal nature of the interhemisphenc
gradient, which reaches a mazimum in April and a minimum in
September, In regions aflfecled by urbanization, elevated CO
jevels were again found, refleeting emissions from Fossil fuel
combustion and other indusirial sources.

In October, enhanced CO was also measured in the tropics
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over ceniral Brozi!, the tropical Souh Adantic Ocean (Ascension References

Iflandl;_ the southemn S:outhLChma Sea E‘SCS) and tn m:r|h;:nr Boges. P. T. and J. £ Rogers, Onf 1 d L Am
/ In the - ber and Octol Heteorol Coniemp Math.. 112, 1§3-194. 1980

mark the height of the burmng season, and phe CoA M. aof the abundanee of ™0 in the

1aken from the space shuide show numerous fires over Bmll
Africa, and Auvsiralia dunng the peried of the Oceober fight
fRetchie 21 al, this 1530¢]. The high CC levels found a Cuiaba
reflect widespread buming in Brazih.  Ten-day isealropic back
wrajeciones show that air reaching ihe southern pant of the 5C5
was (FIns[ d from the h over Indonesia, Kalimantan

wimosphere and the 13T and WOAMO rno of amosphenc O in
New Zealaind and Antwchca, J. Geopirs. Res. 98, 10593-10614,
1983

Brunke. E. G, H. E Scheel. and W Seiker, Teends of tropogphenc cabon
monouide, nirous omde, and methane a5 observed i Cape Poanc,
Sowh Africa, Avmos. Etveron,, 24(A), 585-595, 199),

Comnors, V. 5. P. €. Novelis, and H. G. Reichle Jr., Space shuttle views

{formerdy Bomec), and northern Ausiralia. Burming is ©
n lhtse regions {Hao e al., 1990), and duning this penod,
A lia & ) a severs drought Ihat favored
numerous wildfires. Thn:k smoke haze coversd Singapore and
the southern S5C3 dunng September and October (994
[Sirgapore Metearclogreal Service. 1995].  These cemainly
cotinbuted 1o the high CO levels measured in ihis area, The
back trajecionies also indicate air was transporied southward over
the Southeast Asian coast to the northern SCS. The bigh CO
chserved in the nomhem SCS  may  prmanly  reflect
anthropogenic emissions from development 0 the north.
The disiribution of C3 in the boundary layer presented here
clearly shows widespread pollution of the | boundary

phenc carbon de, End Trane AGU 77, d6h.
457, I996

Conuwgy, T. L. P. P, Tans, L 5. Waterman, K. W. Thomng, D R, Kuzs,
K. A Masane, and M. Zhang, Evidence for lmennnnnl v.\nahlluyd'
the carbon cycle fram the NOAA/CRDL global air snmpling network,
I Geaphys. Res., 99, 22,821-22.846, |994

Cnll. P M., ). H. Buller. D. ). Cooper. and P. C. Novelli, Standard
analvucai methods for Moasunng trace gases i the envicdnment, in
Biopemc Traee Gajes: Measirmg Eviistrons From Sl and Water,
ediied by P.A. Matson and R. C. Hatriss, 394 pp.. Blackwell Seo,
Cambridge, Mass., 1995.

Cuites, T, o D Kley tEds.), The TOR Network, A Descripion of TOR
Measurement Staions. EUR Jpec Publ. 122 pp Eur. Exp. o the
Transp. of Environ. Rel Trace C n the
over Eur.. Carmisch-Partenkirchea, Germany, I994

p

layer. [n the nonhemn hemisphere, emissions from urban cemers
in the midlatitudes lead to regional scale enhancements of CO.
Relanve to the April distributions of CO in October, mixing
ratios in the southern tropics are elevated by nearly a facior of 2
by emissions from seascnal biomass buming.

Conclusion

The results of the intercomparisons conducted as part of the
MAPS  experiment indicate  differences exist amorg OO
measurements made by muliple 1aboratories. Before CO mixing
ratios measwed by different groups can be combined into a
common data et there is a clear need for intercompacison of the
measurements, The intercomparison of standards, such as those
made here, are one way w define differences in measurements,
The nlercomparison of field imercomparisons [Hoell e af.
1985] and Ihe long-term intercomparnisan of ara
background moniroring site [Doddridge e al., 1994, this issue]
are other ways to define differences in measurements,

The data presented here provide a unigue picture of COin the
boundary layer. These data show 1he regional importance of two
CO sources:  fossil fuel boming in urbanized aress and COQ
emassions from regions under the influence of biomass bumning,
Novelli er of [1993] use the imemally consistent data sex
p 1 here in bi with the midiroposphere CO
measuremenis by MAPS and the mereorology of the two
miss10ns o corapare ithe distributions of OO near the surface with
those in the midiroposphere in terms of the source, sinks, and
zanspor of this gas.,
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