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Abstract. Eddy covariance measurements of air—seg CO the flux data from the un-dried analysers did not remove the

fluxes can be affected by cross-sensitivities of the@@a-  bias when compared to the data from the dried gas analyser.
surement to water vapour, resulting in order-of-magnitudeThe results of this study demonstrate the validity of measur-

biases. Well-established causes for these biases are (i) crossg CO, fluxes using a pre-dried air stream and show that the

sensitivity of the broadband non-dispersive infrared sensor$KT correction is not valid for the correction of G&uxes.

due to band-broadening and spectral overlap (commercial
sensors typically correct for this) and (ii) the effect of air den-

sity fluctuations (removed by determining the dry air £O 4
mixing ratio). Another bias related to water vapour fluctu-

ations has recently been observed with open-path sensorgirect measurements of air-sea £flux contribute to the
attributed to sea salt build-up and water films on sensor opynderstanding of the earth climate system and can be used
tics. Two very different approaches have been used to deab study the fundamental physics of air—sea gas exchange.
with these water vapour-related biashller et al. (2010 \when direct flux measurements are combined with the mea-
employed a membrane drier to physically eliminate 97 % ofsyrement of the partial pressure gradient of,Gross the
the water vapour fluctuations in the sample air before it en-ajr—water interfaceApCOy, the gas transfer velocity can

tered a closed-path gas analy$awytherch et al(20103 em- be derived as follows (e.gVanninkhof 1992:
ployed the empirical (Peter K. Taylor, PKT) post-processing P
C

correction to correct open-path sensor data. In this papef, — — ~¢ (1)
we test these methods side by side using data from the Sur- S+ ApCQO2

face Ocean Aerosol Production (SOAP) experiment in thewheres is the solubility of CQ in sea water and is the
Southern Ocean. The air-sea £Xix was directly measured vertical CQ flux. The ability to parameterise is essential
with four closed-path analysers, two of which were posi- for modelling global air-sea COfluxes based ompCO,
tioned down-stream of a membrane dryer. The,GlOxes  climatologies Takahashi et al2002), as well as for increas-

from the two dried gas analysers matched each other anghg our understanding of the global oceanic uptake 0hCO
were in general agreement with common parameterisationg\ward et al, 2004.

The flux estimates from the un-dried sensors agreed with the | the eddy covariance (EC) method, the turbulent flux is

dried sensors only during periods with low latent heat flux directly calculated from the covariance of the fluctuations in

(<7Wm?). When latent heat flux was higher, @lux es-  the vertical wind speedi() and fluctuations in the Cmix-
timates from the un-dried sensors exhibited large scatter anghg ratio in dry air (A}

an order-of-magnitude bias. Applying the PKT correction to L,
Fe = (nq) (w'xg), @)

Introduction
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wherengq is the dry air density (heré) indicates a time av- For EC, the trace gas measurement has to be carried out
erage over a time intervgland the primes denote deviations on the same air sample as the wind speed measurement. This
from the mean). They’ andx; parameters need to be sam- can be done directly using an open-path (OP) IRGA, which
pled fast enough to resolve the smallest flux-carrying eddiess located close to the sonic anemomek&r{do and Osamu
(typically 10 Hz), and the averaging interval needs to be long2007, Yelland et al, 2009 Prytherch et a).2010h. Alterna-
enough to include large-scale motions that contribute to thdively, air can be pumped to a distant closed-path (CP) IRGA,
vertical flux, but short enough to ensure stationarity of theat a sufficiently high flow rate (e.dMcGillis et al, 2001).
relevant parameters during the interval (typicallyare be-  This allows deliberate pre-conditioning of the air sample,
tween 15 and 60 minKaimal et al, 1972. The EC method such as removal of the temperature and water vapour fluc-
thus allows the study of gas transfer with much higher timetuations and the application of in-line particle filters to avoid
resolution than both dual tracer experiments {dightingale  the deposition of salt or dust particles on the sensor lenses.
et al, 200Q Ho et al, 200§ and measurements of tH&C McGillis et al. (2001) were the first to carry out EC measure-
concentration in sea water (&/ganninkhof 1992 Sweeney  ments of the air—sea GGlux, which were in general agree-
et al, 2007). ment with common bulk flux formulaéiller et al. (2010
Commonly used broadband infrared gas analysers (IRdeveloped a CP system where 97 % of the water vapour flux
GAs), such as LI-COR LI7500 and LI7200, measure the CO signal is removed by passing the air flow through a mem-
concentratiom¢ (number of molecules per volume), from brane dryer. This significantly lowered the magnitude of the
which the mixing ratio needs to be calculated. Therefore, si-air density correction term in Eq3)
multaneous measurements of temperafuyneressureP, and Attenuation of the fluctuations within the sample tube of
water vapour concentratioy are necessary to calculate the CP systems can lead to an underestimation of the turbulent
dry air densitynq = (P/RT — ny) and the CQ mixing ratio  transport carried by the small high-frequency eddie=ug-
Xc = ncng1 (Webb et al. 1980. Equation R) can be written  ing and King 1992). To minimise this effect the flow must be
as the sum of the flux measured by the IRGA and a bias fluxkept fully turbulent (with a Reynolds numbee > 2100).

caused by the fluctuations of the dry air density: This requires flow rates({(100) slpm). Therefore, CP sys-
tems have higher power and maintenance requirements than
Fe=(ncw’) + OP systems.
?;;’: In the oceanic environment, the lenses of OP IRGAs are
T /> (P/ ,> prone to the build-up of salt particles, and flushing with fresh
(xe) - | (') + (na +nv) (T'w _aw . (38) Water is necessary to avoid degradation of the signal. The
(ng) (T) (P) L17500 has also been deployed with a shroud and a very

high airflow (570 slpm) Edson et al.2011). This deploy-
ment mode is a hybrid of the OP and CP mode as the con-

For COp, the bias terms due to the water vapour, temperalamination with sea spray is reduced with minimal loss of
ture and pressure fluctuations in the sample volufye £r high—frequency quctuations..Even when the air density cor-
and Fp, respectively) can easily exceed the vertical flux by rection Eq. 8) has been applied carefully, reported £¥ix

an order of magnitude because the fluctuatighare small ~ values based on OP and shrouded OP EC systems over the

compared to the backgrourie.) (Webb et al, 1980. Equa-  OPen ocean are typically an order of magnitude higher than
tions @) and @) are fully equivalent. expected based on generally accepted bulk flux parameter-
EC is considered a standard method over land, but the agsations Kondo and Osamu2007 Prytherch et a).2010a
plication over the open ocean has proved to be more challauvset etal.2011 Edson et al.201]).
lenging. In the case of ship-based studies, the wind speed The exact reason for the additional bias is still unclear.
measurement needs to be carefully corrected for platfornt<ohsiek(2000 suggested that the build-up of water films on
motion (e.gEdson et al. 1998 Miller et al., 2008. Over the sensor lenses could lead to a biased @G@asurement
land, the pressure term in E)(can be ignored, but at sea *cm With dependency on the relative humidity (RH). This
the platform motion-induced pressure fluctuations can intro-Will cause a bias in the COflux measurementcm, which
duce a further bias flux as they may correlate with residu-scales with the latent heat flux, because the fluctuations of
als of ship motion signal in the motion-corrected wind speedthe water vapour concentration in the sample volume will
(Miller et al., 2010. CO; fluxes over the ocean are typically lead to artificial fluctuations in¢y. Removing this artificial
much smaller than over land, and with currently available Cross-correlation is difficult because there is a natural corre-
sensor technology (e.g. LI-COR 7500/7200 have a resolulation between the fluctuations of the two scalegand.xy,
tion of 0.11 ppm at 10 Hz sample rate), a relatively high air_whlch'are both transported.t.)y.the same turbulent ed@es. At-
sea gradientpCO; > 40 patm is required to keep the uncer- tempting to remove the artificial dependengy,(RH) with

tainty in the flux signal due to sensor resolution below 10 %'egressions or polynomial fits can thus lead also to the re-
(Rowe et al, 2011). moval of the turbulence-driven variations &f and, there-

fore, of the CQ flux signal itself.Prytherch et al(20103

Fy + Fr + Fp
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suggested that the accumulation of salt particles on the lengibe was heated to avoid condensation on the walls, which
of the LI7500 OP IRGA could modulate the magnitude of the would lead to an underestimation of the EC latent heat flux.
bias.Edson et al(2011) reported that the accumulation of Although the tubing had a built-in self-regulated heating re-
salt particles on their shrouded and regularly cleaned IRGAssistor (Parker SL-522-B0849A), the temperature in the tub-
was unlikely and suggested that a more suitable explanatioing was not measured continuously. However the LI-COR
was provided by the contamination of the optics with small temperature sensors recorded temperatures ranging from 23
particles from the ship’s engines combined with organic de-to 36°C at an outside air temperature ranging from 8 to
posits from sea sprafrytherch et al(20109 went further  16°C. A pump (Gast model 1423) delivered a continuous air
and presented a correction method (called the Peter K. Taystream from the mast at 100 slpRd ~ 7500), wherere

lor — PKT — method), which has since been used in severals computed ae = UQEQRZ, using a flow rateQ [ms‘l], the
publications to correct OP C(luxes (e.gPrytherch et al.  inner radius of the tubing [m] and the kinematic viscosity

2010h Lauvset et a].2011; Edson et a).201% Huang etal.  of air v ~ 7.1 x 10-°m?s~1. Figure1 shows a schematic of
2012 Ikawa et al, 2013. Huang et al(2012 reported that  the flux system.
the PKT correction did bring some of their G&lux mea- A part of the main flow (17 slpm; IB=6 mm; L =2m;
surements closer to the bulk flux estimate, but found thatRe ~ 2100) was directed to the two LI7200s CP IRGAs
for small water vapour fluxes the PKT method overcorrected(wetA wetB) connected in sequence. Up to this point the air
the CQ flux and, in some cases, even resulted is a reverwas not filtered. The air stream was subsequently divided
sal of the flux directionlkawa et al.(2013 reported that the and passed to two LI7500s, which were connected in par-
PKT correction resulted in increased scatter when applied tallel. The 7500 OP units were converted to CP, and each
coastal tower-based G@lux measurements, and decided not one was positioned downstream of a Nafion membrane dryer
to apply the correction. A selection of the publications men- (PD-200T) to remove fast water vapour fluctuations as shown
tioned above are also listed in Taldldogether with a brief by Miller et al. (2010. They are described alsyA anddryB
description of the deployed IRGAs and findings relevant toin the following text.
this contribution. Zero air was injected periodically (every 6 h) into the sam-
Here we present direct GGlux measurements performed ple inlet to measure the delay of the signal in the IRGAs.
during the Surface Ocean Aerosol Production (SOAP) ex-Pressure and temperature in each IRGA sample volume were
periment in the Southern Ocean, where we deployed thelso measured with external sensors (Mensor CPT6100 and
SUNY Albany Air/Sea Flux systenMiller et al., 2010, con- a thermocouple, respectively). An inertial motion unit (IMU
sisting of dried and un-dried CP IRGAs. In order to rule out — Systron Donner MotionPak Il) provided high-frequency ac-
that the failure of an individual IRGA would suggest differ- celeration and rate data, and a GPS compass and the ship’s
ences between the dried and un-dried deployment, the nungyrocompass were used to completely describe the ship’s
ber of IRGAs was doubled using sensors from National Uni-motion. These data allowed the wind speed measurements
versity of Ireland Galway. from the Csat3 to be corrected for platform motion follow-
We show that even EC measurements using CP IRGAsng Miller et al. (2008. All measurements were performed
can be affected by a large humidity bias when the sampledt 10 Hz.
air is neither dried nor filtered. We applied the PKT method
(which does not include any OP-specific assumptions) to the.1 Data analysis and flux calculations
un-dried CP data as atest of its ability to remove the observed
humidity flux-related bias in broadband non-dispersive in-The fluxes of momentuna, and the sonic sensible heat
frared (NDIR) sensors. We further analyse and discuss thisisonic were calculated from the Csat3 data after motion cor-
correction methodRrytherch et a).2010g in detail. rection Miller et al., 2008 and rotation of the wind vector
into the mean flowNIcMillen, 1988. The latent heat flux HI
was calculated from the covariance of the vertical wind speed
2 Experiment and methods w with the water vapour mixing ratie, from wetAandwetB
after correction for the time delaylsonic was corrected with
The SOAP field campaign was conducted from February tothe latent heat flux to derive the sensible heat fHyx fol-
March 2012 on the R/Mangaroa The EC system described lowing Burns et al(2012. The measured Cfdensity was
here consisted of two Csat3 sonic anemometers attached twnverted to a mixing ratio (as described in Ségtand ship
the bow mast (12.6 mal.), which provide high-frequency motion contaminations of the signal due to flexing of the sen-
measurements of the three components of the wind vectosor or inertial forces on the filter wheel were removed using
(u, v and w) and the speed of sound temperaturg),(as  alinear regression with the acceleration and rate signal (as in
well as four IRGAs of type LI7200x2) and LI7500 & 2), Miller et al., 2010.
which were located inside the container laboratory on the All flux calculations were performed over 25min in-
bow deck and connected to the sample volume on the magervals. These intervals were divided into five 5min sub-
with a stainless steel tube (lB1cm; L =20m). The inlet intervals and were excluded if any of the mean wind direction
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Table 1.Publications addressing the bias in NDIR £@easurements that is related to relative humidity.

Publication

Configuration

Notes

Kohsiek(2000

two custom-made NDIR
sensors

laboratory tests show dependency

of the C®signal on RH for RH> 50 %.
Suggest water films on the sensor
optics as cause

McGillis et al. (2009

LI-6262 closed path with
in-line particle filter

first air—sea EC g@uxes
consistent with bulk formula

Kondo and Osam(2007)

LI-7500 open path

measured G@uxes order of
magnitude higher than bulk formula

Miller et al. (2010

LI-7500 converted to
closed path, dried air stream

reduced Webb correction
G@uxes consistent with
bulk formula

Prytherch et al(20103

LI-7500 open path- PKT

suggest water films caused by salt
particles as cause; order-of-magnitude
correction

Prytherch et al(2010b

LI-7500 open path- PKT

transfer velocity measurements
at high wind speeds;
order-of-magnitude correction

Lauvset et al(201])

LI-7500 open path- PKT

order-of-magnitude correction

Edson et al(201])

LI-7500 shrouded- PKT
and spectral method

small particles on sensor lenses;
order-of-magnitude correction

Kondo and Tsukamot(?012

LI-7500 open path and
LI-7000 closed path

measured £fuxes from both
sensors order of magnitude higher
than bulk formula

Huang et al(2012

LI-7500 open path on buoy

PKT results not plausible

Ikawa et al.(2013

LI-7500 open path on coastal tower

PKT results not plausible

This study

LI-750QMiller et al. (2010
compared to LI-7200 closed
path+ PKT

dry CO, fluxes consistent with bulk
formula; un-dried £fluxes biased
low; disproves PKT correction

within the sub-intervals exceeded 0@ the bow to min- The PKT correction, as presented Byytherch et al.
imise flow distortion effects. Flux intervals were also ex- (20103, was applied to the mixing ratios measured by the
cluded when spikes were present in the wind speed or IRGAwo analysersvetA andwetB This method includes an it-
measurements. The remaining intervals were checked foeration in which the correct flux value is approximated.
signs of non-stationarity in the GQro-spectra of thelryA The termination criterion for the iteration was chosen ac-
anddryB, and the same criteria as Bell et al.(2013 were  cording toPrytherch et al(20103, to be|FC(f) — Fé-’_1)| <
applied. It has to be noted here that the co-spectraof@@  0.04 molnt2yr—1. Prytherch et al(20103 also suggested
H,O are similar. Therefore a cross-contamination of the CO a rejection of the PKT results if the iteration did not con-
signal with HO cannot be clearly identified by spectral anal- verge within 10 steps or if¢’’ exceeded-400 mol nr2yr—1
ysis. A total of 327 from the 1039 available intervals passed(which was considered unrealistically high). Thus the appli-
the quality control fodryAas well as fodryBand were used  cation of the PKT correction to the measurements from the
for the analysis presented here. M@tAandwetB only 273 un-dried IRGA led to a further reduction of the data set.
and 269 intervals, respectively, passed because these analyor wetA the PKT correction rejected 102 of the 273 in-
sers had been removed from the setup for about 1 day. Fluxervals and fomvetB89 of 269, respectively. Flux measure-
measurements frowetAandwetB passed both for 267 in-  ments and PKT results passed for both sensors for 161 of
tervals, because spikes had compromised the data from th@e intervals. The fluxes calculated from measurgd and
two sensors during different intervals. the PKT-correctedpxt were evaluated against the unbiased
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Fig. 1. Schematic of the eddy covariance setup for the SOAP experiment on th€&lR@aroa The sample air line is colour-coded in blue,
and the colour is changed to red downstream of the membrane dryers to indicate that the air is dried at this point.

measurements of the dried IRGAs. These results are pre3.1 Primary CO> flux results
sented in Sect8.1and3.2, respectively.

The flux measurements are affected by air-flow distortion, The CQ flux measurements from the four CP IRGAs (with-
which results in a bias that depends mostly on the relativeout PKT correction) are plotted in Fi@. (top and middle).
wind direction Popinet et a].2004 O'Sullivan etal, 2013.  The CQ flux estimates from the dry gas analysers were in
For this submission, the flux measurements were not corgeneral agreement with each other &weeeney et a{2007),
rected for air flow distortion because we concentrate on thavhich is an updated version of the widely used parameteri-
comparison of different IRGA signals that were all correlated Sation byWanninkhof(1992, while the flux measurements
with the same wind speed measurement. Air flow distortionfrom the un-dried gas analysers exhibited large scatter.
does therefore not affect our conclusions. The LI-COR IRGAs measure CQdensity, and the mea-

sured flux signaFirga must be corrected for the air-density
flux bias terms £, Fr, and Fp) to obtain the correct CO
3 Results flux signal F;. The flux bias terms at different measurement
] ) » positions are shown in Figh. For the un-dried IRGAF,
Figure 2 ;hows an overview pf the conditions encoun- exceeded; by an order of magnitude (Fidh top). For the
tered during the SOAP experiment from 16 February t0\ynole data set, the average magnitude of the latent heat flux
5 March 2012 (DOY 47-65). The wind speed range Wasgrom the un-dried IRGAs was 36 WTA; in contrast the av-
betvveeln 0 and 15n$ (25min average) and peaked at grage magnitude of the latent heat flux downstream of the
20ms* on DOY 61. Unfortunately, the umnterru_pnble dryer was 24 Wm~2. The application of the diffusion dryer
power supply of the EC system was flooded during this stormyerefore reduced, on average by 93 %. This is compara-
event, leading to a 12h gap in the record. The ship wasye (o Miller et al. (2010, who found a reduction by 97 %.
steered into the wind as much as possible, except during suly similar effective reduction was found fdrr (Fig. 4 bot-
vey periods or deployments of instruments. The airtemperatom), when compared with the open-path measurement by
ture was mostly colder than the water temperature (measureﬁl]e sonic anemometer. The reductionfofis due to heat ex-
by the ship's thermosalinograph) except for a period betweenhange of the sample air with the 20 m-long inlet tubing and

DOY 51 and 55, when awarm air mass led to negative turbuges not depend upon the dryirfg (Fig. 4 bottom) is much
lent heat fluxes. The air-wat@iCO, difference ranged be- g ajier thanF, and Fr, but of the same magnitude #.

tween—40 and—120 patm. These largepCO, values were -, cannot be reduced physically and needs to be measured
easily within the 40 patm criterion for EC flux measurementsacwrate|y Killer et al., 2010.

with the LI-COR IRGAs Rowe et al.2011).

www.atmos-chem-phys.net/14/3361/2014/ Atmos. Chem. Phys., 14, 33372 2014
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U

T S T 2 hee € s n oy for e com

plete experiment, and for subsets (SubsetTWm—2 < HI <
+7Wm~2]; Subset 2 £35Wm 2 < HI < —7Wm~2]; Subset 3
[+7Wm—2 < HI < 340 WnT2]) based on the EC latent heat flux
measured by the un-dried gas analysers. To make the values com-
parable, only intervals with results from the PKT loop are used for
calculating the mean flux values.

Interval All Subset1l Subset2 Subset3
# intervals 161 28 24 109
Fem dryA -7.21 -6.59 -5.80 —7.69
Fem dryB —-7.16 —6.51 —-5.63 —7.66
FemwetA  +5.01 —6.50 -7.67 +10.76
} LS P A FemwetB  —3.29 -5.96 —6.62 -1.87
T Ty o me g ot FpkTWetA —2.34 -589  -897  +0.03
FpktwetB —-3.09 —6.67 —7.94 -1.10

Fig. 2. Overview of conditions encountered during the SOAP exper-
iment. Shaded areas mark low latent heat quxestMWm*Z).
The wind speed measurement was taken on the ship’s main deck

and is corrected for air-flow distortiorPOpinet et al.2004 and  the full data set. The magnitude of the latent heat flux is used
normalised to standard conditions (10 m height and neutral stabilyg ~5lour code. Linear regression gave a slope®17-+0.8

ity). This wind speed was used to calculated the bulk fluxes with thef r wetAvs. drvB an 740.2 for wetBvs. drvB. r _
TOGA COARE 3.0 algorithm. All direct EC fluxes are measured at 0 etA S'd. yBand+0. 2 0.2 for wetBvs. dryB, respec

; ; tively, both with very lowR< values. On average, the effect of
the bow mast using the Csat3 sonic anemometer and the IRGA |nh bi d he G h . he si
the science container on the foredeck. the bias was to reduce the @@ux, even changing the sign.

3.2 Application of the PKT correction to the flux
measurements from the un-dried IRGAs

The flux measurements of all four CP IRGAs, as presented
in Fig. 3, have been corrected for the air-density bias fluxesThe PKT correction, as presented®rytherch et al(20103,
by calculating the C@ mixing ratio. However, even after was applied to thecy measured by the two un-dried anal-
this correction was applied, the un-dried IRGA £fuxes  ysers, and the results were evaluated against the unbiased
showed erratic behaviour. The difference in the ;Cilix measurements of the dried IRGAs. Fig@réoottom) shows
measurements from the un-dried and dried IRGAs is plot-the PKT-corrected fluxest{'KT) as well as the results from
ted in Fig.5. The variance of the flux data frometAand Eq. (7), which is derived in Sect4 and presents a simpli-
wetBincreased proportionally with the latent heat flux and fied version of the PKT correction that also provides an out-
became an order of magnitude larger than that fdogA or put when the PKT correction does not converge. The results
dryB. There was no apparent correlation between the differ-of Eq. (7) are not used in the evaluation of the PKT correc-
ences in the CefluxesA F and the bias fluxes caused by the tion results; that is, intervals that were rejected by the PKT
pressure and temperature fluctuatiofs Gnd Fp). correction are excluded from the analysis.

It has to be pointed out that the primary flux measurements Scatter plots in Figs7 and 8 show the correlation be-
from the two un-dried sensors agreed with the measuretween the flux measurements form the un-dried IRGAs and
ments from the dried IRGAs during periods with very low the fluxes fromdryB before (left) and after the application
latent heat flux (Hk 7 Wm~2). These periods are marked as of the PKT correction to the un-dried measurements (right).
shaded areas in Figgand3. The limit of 7Wnr2 was cho-  For low latent heat flux, the PKT correction increases the
sen so that the envelope of the bias was approximately twacatter of the initially well-correlated measurements and also
times the scatter observed at4I0 Wm™2. Figure6 shows  rejects a large part of the results. FeetA the PKT correc-
scatter plots of the flux measurements frarmtAandwetB  tion reduces the large range of scatter, but does not improve
against those frontryB for (HI < 7Wm2) and of dryA the correlation with tharyB fluxes. ForwetB which shows
againsdryBfor the whole data set. A linear regression of the a weaker bias, the PKT correction even reduces the correla-
dryAvs.dryBfor the full data set gave a slope a09+0.01 tion with thedryB flux estimates from J+0.2 to 04+0.2.
with a R? = 0.96. ForwetAandwetB regression was per- The average raw flux estimates from the four CP IR-
formed over the restricted data set @7 Wm~2) and gave GAs and from the PFT-corrected un-dried IRGAs are
slopes of 88+0.15 with R? = 0.36 and 093+0.06 with shown in Table2. The average was taken over the 161
R? = 0.78, respectively. intervals, where PKT results were available for both un-

Figures7 and 8 (left side) show scatter plots of the pri- dried gas analyser, and over three subsets, which were
mary flux measurements efetAandwetBagainstdryB for based on the magnitude and sign of the latent heat flux

Atmos. Chem. Phys., 14, 33613372 2014 www.atmos-chem-phys.net/14/3361/2014/
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Fig. 3. Time series of the direct C{fluxes and the flux calculated with the parameterisaticBwéeney et a(2007), plotted on logarithmic
scale with sign. Values in the range of 2 mGT?ryr—l are plotted on linear scale. Shaded areas mark low latent heat fluxes7(Wl m—z).
Top: fluxes fromdryAanddryB parallel measurements are linked with vertical lines; middle: fluxes WwetAandwetB bottom: fluxes from

wetAandwetBafter the PKT correction has been applied to the@@asurements and the results from 9. \hich are overlaid with the
PKT results.

measured by the un-dried IRGAs. For the whole cruise,4 Analysis of the PKT correction

the PKT correction brought the flux measurements from

wetA and wetB into closer agreement. The mean estimate T0 investigate the unsatisfactory results of the PKT correc-
of wetA and wetB after PKT did, however, underestimate tion (cf. Sect.3.2), we will now analyse the correction algo-
the flux (Fc = —7.19moln2yr—1) by 62% . For Subset rithm in detail.

1 (—7Wm2<HI <+7Wm2]), the bias in the un-dried The PKT methodPrytherch et al(20103 is based on the
IRGA was negligible and the flux estimates of all four sen- assumption that the ratio of the variations of two quantities
sors agreed within 10%. Here PKT correction changed the€.9. CQ and relative humidity) is equal to the ratio of their
results by less than 12%. For Subset 2 with moderately negvertical fluxes:

ative latent heat fluxes[435Wn 2 <HI < —-7Wm~2]), 9 (xc) (xéw’)
the PKT correction increased the bias in the flux measure- (RH) = (RH’w’)' (4)

ments from 25% to 48%. Subset 3 included the largest la-
tent heat fluxes[¢-7 Wm~2 < HI < 340 W nT2]); here, the  Prytherch et al(20103 derived Eq. 4) from the Monin—
PKT-corrected fluxes are only small fractions of the dried Obukhov similarity theory, assuming that the scalar profiles
fluxes (i.e.< 1% and 14 % fowetAandwetB respectively).  of the two non-dimensionalised quantities are equal.

The average flux estimates of the two dried IRGAs agreed The correction algorithm can be summarised as follows:
within 1 % for the whole cruise and for each of Subset 1 andfirst, the variations ofc. that are dependent on RH are re-

Subset 3. For Subset 2 the agreement was within 3 %. moved from the measured signa}l, with a third-order poly-
nomial fit to thexcm and RH time series:
20 =xem— Y an(RH)", ®)
n=1:3

wherea, are the polynomial coefficients determined by the
fit. Afirst-step CQ flux Féo) is calculated from the detrended
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Fig. 7. Scatter plot of the C®flux measurements frometAagainst
those fromdryB before (left) and after the PKT correction was ap-

_ _ plied to thewetAmeasurements (right). Bin averages of 15 bins with
Fig. 5. Difference between the Gflux calculated from the mea-  an equal number of data points are shown as black circles, with error
sured signalscm from the un-dried gas analysers to the flux from pars indicating the standard deviation from the bin average. A lin-
dryB as a function of the EC latent heat flux measurement from thegyy regression to the data is shown as a solid black line, and the 1

un-dried gas analysers. Different scales are used for the two subygreement is indicated with a grey dashed line. Only intervals for

plots. which the PKT correction provided a result for batetAandwetB
were used for this plot.
S|gnalx(°) and then used with Egd) to get a first approxi-
9(x
tmh:t;glrlloc\’/{/? r(]Rf—i) u-;:?lth mixing ratio is then adjusted using o the relative humidity flufRH w’) was substituted with
94 y: (xow’) (&H)~, similar to Eq. 6). The adjusted time series
Lnew _ (0) 405 (RH)- F(O) 3 (xv) ©) é”ew) is now used to calculate an approxmgtlon of the;,CO
c flux, and produce a new correction term via E4) {0 be

{xjw’) 3 (RH) ’ A r )
used in Eqg. §). Equations 4) and @) are then looped until
the CQ flux estimate converges to a flux valug kT (this
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Fig. 9. Scatter plot of the results from Eqr)(against the results

of the PKT correction for IRGAvetB individual (blue) and binned
loop typically converges within less than 10 steps). Equa-(black).

tions @)—(6) are taken from the Matlab code in the Supple-
ment ofPrytherch et al(20103.
We found that the loop can be replaced by one simplePKT correction algorithm lead to a reduced range of scatter

equation: in the PKT results when compared to the results of Ej. (
Prytherch et al(20103 validated the PKT method by ap-
FE T =F2 B, (7)  plying it to the sensible heat fluxF,) as calculated from
» 1 the measured speed of sound temperatiigke (Ve followed
where g = (1— 0'5(3'/4]5;)) aa(gﬁ)) . From Eq. 4) it fol- this analysis and show our results in Fig), which can be

lows thatf ~ 2. directly compared to Fig. 2 iRrytherch et al(20103. The
In order to show this, we re-write Ec)(by replacing the ~ 2verage of (t)he flux, calculated from the detrended sonic tem-
adjusted mixing ratiaé”em with xéj) and FC(O) with the flux perature F}S)), yields a_pprpximately one half of the flux sig-
from the previous iteration Steﬁ:(j—l): nal. The PKT flux, which is qual to the product of the Qe—
trended flux angB, correlates with the standard EC sensible
heat flux. The factor & in Eq. (/) comes from the same fac-
(8) tor Eq. @), which was originally inserted to reduce the step
width and improve the convergence of the iteration and was
Equation 8) is iterated within the PKT loop. The new flux not expected t.o change the result of the .PKT correcti_on (J.
estimate of iteratiory (i.e. Fc(j)) is computed frome) as Prytherch,.rewew comments). In order to |IIustrat§ the |.nflu-
ence of this factor, the results of a PKT correction with a

FI™ a(xy)
(w) o (RH)

x =x©@ +05- (RH) -

follows: factor of Q75 are shown in FiglO. Here ~ 4 and the PKT
(-1 (©] ~
: F, 3 (xy) results arex 4 x F; and~ 2 x Hs.

(J) _ (0 /ol C v S
F’ =F;7 405 (RHw) ———— 9

) = F (RHW) T STRe 9

, G+ - 5 Discussion

and is used to computeg via Eq. @). However,

if Eq. (9) is inserted into the convergence criterion The good agreement between the dried and un-dried CP sys-
(FY — FY™ — 0) and solved forF/ ™", we find that  tems for low latent heat fluxes (cf. Se@.1) supports the
the loop will terminate atF{<T given by Eq. 7). The re-  findings of Miller et al. (2010 that application of a diffu-
sults of the loop agree with Eq7) within the tolerance  sion dryer does not alter the G@ux signal, but avoids con-
|Fc(’) — Fé’_l)| < 0.04molnT2yr-1, which is used byPry- tamination of the sensor optics and significantly reduces the
therch et al(20104 to determine that the loop has converged. magnitude of the necessary air density correction.

In Fig. 9the results from Eqg.4) and the PKT loop are plotted The magnitude of the scatter in the g@uxes from
over the 1. 1 correspondence line. A significant advantage ofthe un-dried CP systems increases with the latent heat flux
Eq. (7) is that it always provides a result, whereas the PKT (Fig. 5). These results are similar to results reported for OP
loop does not always converge. In F&bottom) the results  IRGAs (LI-COR 7500) (e.d<ondo and Osamw007, Lau-

of Eq. (7) are overlaid withFKT. The rejection criteriainthe  vset et al, 2011, Prytherch et a).20108, which showed
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are the product OFé) andpg. The black lines indicate the ratios zero
and one.

an overestimation of the GOflux magnitude when com-

pared to common bulk formulae. In this study, on the otherthan F¢; this leads to the observed underestimation by the

hand, the bias reduced the €@ux on averageKondo  PKT-corrected fluxes.

and Tsukamota(2012 simultaneously deployed OP (LI- The PKT correction appears to correct the latent heat flux

COR 7500) and CP (LI-COR 7000) sensors to measurddias in the sonic sensible heat flux because the flux calcu-

CO; fluxes in conditions with low air-sea GQgradient lated from the detrended sonic temperature yields on average

(12 patm< ApCO; < 42 patm) and large latent heat fluxes approximately one half of the flux signal and is then multi-

(70Wn2 < HI < 140WnT2). The EC CQ flux estimates  Plied with 8 ~ 2. However, this does not prove that the PKT

from both OP and CP IRGAs were an order of magnitudecorrection can successfully remove the bias in the measured

higher than expected using tBeveeney et a(2007) param-  COz fluxes.

eterisation and diverged increasingly for higher latent heat

fluxes. We therefore assume that the bias observed in the

fluxes from the un-dried CP has the same origin as the biase8 Conclusions

observed in the OP measurements cited above. Our measure-

ments also indicate that the bias can be different for eaciMeasurements of the air—sea £fux over the open ocean

individual IRGA unit. were conducted with four IRGAs, two of which had the water
Equation ) explains why the PKT correction produces vapour fluctuations removed with a membrane drjitlér

unsatisfactory flux results: the PKT-corrected flux is sim- et al, 2010. The flux results from the dried and un-dried

ply a product of the flux signal, which was calculated from sensors agreed with each other during periods of very low la-

the CQ mixing ratios after detrending against the relative tent heat flux, demonstrating that the membrane dryer does

humidity, and the terng ~ 2 that depends solely on water not alter the CQ@ flux signal. With increasing latent heat

vapour and relative humidity fluctuations. The ratios of the flux, the CQ flux measurements from the un-dried sensors

detrended fluxes of the two un-dried IRGAs to the G{Dix showed large bias and scatter. This is similar to earlier stud-

measured by thdryB and the factop are plotted in Figll ies (Kondo and Osam2007 Lauvset et a].2011 Prytherch

as a function of the latent heat flux. The paramgteshows et al, 20103. In this study the bias flux was positive (on av-

a large scatter for low HI but converges to 2 for HBO erage), leading to a net reduction of the downwardg @ax.

Wm~2. The ratio of the detrended fluxes to the fluxes mea- The PKT correction reduced the scatter in the flux mea-

sured by the sensairyB ((Fé’) -(F¢)~1) is on average close surements from the un-dried gas analysers from 1000 to

to 1 when latent heat flux is small, but exhibits large scatter.100 % of the flux signal. However, the PKT-corrected fluxes

For HI> 50 Wn1? the value of FQ becomes much smaller showed only a weak correlation with the flux measurements
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from the dried gas analysers. A detailed analysis of the PKTHuang, Y., Song, J.,Wang, J., and Fan, C.: Air-sea carbon-dioxide
algorithm was performed, which revealed that the loop in flux estimated by eddy covariance method from a buoy obser-
the PKT correction can be replaced by a single equation. Vvation, Acta Oceanol. Sin., 31, 66-71, ddl:1007/s13131-012-
The PKT-corrected flux was shown to be a product of the 0253-32012.

de-trended C@flux and a factor that depends solely on the 'kawa, H., Faloona, 1., Kochendorfer, J., Paw U, K. T., and Oechel,
latent heat flux and relative humidity. The PKT method can- - C: All-sea exchange of Gt a Northern California coastal
not be used to retrieve the true @om the measured sig- site along the California Current upwelling system, Biogeo-

. . . sciences, 10, 4419-4432, dd:5194/bg-10-4419-2012013.
nal since detrending to remove the bias also removes most i J. C. Wyngaard, J. C., Izumi, Y., and Coté, O. R.: Spec-

of the CQ flux information. Conclusions made based on 5| characteristics of surface-layer turbulence, Q. J. Roy. Meteor.
PKT-corrected C@ flux measurements should be treated gsoc., 98, 563-589, 1972.
with care. Kohsiek, W.: Water vapor cross-sensitivity of open pafOHCO,

The results support the conclusionshifler et al. (2010 sensors, J. Atmos. Ocean. Tech., 17, 299-311, 2000.
that the order-of-magnitude bias in the measured @xes  Kondo, F. and Osamu, T.: Air—sea G@lux by eddy covariance
can be removed when the sample air is dried. The authors technique in the equatorial indian ocean, J. Oceanogr., 63, 449—
therefore strongly recommend the use of the closed-path IR- 456, 2007. _
GAs with a diffusion dryer as presented Miller et al. Kondo, F. and Tsukamoto, O.: Comparative £fux measure-

ments by eddy covariance technique using open- and closed-path
(2014 for EC flux measurements over the open acean. gas analysers over the Equatorial Pacific Ocean, Tellus B, 64,

17511, doii0.3402/tellusb.v64i0.17512012.
AcknowledgementsThis research was funded by Science Founda-Lauvset, S. K., McGillis, W. R., Bariteau, L., Fairall, C. W., Johan-
tion Ireland as part of the US—Ireland R&D Partnership Programme nessen, T., Olsen, A., and Zappa, C. J.: Direct measurements of
under grant number 08/US/11455 and a SFI Short-term Travel CO2 fluxinthe Greenland Sea, Geophys. Res. Lett., 38, L12603,
Fellowship under grant 09/US/I11758-STTF-11, the EU FP7 project  d0i:10.1029/2011GL047722011.
CARBOCHANGE under grant agreement no. 264879, US NationalLeuning, R. and King, K. M.: Comparison of eddy-covariance mea-
Science Foundation Award 0851407, and by NIWA under the surements of C@fluxes by open- and closed-path g@naly-
Ocean-Atmosphere Programme in the Atmosphere Centre. We Sers, Bound.-Lay. Meteorol., 59, 297-311, 1992.
thank the captain and crew of the R/Mngaroawho supported  McGillis, W., Edson, J., Hare, J., and Fairall, C. W.: Direct covari-

the measurements. We thank Kim Currie for providing 2peCO, ance air-sea C@fluxes, J. Geophys. Res., 106, 16729-16745,

data. Also we want to express our gratitude to the reviewers John 2001.

Prytherch, Margaret J. Yelland, and Mingxi Yang. McMillen, R.: An eddy correlation technique with extended appli-
cability to non-simple terrain, Bound.-Lay. Meteorol., 43, 231—

Edited by: C. Law 245, doi10.1007/BF00128405.988.

Miller, S., Hristov, T., Edson, J., and Friehe, C.: Platform motion
effects on measurements of turbulence and air—sea exchange over
References the open ocean, J. Atmos. Ocean. Tech., 25, 1683-1694, 2008.
Miller, S. D., Marandino, C., and Saltzman, E. S.: Ship-based mea-

Bell, T. G., De Bruyn, W., Miller, S. D., Ward, B., Christensen, K., surement of air-sea Gexchange by eddy covariance, J. Geo-

and Saltzman, E. S.: Air-sea dimethylsulfide (DMS) gas trans- phys. Res., 115, D02304, ddQ.1029/2009JD012192010.

fer in the North Atlantic: evidence for limited interfacial gas Nightingale, P. D., Malin, G., Law, C. S., Watson, A. J., Liss, P. S.,

exchange at high wind speed, Atmos. Chem. Phys., 13, 11073- Liddicoat, M. 1., Boutin, J., and Upstill-Goddard, R. C.: In situ

11087, doi10.5194/acp-13-11073-20,13013. evaluation of air-sea gas exchange parameterizations using novel
Burns, S. P., Horst, T. W., Jacobsen, L., Blanken, P. D., and Mon- conservative and volatile tracers, Global Biogeochem. Cy., 14,

son, R. K.: Using sonic anemometer temperature to measure sen- 373-387, 2000.

sible heat flux in strong winds, Atmos. Meas. Tech., 5, 2095-0’Sullivan, N., Landwehr, S., and Ward, B.: Mapping flow dis-

2111, doi10.5194/amt-5-2095-2012012. tortion on oceanographic platforms using computational fluid
Edson, J. B., Hinton, A. A, Prada, K. E., Hare, J. E.,, and dynamics, Ocean Sci., 9, 855-866, d6i5194/0s-9-855-2013

Fairall, C. W.: Direct covariance flux estimates from mobile plat-  2013.

forms at sea, J. Atmos. Ocean. Tech., 15, 547-562, 1998. Popinet, S., Smith, M., and Stevens, C.: Experimental and numeri-
Edson, J. B., Fairall, C. W., Bariteau, L., Zappa, C. J., Cifuentes- cal study of the turbulence characteristics of airflow around a re-

Lorenzen, A., McGillis, W. R., Pezoa, S., Hare, J. E., and search vessel, J. Atmos. Ocean. Tech., 21, 1575-1589, 2004.

Helmig, D.: Direct covariance measurement of gas transfer  Prytherch, J., Yelland, M. J., Pascal, R. W., Moat, B. I., Skjelvan, .,

velocity during the 2008 Southern Ocean Gas Exchange Exper- and Neill, C. C.: Direct measurements of the £iux over the

iment: wind speed dependency, J. Geophys. Res.-Oceans, 116, ocean: development of a novel method, Geophys. Res. Lett., 37,

CO00F10, doil0.1029/2011JC007022011. L03607, doi10.1029/2009GL041482010a.
Ho, D., Law, C., Smith, M., Schlosser, P., Harvey, M., and Hill, P.:

Measurements of air—sea gas exchange at high wind speeds in

the Southern Ocean: implications for global parameterizations,

Geophys. Res. Lett., 33, L16611, dd:1029/2006GL026817

2006.

www.atmos-chem-phys.net/14/3361/2014/ Atmos. Chem. Phys., 14, 33372 2014


http://dx.doi.org/10.5194/acp-13-11073-2013
http://dx.doi.org/10.5194/amt-5-2095-2012
http://dx.doi.org/10.1029/2011JC007022
http://dx.doi.org/10.1029/2006GL026817
http://dx.doi.org/10.1007/s13131-012-0253-5
http://dx.doi.org/10.1007/s13131-012-0253-5
http://dx.doi.org/10.5194/bg-10-4419-2013
http://dx.doi.org/10.3402/tellusb.v64i0.17511
http://dx.doi.org/10.1029/2011GL047722
http://dx.doi.org/10.1007/BF00128405
http://dx.doi.org/10.1029/2009JD012193
http://dx.doi.org/10.5194/os-9-855-2013
http://dx.doi.org/10.1029/2009GL041482

3372 S. Landwehr et al.: Analysis of the PKT correction

Prytherch, J., Yelland, M. J., Pascal, R. W., Moat, B. I., Skjelvan, I., Wanninkhof, R.: Relationship between wind speed and gas ex-
and Srokosz, M. A.: Open ocean gas transfer velocity derived change, J. Geophys. Res., 97, 7373-7382, 1992.
from long-term direct measurements of the £ifix, Geophys. Ward, B., Wanninkhof, R., McGillis, W. R., Jessup, A. T., DeGrand-
Res. Lett., 37, L23607, ddi0.1029/2010GL045592010b. pre, M. D., Hare, J. E., and Edson, J. B.: Biases in the air—sea flux
Rowe, M. D., Fairall, C. W., and Perlinger, J. A.: Chemi- of COy, resulting from ocean surface temperature gradients, J.
cal sensor resolution requirements for near-surface measure- Geophys. Res., 109, C08S08, d6i:1029/2003JC001802004.
ments of turbulent fluxes, Atmos. Chem. Phys., 11, 5263-5275Webb, E. K., Pearman, G. I., and Leuning, R.: Correction of flux
doi:10.5194/acp-11-5263-20,12011. measurements for density effects due to heat and water vapour
Sweeney, C., Gloor, E., Jacobson, A. R., Key, R, M., McKin-  transfer, Q. J. Roy. Meteor. Soc., 106, 85-100, 1980.
ley, G., Sarmiento, J. L., and Wanninkhof, R.: Constrain- Yelland, M., Pascal, R., Taylor, P., and Moat, B. |.: AutoFlux: an au-

ing global air-sea gas exchange for £@ith recent bomb tonomous system for the direct measurement of the air—sea fluxes
14C measurements, Global Biogeochem. Cy., 21,1944-9224, of CO,, heat and momentum, J. Operat. Oceanogr., 2, 15-23,
doi:10.1029/2006GB002782007. 2009.

Takahashi, T., Sutherland, S. C., Sweeney, C., Poisson, A,
Metzl, N., Tilbrook, B., Bates, N., Wanninkhof, R., Feely, R. A.,
Sabine, C., Olafsson, J., and Nojiri, Y.: Global sea—ain@l0x
based on climatological surface ocea@0O,, and seasonal bio-
logical and temperature effects, Deep-Sea Res. Pt. 1l, 49, 1601—
1622, doi10.1016/S0967-0645(02)00003ZD02.

Atmos. Chem. Phys., 14, 33613372 2014 www.atmos-chem-phys.net/14/3361/2014/


http://dx.doi.org/10.1029/2010GL045597
http://dx.doi.org/10.5194/acp-11-5263-2011
http://dx.doi.org/10.1029/2006GB002784
http://dx.doi.org/10.1016/S0967-0645(02)00003-6
http://dx.doi.org/10.1029/2003JC001800

