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Abstract. This report presents results from a field trial of to the atmosphere was less significant than loss to microbial
ship-based air—sea flux measurements of carbon monoxeonsumptionBates et al.1995 Zafiriou et al, 2003.
ide (CO) by direct eddy correlation with an infrared-laser  Although marine emissions represent a minor fraction of
trace gas analyzer. The analyzer utilizes Off-Axis Integrated-the global CO budgetBates et al. 1995 Stubbins et al.
Cavity-Output Spectroscopy (OA-ICOS) to achieve high se-2006, the ocean may be a significant source of CO to the
lectivity for CO, rapid response<(2 Hz) and low noise. Over remote marine boundary layer in the Southern Hemisphere
a two-day sea trial, peak daytime seawater CO concentrafErickson and Taylgrl992. In addition, CO is recognized
tions were~ 1.5nM and wind speeds were consistently 10—as a useful tracer for studies of sea surface mixed layer pro-
12msL. A clear diel cycle in CO flux with an early after- cesses because it couples to biological, photochemical, and
noon maximum was observed. An analysis of flux error sug-physical mixing dynamicsNajjar and Erickson Ill 1995
gests the effects of non-stationarity are important, and air—seZafiriou et al, 2008.
CO flux measurements are best performed in regions remote Due to the lack of a suitable direct flux measurement, pre-
from continental pollution sources. vious studies of oceanic CO emissions utilize empirical gas
exchange formulations (e.gVanninkhof 1992 Nightingale
et al, 2000. CO solubility in seawater is quite low. Empiri-
cal models of air—sea gas exchange typically focus on gases
1 Introduction of similarly low solubility (e.g., Rn or He/Sfdual tracer
methods), so these formulations may also provide a reason-
Carbon monoxide (CO) is produced in the ocean surfaceyple representation of CO transfer. An eddy correlation flux
mixed layer by photolysis of chromophoric dissolved organic measurement allows a practical test of this assumption. In a
matter (CDOM) Wilson et al, 197Q Lamontagne et al.  more fundamental sense, direct measurement of the CO flux
1971 Zuo and Jonesl999. Daytime photolytic production  facilitates development of physical gas transfer algorithms
and continual consumption by microbeofirad and Seiler  gpecifying the solubility dependence of the gas exchange co-
1980 1982 leads to a pronounced diel cycle in surface sea-gfficient (e.g. Fairall et al, 2011, and references therein).
water CO concentration, with a pre-dawn minimum and an | thjs submission we present results from a short field trial
early afternoon maximumLamontagne et al1971 Con-  of 3 new method for direct measurement of the oceanic CO
rad et al, 1982 Johnson and Bated99§ Stubbins et al.  fiux by eddy correlation. To our knowledge, this is the first
2008 Zzafiriou et al, 2008. Considerable variability is possi- reported CO flux measurement from a ship. The data set pre-
ble in both the rate of productiovglentine and Zepdl993  sented here is brief. Our intent in submitting this article is to
Zuo and Jonesl 999 and rate of consumptiod¢nes199% (1) present evidence that air—sea flux measurements of CO

Jones and Amadp993 Johnson and Bate99§. In two  zre feasible with current state-of-the-art instrumentation, and
detailed studies of the water column CO budget, ventilation
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(2) examine flux error related to departure from stationary ~ S ——
conditions (se®usinger 1986 for a discussion of stationar- e mabryieel = 3
ity and flux measurement). ; — e

N
L
N a
] & 0% “““Noise variance (0.00167 - 2 Hz) = 0.015 ppb

2 Experiment g . N
An LGR model 907-0014 pD/CO analyzer (Los Gatos Re- oor \
search, Inc.) was used in this trial. This instrument employs ¢ rsen0s,y |
a continuous narrow-band infrared laser source for Off-Axis 4 Ty
Integrated-Cavity-Output Spectroscopy (OA-ICOS) absorp-
tion measurements of 4D, CO and HO (O’Keefe et al, 0.01 0.1 1

Frequency (Hz)

1999 Baer et al.2002. In this test, we use a 200-tube Nafion
air drier (Perma Pure PD-200T-24-SS) to reduce the dewrig. 1. Mean bin-averaged CO variance spectrum fo400 ten-

point to < —10°C, yielding essentially dry-air concentration minute data segments at sea. Valid data segments were selected us-
values. The analyzer data rate is 10 Hz, but, as we note beloving criteria described in Sect. 3. The peak at 3Hz is an analyzer
in this configuration at a sample flow of 10 std L mir?! artifact.

frequency response is 1-2 Hz. Air was subsampled from

a 20m long high-flow Teflon inlet (3/81D) drawing air . . .
eyl L . . have consistently found a flux attenuation correction of 4—
at ~80stdL min+. The air inlet, sonic anemometer (Gill : . .
5% at wind speeds comparable to this project (e¥gng

Model R2) and a six-channel motion sensor (Systron-Donneret al, 2011). We therefore apply the same correction to CO

MotionPak) were mounted at the top of a 10 m meteorolog- o
. . : - flux. In the future a more thorough examination of flux losses
ical tower on the bow of the University of Hawaii research . . X o L
. . is warranted. However, bias associated with imprecision in
vessel Kilo Moana. The motion sensor was located 0.6 m be-, . o ; . )
. . - this correction is unlikely to alter the conclusions of this
low the sonic volume. A short pulse of nitrogen injected at report
the inlet tip each hour facilitated precise synchronization of port. - .
. ; - Ten-minute flux results are selected to eliminate periods
wind and CO measurements. Procedures for correcting wind . . s
unsuitable for eddy correlation measurements. Data acquisi-

data for ship motion interference have been described preVifion was continuous. but rouahly one-third of the ten-minute
ously Edson et a].1998 Blomquist et al, 2010. ' gnty

. ) ' flux values over the two-day period were discarded on the
The mean ten-minute CO variance spectrum (Fij. . . o A .
o . o " basis of selection criteria. Selection limits relating to sam-
shows a “pink” background noise~(1/f") in addition to

the —5/3 dependency due to turbulent dissipation. The in_pling conditions are: relative wind direction within 60° of

tegrated noise variance over the flux bandpass (0.00167 tE)he bow, standard deviation in relative wind direction0°,

2 Hz) is 0.015 ppb (0co = 0.12 ppb). An instrument artifact and heading change 25° in ten minutes. In addition, it was

: o L necessary to impose stationarity criteria limiting the magni-
signalis evident at 3 Hz, b.Ut this is beyond the flux frequeqcytude ofdCOy/ar and horizontal turbulent flux, as described in
response and has been filtered from the data. A compatris

0
of shipboard spectra with laboratory data (not shown) showsgeCt'A"

negligible analyzer sensitivity to ship motion.

Fluxes are derived from ten-minute segments of CO and3 Results
vertical wind velocity data with 50 % overlap of successive
segments (i.e., 11 ten-minute segments per hour). The linThe CO flux trial was conducted on a routine cruise to the
ear trend is subtracted from each segment and a Hamminblawaii Ocean Time-series (HOT) station ALOHA, located at
window function applied to limit leakage of low frequency 22° 45 N, 158 W (cruise HOT-238, 18-22 December 2011).
variance unrelated to surface flux. The slope from the lineatOver two days of sampling on-station, wind speed was con-
trend in CO is retained as a measur@60/dr for each seg-  sistently 10-12 ms!, and relative wind direction remained
ment. Flux is computed as the area of the cospectrum. within £ 20° of the bow. Seawater CO concentration at 5m

This gas inlet has been used extensively for dimethyl sul-depth (Fig.2) was measured from selected daytime CTD
fide (DMS) flux measurements and the transfer characterisconductivity, temperature, depth) casts using the method of
tics studied in detailBlomquist et al. 2010. At flow rates  Xie et al.(2002. An afternoon maximum of 1.5nM is ev-
>80 L min~1, frequency attenuation in the main sample line ident. Nighttime samples were not analyzed but were most
is not significant; the half-power frequency+sl0Hz. The likely <0.5nM based on data from prior cruises, implying
Nafion air dryer produces the greatest signal attenuationa mean daily concentration 6f 1 nM. Seawater CO mea-
lowering the half-power frequency te 1-2Hz. The fre- surements at station ALOHA on prior cruises since 2008
quency response of the CO analyzer in this configuration igalso Fig.2) show a diel pattern typical for blue water re-
quoted by the manufacturer at 1-2 Hz as well. For DMS, wegions in the Pacific and Atlantic (e.glphnson and Batges
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1996 Stubbins et aJ.2006 Zafiriou et al, 2009: an early af-
ternoon maximum of 2—-3 nM and mean daily concentration
of ~1nM. In contrast, peak seawater CO concentrations in
Fig. 2 for this trial were about half the typical value, provid-
ing a stringent test of the flux measurement method.

Figure3is a time series of hourly CO flux for the cruise,
computed as the mean of all ten-minute flux measurements
each hour meeting selection criteria. Figuteshows ten-
minute results bin-averaged to hour-of-day (local time). The L S S A SN
diel cycle in CO flux from Fig4 closely mirrors the cycle in 0800 o of Doy (Local Tmey 0
seawater concentration in Fig,. with a pre-dawn minimum
and early afternoon maximum.

For a seawater CO concentration of 1.5nM at the peak i
the flux diel cycle (02:00-03:00p.m. LT — local time), the
CO gas transfer coefficient computed from Eb).dtthe ref- 4  Sources of flux uncertainty
erence Schmidt number 66&s60) is 41 cmhL;

Mean Hourly CO Flux (ppb ms™)

0.000

Fig. 4. Diel cycle in CO flux over a two-day period at station
ﬁALOHA. Error bars are standard error of the mean.

Rowe et al(2011) have analyzed sensor resolution require-
koo — Feo % 12 (1) ments for eddy correlation measurements. For the conditions
680 = VoA P \ 660/ of this study and the noise level of the CO analyzer, their

analysis predicts a 60 % random error for hourly average CO
where Fo is flux, aco is dimensionless solubilityA Pco i flux measurements at a seawater concentration of 0.5 nM. In
the interfacial concentration gradienCs(y/o — Cair), and  this test, however, scatter in hourly CO flux from midnight
So is the Schmidt number in seawater at ambient tem-to 06:00 a.m. LT (when seawater CO4s0.5nM) suggests
perature. For these conditions, @o~11ms*, theWan- 5 Jarger error: 0.00062 0.00118 ppbms! or 187 % as the
ninkhof (1992 gas transfer model givelgsgo=38cmhL; relative standard deviation.
Nightingale et al.(2000 gives kgso=29 cmtT; McGillis The expected CO variance from surface flux may be pre-
et al. (2009 is keso=40cmh’; and Woolf (1997 yields  dicted from similarity theory as a function of friction veloc-
keso=40cmh ! («, Scand keeo computed using the R- ity (x,) and flux magnitude|{’co|) (Fairall et al, 200Q
scripts ofJohnson2010. Clearly, the observekkeois close  Blomquist et al. 2010. Assuming neutral stability, the re-
to the expected value based on several of these models, bitionship takes the form
with limited data it is difficult to draw too much from this -
agreement. More extensive sampling of the seawater CO corfico,sim = 3|w'C0| /1. @
centration is necessary to critically assess the observed trang 4 point of comparison, data for similarity-predicted and
fer coefficient. observed variance in DMS and CO concentration are shown
in Tablel. The observed DMS standard deviatiegys) from
a cruise in the Sargasso Sea is quite close to the similarity es-
timate psim). This is reasonable, as the sea surface is the sole
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Table 1.Comparison of parameters for DMS and CO flux measure- Ll

ments in two field studies. 0.006 A
X it \/ — <W'CO'>
= abs(<u'co’>)
Parameter DMS CO Notes __ 0005
Mean atm. conc. (ppb)  0.100 100 Ni 0.004
Atm. lifetime (d) 2-3 50 =
Sea—airA P (ppb) 6.6 1668 [DMS]=2.6nM,[CO]=1.5nM c 0.003 A~
SST €C) 28 22 g L A
Solubility, & 8.9 0.019  dimensionless lig/gas 8 0.002 VL
Ugp(ms™1) 6 11 0.001 A
k(cmh1) 10 45 at ambient SST and Sal N
us (Mms1) 0.2 0.4 0.000 — \J ZaVAVEN
Flux (ppb ms'1) 0.0016 0.0040 F=akAP
osim (Ppb) 0.021  0.030 from similarity 0.01 0.1 1
oobs (PPb) 0.020 0.126  observed minus sensor noise Frequency (Hz)
Osim/Oobs 1 0.24 . . . v .
Fig. 6. Mean cospectra illustrating verticab(co, red) and horizon-
tal (ju’ cd|, blue) CO turbulent flux for~ 35 selected ten-minute
— afternoon flux segments (01:00-04:00 p.m. LT). Horizontal flux is
T Component . computed as the mean of absolute values. After eliminating periods
% 0197 [ selection Limits of excessive non-stationarity, the magnitude of horizontal turbulent
0.0 flux is still several times greater than the vertical flux.

0.00

The following additional criteria were therefore applied to
eliminate ten-minute segments with excessive gradient influ-
ence:|dCO/dr| < 2.7ppbh?! and |u’¢’| < 0.026 ppb mst

-0.05

Horizontal Turbulent Flux (ppb m's ')

o (shown as a bounding box in Fif).
015 § Even for samples which meet these criteria, the magni-
T X : : tude of [u’¢’| is large compared ta’c’. Figure6 presents
aCOAt (ppb/hr) cospectra fow’ ¢’ and |u’ ¢’|, representing mean fluxes for

Fig. 5. Trend indCO/d¢ and along-wind #’ cd’) and cross-wind sel.ected (.aarly afternoon te?-[nlnute segme.nts (35.segments,
(v'cd) components of horizontal turbulent flux. Data are ten- 01j00_04'00p_'m' LT). Thev'c _COSpeCtrum IS positive b_Ut
minute values which meet basic sampling criteria. The boundingnOISy d_ue to limited sample size and the effects of residual
box shows selection limits, computed here as the 80 % confidenc&O Vvariance from other sources. The integrated area of the
limit of the mean in each variable. Results outside the bounding box#’ ¢’| cospectrum is quite large, with a significant compo-
are excluded on the basis of stationarity criteria, limiting the exces-nent at low frequencies mirrored in the CO variance spectrum
sive influence of CO variance from non-surface flux sources. (Fig. 1). The mean absolute horizontal turbulent flux from all
ten-minute segments meeting selection critetja’ ¢'|)an)
is 0.008 ppb ms! ((u’ ¢’)a = —0.00344 0.0091 ppb msh),
source of DMS, and its atmospheric lifetime is sufficiently or eight times greater than the mean vertical flix'¢’)an)
short (2-3 days) to limit the influence of advection from dis- of 0.001 ppb ms?.
tant sources. Howevesgps for CO is seen to be four times  The scalar variance budget production term associated

greater than the similarity-predicted value, further suggestingyith CO turbulent flux in a mean gradient iSt(ll, 1989
additional CO variance from non-surface-flux sources. .
Conditions relating to non-stationarity are an obvious 7 9CO 3)

i ’

source of additional error. Small gradients in CO concen- 0x;

tratllon can yield variance from horizontal turbulent flux whereu; andx; specify the full turbulent wind field. From
which greatly exceeds variance from surface flux, even for

. » : . similarity theory, an estimate for the vertical CO gradient is
typically clean conditions in the remote marine boundary
layer at station ALOHA, where the relative standard devi- 3CO w'cd
ation in ten-minute mean CO concentration was just 2%~ = —
over two days on-station. Figure illustrates the relation-
ship between components of the horizontal turbulent flux andwhich is ~3.5x 10~#ppbnt?! (0.35 ppb kntl) for mean
dCO/dr. A positive correlation exists between the along- conditions of this test (i.e., mean flux=0.001ppbThs
wind component of horizontal flux:(¢’) and 9COy/dz, in- uy, =0.4mst; measurement height,=18m; and the von
dicating advection of the CO gradient past the ship. ForKarman constant =0.4). The terms (Eg3) for horizontal
numerous samples, horizontal turbulent flux is many timesand vertical flux components are therefore comparable when
larger than the expected magnitude of CO surface fluxdCO/dx ~4.3x 10~ >ppbnT! (4.3 ppb per 100km). This

(4)

KisZ '
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is a very low threshold gradient for a species with a mean ;000 .— L L L L L L -
background concentration of 60-150 ppb. Assuming a CO [COT = T v eautes 1o
gradient aligned with mean wind at=10ms1, this cor- APgo = 1135 ppb @ SST = 20 °C
responds tddCO/dr|=1.5ppbhrl, or approximately half 13007 APco = 891 ppb @ SST - 4°C B
the 2.7 ppb h selection limit. The stationarity criteria there-
fore limit the variance from horizontal turbulent flux to ap-
proximately twice the variance from mean surface flux. In
this test, this is sufficient to eliminate the majority of outlier
observations.

1000 —

AP(CO) ppb

500 —

5 Flux detection limit 2 4 6 é 10 12 14
U

To investigate the flux detection limit, we examine theoretical
error as a function of air—sea concentration gradigrf,
and wind speedy. Flux error may be specified as a func-
tion of variance in both vertical windu() and scalar (CO)
measurements, where CO variance is composed of an atmo-

Spherlc v.ertlca!,turbulent flux componeﬁﬁga) and gn “other solution is necessary. Alternately, E) (ay be further re-
noise variance componemﬁ%, from analyzer white noise, arranged and solved fax P, following substitution forFe.

Fig. 7. The flux detection limit criterion expressed A®co ppb for
3F/F =1 (100 % error in observed CO flux) versus wind speed for
1 h sampling time under neutral stationary conditions.

etc.), and wherd is sampling time in seconds (afteairall The detection limit criterionA Peo(u) computed from

etal, 2000. Eq. () is shown in Fig.7. This curve should be a theoret-
2 1/2 ical limit under neutral stationary conditions (the similarity

§Foo = — [Ucoa Tweo + O, rc%] (5) functions assume stationarity), but in fact it may be an up-
VT per limit, as%zoa is not exactly zero in the empirical deter-

The two terms in Eq.5) are assumed to be independent mination of the “other error” term above. We also note that,

with characteristic integral time scales)( From nighttime ~ Other things being equal, as SST (sea surface temperature)
flux measurements under conditions wharB., is very low ~ decreases so doesPe,, and therefore flux error increases.
(and therefores2, ~ 0), we can solve Eq5j for the “other Early afternoon conditions for this field trial
- co 72 _ : Lo (APsx=1700ppb, u=11ms?) lie a factor of three
noise” term, yieldingr&, tcq, =0.00041. Using similarity re- S .
) . o ) above the curve in Fig7, implying an expected error of
lationships to representy, , ow and twco, and employing

L . . 33 % for hourly mean flux at the peak in the diel cycle. This
empirical functions for the stability dependence of these pa;g approximately the observed error from Fitj(22—-37 %

rameters (se@lomquist et al, 2010 yields an expression o |ative error at 01:00-03:00 p.m. LT). Results in F#.

for error as a functlon. ofs and.u*, V\,’h'Ch can be further represent the average of all 10-min flux measurements
extended to the following relationship fa Peo(u) (EQ. 6) for each hour which meet selection criteria, and in this

by assuming an arb|trar_y error condition (e&y,/F =1, or case the afternoon values include only a little more than
100 % error) and substitution of the standard flux formula-One hour of total sampling time, which is approximately
tion: Feo=ak(u) A Peo. the sampling time assumed in Fig. The detection limit

2% 12 L F 1))\ 2 presented in Fig7 supports th_e conclusion that oceanic _C_O
x L.25us fw(z/L) [(3 co fe(z/ )) flux measurements are feasible under favorable conditions

APeo(u) =

ok (u) +/ 3600 (1) with appropriate selection criteria.
2 L 12
282G/ | 0.00041} (®)
Uur

6 Conclusions
Here, f;(z/L) are functions defining stability dependence
(unity for neutral conditions assumed heig)js mean rela- The analytical performance of a commercially available in-
tive wind speed (equivalent @ if the ship is not moving), frared OA-ICOS trace gas analyzer is sufficient for ship-
and k(u) is the gas transfer coefficient function. For CO, based flux measurements of CO at moderate-to-high wind
k(u) may be estimated from a cubic wind speed dependencsepeeds when seawater concentratios isnM. A clear diel
(e.g.,Edson et al.2017). An estimate fou.(«) may be ob-  cycle in CO flux, mirroring the cycle in seawater concen-
tained by assuming a roughness length typical of the operration, was observed over two days at a research site near
ocean { 0.0003m), or by a fit to observed,, or from afit  Oahu in the oligotrophic North Pacific subtropical gyre.
to bulk flux model derived:, (e.g., COARE 3.0). Note that CO flux measurements by eddy correlation demonstrated
in Eq. 6), Feo is dependent o\ P.o andu, so an iterative  here are a potentially important development for studies of
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