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Abstract. Mass spectrometric measurement of DMS by at-1 Introduction and background
mospheric pressure ionization with an isotopically labeled
standard (APIMS-ILS) is a sensitive method with sufficient The marine biogenic gas dimethylsulfide (DMS) is gener-
bandpass for direct flux measurements by eddy correlationally recognized as a major source of sulfate to the atmo-
Use of an isotopically labeled internal standard greatly re-sphere, especially in the southern hemisphere where anthro-
duces instrumental drift, improving accuracy and precision.pogenic emissions are limited. Because of the role of sulfate
APIMS-ILS has been used in several recent campaigns t@erosols in both direct and indirect climate forcing, the bio-
study ocean-atmosphere gas transfer and the chemical bugeochemical cycling of DMS has been studied extensively
get of DMS in the marine boundary layer. This paper pro-for several decades (e.gharlson et a).1987 Fogelqvist
vides a comprehensive description of the method and errord 991, Falkowski et al, 1992 Bates et al.1992 Andreae and
associated with DMS flux measurement from ship platforms.Crutzen 1997 Gabric et al,2004. Gas transfer at the sea-air
The APIMS-ILS instrument used by most groups today has anterface links the DMS biogeochemical cycle in the surface
sensitivity of 100—-200 counts$ pptv—1, which is shownto  ocean to atmospheric aerosol production and cloud physics.
be more than sufficient for flux measurement by eddy covari-Gas transfer mechanisms also play a central role in the car-
ance. Mass spectral backgrounds (blanks) are determined Hyon cycle through exchange of Gbut adequate character-
stripping DMS from ambient air with gold. The instrument ization of gas transfer has been an elusive goal.
is found to exhibit some high frequency signal loss, with a The first analytical methods developed for DMS involved
half-power frequency ofc1 Hz, but a correction based on an trapping the gas on adsorbents or with cryogens, followed
empirically determined instrument response function is pre-by gas chromatography (GC) and sulfur-selective detection
sented. Standard micrometeorological assumptions of steadyith a flame photometric detector (FPD) or sulfur chemilu-
state and horizontal uniformity are found to be appropriateminescent detector (SCD) (e.@arnard et al.1982 Gre-
for DMS flux measurement, but rapid changes in mean DMSgory et al, 1993 Ferek and Hegdl993 Bates et a|.2000).
mixing ratio may serve as a warning that measured flux doe§ hese methods are still widely used for studies of DMS and
not represent the true surface flux. In addition, bias in surfacddMS-precursors in seawater (e.giene and Servicel 991,
flux estimates arising from the flux divergence is not gener-Kieber et al, 1996 Bates et al.1994 Archer et al, 2002).
ally significant in the surface layer, but under conditions of A subsequent refinement of the GC method was the use of
lowered inversion and high flux may become so. The effectsa mass spectrometer to discern between ambient DMS and
of error in motion corrections and of vertical motion within an isotopically labeled internal standard, deuterated DMS,
the surface layer concentration gradient are discussed and tfeglded continuously to the air sample (eBandy et al.
estimated maximum error from these effectsk8%. 1993 Blomquist et al. 1993. All these methods, however,
require sample integration times of minutes to tens of min-
utes for an acceptable detection limit at typical atmospheric
concentrations.
Until recently, measurements of the DMS flux have been
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correlation (EC), where the flux of a trace gas species is Despite frequent use in field programs, a thorough descrip-
defined as the covariance of simultaneous measurements tibn of the University of Hawaii APIMS method has yet to
vertical wind velocity and mixing ratio or concentration, be published, especially with respect to the most recent de-
F=w'c’, where the prime denotes fluctuations from the meanvelopments. The motivation for this manuscript is to pro-
and the overbar signifies a time average of sufficient lengthvide a comprehensive description of the fast DMS analytical
to capture turbulent frequencies contributing to the flux. In method and its application to DMS flux measurement. While
practice, the EC method requires rapid measurements (up tour emphasis is on ship-based measurements, the details of
20 Hz) of both wind velocity and concentration, which is well aircraft deployments are largely equivalent. For the inter-
beyond the capability of GC analysis. ested reader, a more detailed description of the APIMS-ILS
There are other less direct approaches to flux measuranstrument is given in the Appendix.
ment, such as gradient flux methods (GBuginger et al.
1971 and relaxed eddy accumulation (REAusinger and
Oncley 1990 Zemmelink et al. 20043. While amenable 2 The APIMS-ILS method
to GC analysis, these methods are technically complex, re2.1  Historical development
quiring precisely controlled gas sampling systenfitaud
and Nguyer(1996 reported GF estimates of DMS flux from Generating ions at atmospheric pressure is distinct from ion-
a ship, but interpretation of the derived transfer velocitiesization at high vacuum. Charged particles from the primary
was hindered by considerable variability in the resusm- ion source, usually a radioactive foil or high voltage corona
melink et al.(2002 have studied the suitability of GF and discharge, first ionize the most abundant molecules (exg. N
REA for DMS flux measurements over the ocean in a nearO2). Subsequent molecular collisions and charge transfer
shore environment and subsequently reported measuremernapidly lead to a state where only the most stable ions or ion
obtained in the open sea during the FAIRS project on the spaclusters persist. The predominant ion species can often be
platform R/P FLIP Zemmelink et al.2004h Hintsa et al, controlled by introduction of specific compounds into the gas
2004). While transfer velocity estimates from FAIRS were stream. Horning et al.(1973, for example, reported some
reasonable in comparison to commonly used gas transfer pasf the first development work on atmospheric pressure mass
rameterizations, they report an unexplained bias between thgpectrometric methods for drug and metabolite analysis, us-
two methods, with REA yielding fluxes up to 2 times higher ing benzene as the chemical ionization reagent species.

than GF. The energetics of the charge transfer reactions are usually
The recent development of a fast mass spectrometriénsufficient to cause molecular dissociation. Dominant ions
method for DMS Witchell, 2001, Bandy et al. 2002 intro- are typically parent molecular species or larger ion clusters

duced the possibility of direct EC determinations of DMS (e.g. Q;Hgr in the presence of benzene). In pure nitrogen or
flux. The first field deployments were aircraft-based studiesair, trace water vapor leads to the formation of water clusters,
of DMS in the marine boundary layeBéndy et al. 2002. H*(H,0)n, as the dominant positive ion speci@opd et al.
Ship-based studies are a logical application and considerabl&970. Trace gas constituents with lower ionization potential
progress has been made in the correction of wind data foor higher proton affinity than the dominant ions are ionized
motion artifacts Edson et al. 1998 such that EC is now by charge or proton transfer.
frequently employed for COflux measurements on ships  Kelly and Kenny (1991 and Spicer et al.(1996 re-
(Fairall et al, 2000 McGillis et al., 2001, 2004 Miller et al., ported the first field measurements of DMS by atmospheric
2009 Taddei et al.2009. Several studies of DMS sea-air pressure chemical ionization (APCI) mass spectrometry.
exchange have been published to-date, yielding a huge infhis instrument was an ambitious application of a triple
crease in the catalog of DMS flux measurements and derivedquadrupole mass spectrometer and corona discharge ion
exchange velocitiesHuebert et al.2004 Blomquist et al, source for aircraft-based atmospheric measurem&mpisér
2006 Marandino et al.2007, 2008 2009. Our group at et al, 1994. Benzene was used as the chemical ionization
University of Hawaii has thus far completed lengthy field reagent gas. Instrument response was sensitive to water va-
programs in the equatorial Eastern Pacific, Sargasso Segor concentration and showed possible altitude dependence
Northeast Atlantic and Southern Ocean. Based on initial(pressure effects), but the data from the North Atlantic appear
results, sea-air transfer of DMS shows less dependence oo be the first APCI mass spectrometric measurements of
wind speed than predicted by power-law models derivedDMS from a field program. Note that with respect to nomen-
from studies of more insoluble gases (e.g.2C8Fs, He) and  clature, we consider chemical ionization methods (APCI) to
this work holds considerable promise for diagnosing perfor-involve the deliberate introduction of a reagent gas (i.e. ben-
mance of more complex physics-based gas exchange modetgne in this example), while methods that do not are simply
(Blomquist et al.2006 and improving global flux estimates termed atmospheric pressure ionization mass spectrometry
(Elliott, 2009. (APIMS). This is in general agreement with other published
descriptions of these methods, but the distinction is not con-
sistently maintained.
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Although operating at 1-2 Torr rather than atmospheric Proton affinity (or gas phase basicity) of the water clus-
pressure, a proton transfer reaction mass spectrometer (PTRers generally increases with size. Trace gas species, B, with
MS) (Lindinger et al, 1998 has also been used in aircraft higher proton affinity £837 kJmot! or 200 kcal mot?,
studies. The PTR-MS ion source generates water clusters iauch as nitrogen bases) are easily ionized by transfer of a
a corona discharge. Dissociation of higher-order water clusproton or protonated water cluster.
ters is assisted by gas expansion through an orifice from the
corona source into a low pressure drift tube/reaction chambe ™ (H20),, +B = BH* (H20),, + (n—m)H20, m=0 to n (R3)
where O™ is the predominant ion. The comparatively low .
proton affinity of 5O* allows the PTR-MS to ionize amuch ~_1N€ prot?n. affinity of DMS  (808kJ mo!l o or
broader range of organic specigBrutzen et al(2000 and 193 kcalmot ) is sufficiently low that it is not efﬂqently
Williams et al. (2000 tentatively identified DMS in PTR- ionized when clusters larger than'kH,0)3 predominate.
MS mass scans over the rain forests in Surinam, but they relypUnner et al(1988ab) discovered the sensitivity of many
on empirically determined rate constants rather than in-flight™arginal compounds, including DMS, could be increased
calibrations to estimate mixing ratios, and state the precisiod"@ny orders of magnitude by heating the ionization source,
to be £30%. Low source pressures yield lower sensitivity (N€réby suppressing the formation of higher-order water
and thus far PTR-MS has not shown sufficient sensitivity for ClUSters.  In the case of DMS, the maximum increase in

DMS flux measurements biarl et al.(2009 suggest it may sensitivity was observed at a source temperature of @00
be possible for some organics. In practice, maximum DMS sensitivity in the APIMS is

Variable sensitivity is largely unavoidable in the atmo- achieved both by heating the source and by removing

spheric pressure source because charge transfer reactiof@ter vapor from the sample air with a Nafion membrane

are affected by changes in gas composition, pressure angfyer (PermaPure PD-200T-24-MSHapndy et al. 2002).

temperature Ketkar et al, 1997. Recognizing the value Since DMS does not form hydrated ion clusters effectively

of an internal isotopic standard, which was shown to work (I-€- M=0 in R3), the product ion is simply HCH;SCHg
well in GC-MS applications Bandy et al, 1993, Bandy (63AMU)_. Figure 1 shows an APIMS mass spectrum of
and colleagues subsequently developed an APIMS methoMS inarr.

with an isotopically labeled internal standard (APIMS-ILS)
(Mitchell, 2002, Bandy et al.2002. The labeled standard
(d3-DMS), which is easily distinguished from the ambient tp¢ gignal intensity at the mass of interest is a combination
molecular species by a mass spectrometer, provides a coRg gesired signal (e.g. HDMS) and instrument background,
tinuous measure of instrument sensitivity and constant corgsan from unknown sources. Prior to computing a mixing
rection for drift. Further, the constant, high concentration of ratio, the instrument backgrounds should be subtracted from
labeled standard passivates adsorption sites in the inlet tuq raw signals. When the APIMS-ILS method was first de-
ing, theoretically improving the transmis.sion of the ambient veloped, background signals at masses 63 and 66 were mea-
DMS and the frequency response of the instrument. The highy \ra in zero air, in the absence of either labeled or ambient

sensitivity and high data acquisition rate of the APIMS led p\1s This proved unsatisfactory because the introduction of
to the first direct EC DMS flux measurements from aircraft 4y ;erq ajr into the heated source alters the ionization equi-

(Bandy et al. 2002. On the subsequent DYCOMS-II field  jipriym, such that backgrounds recorded in zero air are not
program, DMS flux measurements by APIMS-ILS were usedpgcessarily equivalent to the ambient air background.

to compute entrainment velocmgs at the cloud-top inversion The ideal background measurement would be a DMS-free
of a stratocumulus-capped marine boundary lag#eens  air sample, identical in all other respects to ambient air. The
etal, 2003 Faloona et a.2009. best approximation of this is achieved by stripping DMS
from the sample air flow. Adsorption on gold has been used
as a DMS sampling technique for many ye@arhard et al.
1982. Adapting this approach for blank measurements,
we now use a 150 chnstainless steel cylinder (Swagelok
304L-HDF4-150) filled with gold-coated glass beads (3mm
Pyrex). The cylinder of gold-coated beads is valved into the
gsample flow under automated control of the data acquisition
system for 3min at the start of each hour. After two weeks

2.3 Backgrounds and detection limit

2.2 lonization reactions

Good et al(1970 established the sequence and kinetics of
ion formation in moist nitrogen at 4 Torr, leading from the
initial ionized species, K, to water clusters of the follow-
ing form, where the distribution of clusters up td tH,0)n
depends on water vapor concentration, pressure and temp

ature. of operation £1000min.) the trap is regenerated by heat-
H30T +H20+ Ny = Ht (H20)2+ N> (R1) ing to 300°C under a flow of zero air for at least one hour.

Break-through has not been observed, however, and longer
H* (H20),,_1 4+ H204 N2 = H* (H20), + N> (R2)  operational periods may be feasible.
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Fig. 1. Mass scans of ambient air with added d-3 DMS. Large wa- Fig. 2. Raw signals (countsfé) for ambient DMS and internal

ter cluster peaks at masses 55 and 73 are the dominant (aps. standard (masses 63 and 66, respectively). The gold bead DMS trap
Air sample. (b) Air sample through gold-bead blanking column, was activated shortly after 2300 h, illustrating the response time and
showing removal of DMS peaks at masses 63 and 66. background signal levels.

Figurelillustrates mass spectra for ambient air and gold-qrift, but variance in mass spectral backgrounds and calibra-
bead background. Figupresents raw count rate data for tjon drift in gas flow rate meters will contribute to measure-
masses 63 and 66, illustrating the rapid decrease in signahent drift. Flow meter drift is quite small over the time scales
when the gold-bead trap is activated. Backgrounds at masgnder consideration here-{ h) as is the spectral background
63 measured with this system in a recent field program wergyyift. |n theory, therefore, very low sub-pptv DMS detection
~ 1% of raw signal levels. The mass spectra in Bighow  |imits are achievable through signal averaging. More per-
an increase in background signal at other masses in the alinent to the subject of this paper, however, is the effect of
sence of DMS, however, reflecting a shift in the ionization random noise on the flux error, which has been investigated

equilibrium when DMS is not actively competing for pro- py | enschow and Kristens€985 and will be addressed in
tons. This effect is smaller than would be the case if zeroggct.g.

air were employed for blank measurement, but it does sug-
gest backgrounds measured with the gold bead trap may b§ 4
slightly overestimated. As long as background levels remain
low, this should not be a significant source of error.

Pulse counting is used for detection because the signal ) ) .
level is usually too low for efficient analog detection. In this Material used for the labeled standard is not 100% d-3 DMS.

mode, sensitivity is defined as countdgptv-1. Typical Other isotop.om'ers arising froffs, 13C and variable Qeu—
sensitivities are 100-200 countsipptv—? yielding a count terium substltutlon are also present. Natural DMS e_><|s'_[s asa
rate of about 80 000—160 000 countd $or an internal stan-  humber of isotopomers for the same reasons. In principle, if
dard mixing ratio of 800 pptv and 8000—16 000 countsfer the isotopomeric (_jistributions of both st_andarq gnd ambient
a typical ambient mixing ratio of 80 pptv. Theoretical noise S2MPples are precisely known, the ambient mixing ratio can
levels from counting statistics for the ambient signal at 1 Hz be calculated exgctly fr.om the obse.rved/(ie S|gr.1a| rat|o.
bandpass would be=+/8000 or~1% of the mean signal and standard mixing ratio, as shown in the following section.
level. Actual noise levels are somewhat larger (see 8ebt. Isotopomeric abundances for the standard are obtained
In principle, for an analytical signal with a significant de- from mass scans of d-3 DMS in zero air over the mass range
gree of white noise, the detection limit may be decreased by3 to 68 AMU, corresponding to DMS isotopomers from 62
averaging over successively longer integration times. Cont0 67 AMU. Abundances for natural DMS isotopomers may
tinuous improvement in the detection limit will be realized be obtained from mass scans of reagent-grade DMS in zero
until instrumental drift becomes a larger contributor to signal @r or, alternatively, calculated from natural elemental abun-
variance than noise, at which point further averaging will notdances. We have not noticed a significant difference in mea-
impro\/e the detection limit and it may even worsaferle sured and theoretical abundances for natural DMS.
et al. (1993 describe a method for determining the optimal Raw mass scan peak intensities are first corrected by sub-
averaging time for analytical systems subject to both noiseraction of a zero-air-only background. The abundance of
and drift. For APIMS-ILS, the continuous internal standard each isotopomer (A is then computed from the corrected
provides rigorous correction of most sources of instrumentalmass intensitieslj, where }, is the background-corrected

Isotopomer distributions
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signal |.ntenS|ty_of each of th‘@ |sotqpomers. Abun.dances Table 1. Isotopomeric abundances for the labeled standard and
determined during a recent field project are shown in Table  5mpient DMS. Indicated masses are protonated DMS (molecular
weight +1). Precision is estimated to #€.0010.
i=631 Ag3 Aga Ags Ass Ag7 Agg
d-3DMSStd  0.0110 0.0059 0.0411 0.8742 0.0281 0.0397
Ambient DMS  0.9298 0.0293 0.0403 0.0004 0.0001 0.0000

2.5 Computing mixing ratio

The background-corrected signal intensity at massay be
expressed as the sum of contributions from ambient and la-
beled standard isotopomers, whérés mixing ratio anc is

the absolute efficiency of the mass spectrometer. 8 Raw data corrections

3.1 Motion correction
I = & (An,ambCamb~+An,stdCstd) 2
Corrections to wind data for platform motion are required
Assuming analytical efficiency is equivalent for both on both ships and aircraft. Motion corrections for ship-
species, taking the ratiar] of intensities at masses 63 and based EC flux systems have been describe&dson et al.
66 eliminatess, which is unknown, and this is the principal (1998. Lenschow and Spyers-Dur§i©87 describe correc-

advantage of using an isotopic internal standard. tion methods for aircraft data. Only a qualitative overview of
the ship correction algorithm will be presented here.
lez  As3ambCamb+ As3stdCstd On a ship, wind and motion sensors are subjected to both
= lss = A66,ambCamb+Aes,stdCstd (3) linear displacements and angular rotations on all 3 axes.

Pitch, roll and vertical motion are usually large, while yaw

Solving for Camp and inserting the measured abundancelS less significant. In the first step of the motion correction
constants (Tabla) yields a relationship for ambient mixing lgorithm, angular corrections are applied to bring both wind
ratio in terms of the corrected signal intensity ratio and inter-and acceleration measureme'nts into a fixed frame of refer-
nal standard mixing ratio. From Tablewe note Asg amb iS ence with respect to the earth’s surface. As describdgdy
not significant and may be ignored. ' son et al(1998, a gravity vector derived from low-pass fil-

tered 3-axis accelerometer response is used as the reference
for deriving slow roll and pitch angles. Slow rotation about
RA6g std— Asa.std ) the vertical axis (yaw) is derived from low-pass filtered gyro

compass or GPS heading data. Final pitch, roll and yaw an-
gles are the sum of the slow angle component and high-pass
(4) filtered signals from 3-axis angular rate sensors. The com-
plete angular correction is then applied to the raw accelera-
tion and wind data, and the gravity component is removed
2.6 Primary calibration and internal standard from accelerometer data.
Linear platform velocities are finally obtained by integra-
Cylinders of labeled d-3 DMS are prepared commerciallytion of the angle-corrected linear acceleration data, using
(Scott-Marrin, Inc.). The primary calibration reference is a high-pass filtering to remove integration drift. Subtracting
DMS permeation device (VICI Metronics) maintained in the the derived platform velocities from the angle-corrected wind
lab at constant temperature (80) and verified by gravimet-  data yields motion-corrected winds,¢ andw) in ship coor-
ric data. The gas flow control system (Se&3) incorporates  dinates. At this point, bringing the mean relative wind into
a permeation tube oven, allowing field calibrations of the d-the streamline can be accomplished by rotating wind coor-
3 DMS compressed gas standard. Ship-board calibrationginates to achieve zero mean vertical wind velocity &nd
serve as a secondary check on the cylinder concentration. crosswind component). The corrected vertical wind ve-
Calibration runs are typically done in clean dry air from locity is now suitable for flux computations.
a zero air generator (Matheson Chrysalis 1), bypassing the
Nafion air dryer. Residual moisture in zero air is usually suf-3.2 Phase correction
ficient to produce a strong DMS signal, but additional mois-
ture may be added if necessary. The standard concentratiofin additional adjustment is necessary to synchronize the
is calculated from the known mixing ratio of unlabeled DMS measurements. A time lag between the in-situ wind mea-
emitted by the permeation tube using the relationship giversurement and DMS response exists due to the length of the
above 4). APIMS inlet line (25m). At typical flow rates of 100—

Cbms,amb= Cbms std(
A63,amb— RABG,amb

0.8742R —0.0110
0.9298

= CDMS,std(
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120 Std L mirr? the lag is~1-1.5s. However, when wind -
and DMS concentration signals are logged by separate data °3? -
systems, poor synchronization and clock drift can add an ad-
ditional time shift between the two data series. A phase cor-<
rection is therefore necessary and two approaches may b@ ozs
used to determine the lag time.

A direct approach involves the introduction of a spike or
other signal perturbation at the inlet (e.8ariteau et al.
2009, yielding a direct measure the response lag. This ;
method is somewhat complicated, usually requiring addi-  °# o,
tional hardware and plumbing at the mast-mounted inlet. If ' e,
response lag is variable the procedure must be repeated on a 4 0 1 2 3 4
regular basis and it does not account for clock synchroniza- Phase Shift (sec)
tion problems. When the flux signal is weak, however, this _. . :
approach may be the most reliable measure of inlet lag time' - - 129 correlation between DMS and.  The peak in cor-

. . relation shows the DMS signal is lagged by 1.15s with respect to

Th_e flux signal for DMS is L_Js_ually s_trong, so a lag COr- | ertical wind velocity.
relation computed for DMS mixing ratio and vertical wind
(Fig. 3) provides a better measure of phase shift in that it
accounts for all sources of time lag and is computed inde- 4
pendently for each data segment. @

0.30

0.26

Correlation (D

0.24

f Sdms dms(f)
=
=

4 Spectral characteristics and frequency response

4.1 Signal variance 0.1

As described in Seci2.3, the APIMS signal is obtained
by counting pulses from an ion multiplier, and the ambient 5’_’2012 /S
DMS concentration is proportional to the number of counts E
recorded in a finite time interval: typically 25 milliseconds —
at 20 Hz bandpass when both ambient and standard signals oot Froqumcy (H2) !
are determined sequentially. The number of counts is usu-
ally small during this interval and random counting error is Fig. 4. Variance spectra for DMS (top) and vertical wind ve-
thus the major source of signal variance. Counting error varidocity (w, bottom) plotted in log Sy (f) vs. logf format. The
ance manifests as a nearly-white noise spectrum with a slopgegative slope of the inertial subrange apparent inuthepec-
of +1 on a plot of logf S, (f) vs. logf. Figure4 presents trum is not a feature of the DMS spectrum due to the white noise
a comparison of the variance spectra for DMS andllus- ~ contribution.  Spectra are 1h averages, ~14ms ™t Fgms
trating the spectral effect of random uncorrelated noise in thé>4-4 Hmolesm<d~==.
computed DMS mixing ratio.

Atmospheric vanance in the DMS. signal may be estl—' The mass 66 signal is typically filtered, therefore counting
mated by extrapolating the exponential decay in autocovari-_, .. . : S

. ; statistics for the mass 63 signal are the principle source of

ance back to zero time lag £0) (or, more conveniently white noise in the final measurement. The expest@no
and almost as accurate, as just the magnitude of the second ; noise

point in the autocovariance series). Uncorrelated, randonf@n P& computed assumingnis; = v/Cniss, wherecntss
noise contributes only to the first point in the autocovari- 'S the mean number of counts at mass 63 over 25 msec in-

ance plot, so the difference between this point and extrapotervals' Over a 24 h period of hourly flux measurements on

lated atmospheric variance@t0 is an estimate of the white the Souther Ocean GASEX program, we compute the mean
noise variance. Figutgillustrates this analysis for an hourly “dmsnoise = 8.4 pptv from autocovariance and 6.8 pptv from
segment of 20 Hz DMS. In this case, atmospheric variancd"@sS 63 counting statistics. A slightly higher resuit from
(and possibly other sources of non-white noise variance) isaut_ocovgnancg likely reflects a small amount of additional
29ppt?.  White noise variance is approximately 57 gptv  White noise variance from other sources.

(odmsnoise= 7.6pptv) and constitutes about two-thirds of the

observed signal variance.

wlf)
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b L RS RS RS Ll Lenschow and Raupadi99]) studied the effects of in-

80 let length on humidity fluctuations using dual sensors, mea-
suring variability in water vapor concentration near the en-
. _ trance and exit of several inlet configurations. Lacking dual
o sensors, our investigation compares APIMS instrument re-
rose = 57 pptv’ sponse for two inlet systems in separate trials: (1) A full
25m teflon inlet manifold (0.375 in. ID) with subsample
flow through the Nafion dryer (PermaPure PD-200T-24-SS)
and a short tube (0.34®.17 inch ID teflon) into the APIMS

[}
t=]

DMS Autocovariance (pptvz)
N
o

20
\\\..__‘__ source. (The dryer consists of a parallel bundle of 200 Nafion
lghﬂ*"“*.——-— - . . .
. tubes, each 0.042 inch 14 in long, in a stainless steel
AMatabanes aaadnn o e e shell) And (2), a short (1 m) inlet manifold with the same
Defta ime, € (seconds) subsample tubing connecting directly to the APIMS source,

omitting the Nafion dryer. In both cases the main manifold
flow was maintained at 100-120 std L mihand subsample

_ flow through the dryer and APIMS source was 4 std L din
represents the major fraction of observed siB%'Z? variance (see Room air was sampled with the long inlet. Because of
Sect.4.1). the need to exclude water vapor in the absence of a dryer,
dry nitrogen was sampled by the short inlet system. A con-
stant flow of labeled standard was added at the front of the
inlets. A 3-way fast-switching solenoid valve, driven by a
clock pulse from the data acquisition system, introduced a

Computation of the covariance in DMS and W is the final pulsed flow at the front of each inlet from a permeation tube
of unlabeled DMS. Permeation gas flow was maintained at

step in measuring the sea-air flux. Cospectra in the atmo- . .
spheric surface layer exhibit a distinctive form under ney- 2 constant rate and switched between the inlet and a dump

tral or stable conditions which is a function of wind speed, line at frequencies up to 3Hz.  DMS concentrations were

measurement height and atmospheric stabiial et al calculated as described above. In all trials, the APIMS data
1972. The theoretical shape for the cospectrum is not We"aczwsn_lon r?te was 20 th ¢ ios f 011t03H

defined at low frequencies for unstable conditions, however, sine.s odrfuns at rS]W':C '”SQ rethuenmes r?m h. t?] Z
and this region is further affected by random noise over shor as o |éalge or each nlet. égréa response ort.is ort ml_l
averaging periods. The integrated area (covariance) is th t ylelded a somewhat rounded square wave with a sma

flux, the magnitude of which has a direct dependence on th@mount of amplitude attenuation at the highest frequency,
sea water DMS concentration possibly due to response characteristics of the switching

Averading cospectra over lona time intervals is facilitated valve. Overall, instrument response with the short inlet sys-
veraging P v g ime intervals | " tem was very fast and for our purposes represents an unatten-
by normalizing to sea water DMS concentration and constan

. . . X hated signal. In contrast, observations with the long inlet and
Schmidt number. Figuré shows normalized cospectra, bin- g g

. h i le signal i he f i
averaged by wind speed, for the Southern Ocean GASE nrggasse?jw noticeable signal attenuation as the frequency is
program. A gradual progression in the spectral maximum .

. X S . The DMS variance spectra show distinct peaks at the run
with wind speed is evident, as is the apparent loss of a Smal#requencies. A response ratf) as computed for each fre-

amount of flux signal at the highest frequencies. The causes ; !
; . . . . . uency using the integrated area of the spectral peaks, and
for signal attenuation are investigated in the next section an R
he results are plotted in Fig.

corrections are discussed in Sexd.

Fig. 5. Autocovariance plot for a DMS signal. Exponential ex-
trapolation to¢=0 yields an estimate for atmospheric variance,
0229 ppt¥.  An white noise contribution 082 .. ~57 pptv?

4.2 Cospectra

SIS Sexong()df

4.3 Inlet attenuation D2(f,) = L a
J1 Sex shorl F)df

®)

Attenuation of mixing ratio fluctuations by inlet tubing has

been studied biyenschow and Raupa¢h991). With respect The observed half-power frequency from Figs ~ 1 Hz.

to the requirements of EC flux measurements, they conclud®esponse roll-off is more gradual and begins at a lower fre-

attenuation caused by moderate lengths of inlet tubing doeguency than théenschow and Raupadfi99]) result for a

not significantly limit flux measurements when inlet flow is simple straight tube inlet. Theoretical attenuation curves for

maintained in a fully turbulent stat®é&>2300). The use of  straight sections of tubing, equivalent in length to the actual

an air dryer in the APIMS sample stream creates a more cominlet manifold and subsample tubing, are shown in Fignd

plex inlet, however, so an empirical determination of instru- predict considerably less attenuation than the observed re-
ment response is desirable. sponse curve for the inlet system including the dryer.
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Fig. 6. Mean normalized cospectra, computed from hourlgms cospectra normalized to sea water DMS concentration, adjusfed@60
and binned by mean 10 m wind speed. For comparison, the blue trace shows the expected theoretical cospectral shape for neutral condition
at the bin-centroid wind speed ane18 m, scaled to the area of the observed spectrum.

Subsequent tests of the long inlet without the dryer show & Micrometeorological issues affecting flux accuracy

frequency response similar to the short inlet, confirming the

expectation that the tubing alone does not attenuate respon$§dVS has a sole source in the surface layer of the ocean, is
significantly at high flow rates. The empirical response func-generally well-mixed in the marine boundary layer, and un-
tion in Fig.7 can be used to correct for high frequency losses,der most conditions has near-zero concentration in the over-
as discussed in Sed.4. The input function for this test is lying free troposphere. For studies of air-sea gas exchange,
an approximate square wave, however, which may roll off atthe desired quantity is the flux of DMS at the ocean surface,
a slightly higher frequency than the response for a true sinuwhich is always positive (i.e. out of the ocean). Measure-

soidal input, and additional corrections discussed in $e¢t. ments in the surface micro-layer are not practical, however,
may be desirable. so flux is determined at some distangeabove the surface,

typically 15-20 m on a bow jackstaff or sampling tower. We
anticipate flux at this height will not be significantly differ-
ent from the true surface flux, but several assumptions are
necessary for this to be true.
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1.0 it (10), which equates the desired quantity, surface flux, which
L is impossible to measure directly, to the turbulent flux,at
which is measurable.

0.9+
0.8+

r (w'c’). = —1)(@) (10)
0

0.5 — Fmmmmmmmm e e e - 0z

0.6

@ (f)

0.4

0.3 4 Observed response factor
: —— Empirical Fit

—— Theoretical (0.3 m x 0.170 inch ID @ 4 SLPM)
—— Theoretical (25 m x 0.375 inch ID @ 120 SLPM)

L Businger(1986 has discussed the assumptions leading to
L (10) with respect to dry deposition particle flux and we will
L now examine them for the specific case of DMS.

0.1+

0.0+
T L S N L

o001 001 o1 1 o 5.1 Entrainment and the flux gradient
Frequency (Hz)

Fig. 7. Response ratiab2(f) for the APIMS inlet and Nafion The conpentration of D_MS__in the freg troposphere is near

dryer as a function of frequency. The red curve represents &€r0, Which leads to a significant entrainment flux at the ma-

least-squares fit to a two-parameter empirical function of the formfine boundary layer inversion height,. The magnitude of

D2(f) =exp(—af?), wherea=0.557 andb =0.917. Instrument the resulting flux gradient will depend on the relative mag-

response at 0.001 Hz and 10 Hz is assumed to be 1 and 0, respenitudes of the surface and entrainment flux@sand F;, re-

tively. The intersection of the horizontal line with the curve shows spectively. In most case$p > F;, leading to an increasing

a half-power frequency of1Hz. Also shown are theoretical at- concentration of DMS within the boundary layer in the ab-

tenuation for a 0.3m straight section of 0.17 inch ID tubing @ gence of chemical loss, typically observed at night. Assum-

4Std L min- qndla 25 m straight section of 0.375 inch ID tubing ing negligible advection, constafitwith height, and a well

@ 120 Std L mim= (Lenschow and Raupach993). mixed boundary layerw’c’). can be expressed as a linear
function of Fp and F; (11), which can be rearranged to yield

The conservation equation for DMS in the marine bound-the fractional error in assuming’c’), = Fo (12).
ary layer can be written as i), where the tem% u; rep-

resents the full turbulent wind field:( v, andw), D is the 7y — a1 2 o 11
molecular diffusion coefficient for DMS in air antl is the ~ (W'¢)z=Fol 1= = J+Fi = (11)
photochemical destruction rate (here we assuine O at

night). —

g ) AFO»eSt= ((w/c/)z _ 1) _ i ﬂ _ 1 (12)
dc 9 92¢ Fo \ Fo ~z\Fo
—+—ujc=D——L 6
TR TR L. ©

1

_ . _ As an estimate of the flux error we assume the following
Separating andu; into mean and fluctuating components  typical conditions:

(c=c+c/, etc.) and averaging over time (assuming ergodic-

ity) yields (7). (1) z;=800m anc;=18 m
dc ¥ __ - : 1 5 el
= o e g e -I-DFC—L @) (2) Transfer velocity,kgms=15cmhr-=4.17x10"°ms
Xi i Xi and the sea-air concentration difference,
. . . . . ~ _ 3

This reduces tod) assuming horizontal gradients in DMS A[DMS] = [DMS]sw—lumoIenTZ, » thereforel
are negllglble ando = 0. FO,DMS:kde[DMS]SW:3-6 pmolesm d =1 pptvms
b d— 7 _ — (3) [DMS]mpi=80 t trai t locit
90— 07 mbl pptv, entrainmen velocity,
TR PR L ® we=—0.005m s and F; pus=w, AC.

Under conditions of steady stat%?(:O) and neglecting  The concentration jump,AC, is defined as the dif-
the loss term/, (8) reduces tog). ference in DMS concentration across the inversion,
5 2 [DMS] ¢; —[DMS]mpi, 0r in this case\ C=—80 pptv and thus
a—z(w/c’)zDa—Zzz (9) Fipms=0.4pptvms?®. Under these conditions the esti-

mated fractional error froml@) is only —1.4%. However,

Turbulent flux vanishes at the surface and diffusive flux isasz; decreases to 200 m the error increases t65.4%. In
negligible compared to turbulent flux above the surface mi-situations where; is reduced and > F;, the error could
crolayer, so integration o®Bj from the surface tq leads to  exceed-10%.
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10 B. W. Blomquist, et al.: DMS flux by mass spectrometry

5.2 Steady state and horizontal uniformity given earlier yieldsgms~24 h, which is much longer than the
hourly averaging time used in this work and supports the as-

To examine further issues related to assumptions dealingUmPption of steady state.

with steady state, advection, and chemical loss we integrate 2 2
all terms in {7) from the surface to measurement heighflo t,= ki L (15)

simplify the result, we take the to be along the mean wind g—fzi Fo—Fi—Lz;
(v=0) and define the column mean values for variables such
that I/z [ (©)dz =c, etc. _ _ _
6 Uncertainty, flux corrections and quality control
(w'c), = —%z — iﬁ%z — iﬁz + D(%) —Lz (13) Uncertainty in the determination of transfer velocityfs)
ot dx dx 9z /0 includes error from several sources, both random and sys-
tematic, in the measurements of covariance flux and sea wa-

The first term on the right hand side is the rate of changeter DMS concentration. Error in the estimate of water-side

in the column concentration. The second term is advectiveD o e
. . . i MS concentration is often difficult to assess because the
flux from a horizontal gradient in DMS concentration and .

. . . . measurement is usually made at some depth, and concentra-
the third, horizontal turbulent flux, is typically small rela- tion aradients near the surface are not easily samoled. Nev-
tive to the second and may be ignored. Inspectionij ( erthgless error in the flux measurement is )éften tF;le Iér est
reveals that in the limit—0, the extra terms vanish. B, contributo,r to the overall uncertainty igms. In this sectiong
asBusinger(1986 points out, it is not possible to measure X Ity Kims-

we examine some of the factors influencing flux error, de-

(w’c"), under this condition, and if even if we could, the re- . X . .
. L scribe corrections where necessary and possible, and discuss
sult would not be representative of a significant area of sea ™ . o S
surface quality control criteria for filtering bad values.
Alternately, if the following measurement conditions are g 1 £1ux error

met, we see the additional terms i3 become negligibly

small. The uncertainty in covariance of vertical velocity, and
some scalak;, may be expressed as

oc ouc ~ _ Fo
— — L& — 14
3t dx z 4 AF, = 20wl (16)
. . . . . VT /min(ty, )
Evaluating the right side of inequality 14) us-

ing the measurement conditions of Sed.1 yields  whereo is the standard deviation,is the integral (decorre-
(Fo/z)=200pptvhrt. From a practical standpoint, only lation) time scaleJ the sample integration time, aads a
3c/dr in (14) is easily measured and is typically much less constant variously reported as 1 or 2 (ek@irall et al, 200Q

than 200 pptvhf, as is the expected daytime photochem- Lenschow and Kristenseh985. The constan in this form

ical loss rate [~5-6pptvhrl). Thus, assumptions in reflects the uncertain nature of the relationship arising from
the derivation of {0) seem largely justified. Furthermore, approximations to the form of the autocorrelation functions
3c/dt ~ Fp/z does not necessarily indicate)’c’), differs and the interactions of the two variables. Because there are
significantly from the surface flux, as other terms I8)(  two variables here, there are two time scales. The appropri-
may have opposite signs and could largely cancel. But, agste time scale is generally taken to be the shorter of the two
Businger(1986 concludes, criteria such a&4) are useful  (generallyr,) or as the square root of the product of the two,
for quality control. Rapid changes in mean concentration int,.

space and time should be viewed as a warning flag indicating We assume the wind speed measurement is relatively
the measured flux may differ significantly from the true noise-free, but the scalar measurement is often subject to

surface flux. multiple sources of variance. Assuming the sources of vari-
ance are independent, we may expab@ (o the following
5.3 Residence time form.
Lo : oG o2, 72
Another useful criterion discussed Businger(1986, and AF, = —% ¢ [1+ Cn _n } (17)
related to the suitability of the steady state assumption, is res- VT /Tue, O’cza Tweg

idence time, which in practice should be much greater than

the flux measurement time. Neglecting advection, the resiiere we consider two sources of variance jratmospheric

idence time for a scalar such as DMS can be written as théﬁrbﬁlence&“) and V(\j'h'he nmsgz_#). we _have nolrmahged t_)y
ratio of the column concentration to the rate of change in col-the Tirst process and allow a ditierent time scale and variance

umn concentration due to flux divergence and chemical Ios§Or each process.
(15). Evaluating this for the typical measurement conditions
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There are various approaches for determining the integral
time scalesr,, defined as the integral of the autocorrelation
function ofx (18), whereR, (¢) =[x (1) —x1[x(r + ) —x]is  ow=1.25us fu(z/L) (24a)
the autocovariance aof as a function of time shift;.

1 o0 .
X =— R, d 18 P
n©= fo (©)de w® v o)

a M*

In the surface layerz,, is often approximated as inL9)
wherez is the observation height ang the relative wind .
speed. Twe, =b = fr(z/L) (24c)

Uy

tw=bz/u, (19) The functionsf,, and f. are similarity relationships de-

The coefficientb is fairly uncertain, but is a function of scribingz/L dependence.

(z/L); on the order of 10 in unstable conditions and 3 in

near-neutral conditions. The integral time scale may also be 13

. ; i L)=(1+3|z/L , z/L<0 25
estimated from the peak frequencgity) in the w variance w(z/L)=(A+3Jz/LD /L < (253)
spectrum or, alternatively, thec cospectrum.
e = 1/27 fmax 20)  f,(z/L)=1402z/L,  z/L>0 (25b)

We can also compute the integral time scale for the case
of band-limited white noise arising from electronic noise or
Poisson counting statistics.(). Band-limited white noise  f,.(z/L)= (1+20|z/L|)_1/3, z/L<0 (26a)
is characterized by a constant variance-spectral vaiye,
from f =0 to a maximum frequency.

fo(z/L)=1410@/L)Y?,  z/L>0 (26b)
be, (f)=¢c,, [ <[x (21a) i _ .
One coauthor (Fairall) has studied the stability dependence
of 7, using flux observations made from R/P Flip during
the SCOPE field program, in an Eastern Pacific stratocumu-
b, (f)=0, f> fx (21b)  |us regime. Estimates of,. were obtained fromfmax of
cospectra f Cy(f)) and from individual variance spectra

We may compute the autocorrelation function of the nOise(WherefmaX— Frnaxe fmaxca). A fit to these data yields a
H H - c wl
(Fourier transform of the spectrum) and integrate torget value ofb =2.8 in (24¢ and the following empirical rela-
as in (L8). However, in this case it is simpler to use the rela- tionship for f, (z/L)
T .

tionship between the integral time scale and the value of the
variance spectrum gt =0. fe(z/L) =[min(5, max(0.5, (14 0.6z/L))]~* (27)

6. (0) ¢ Equations 249—(27) allow an estimate oA F,. from (23)
Ucz,, T, = ‘"4 = % (22) in terms ofu., L, ¢, andu,. Figure8 shows the stability de-

pendence of3?3) for typical conditionsz=18 m,i;;=8 ms 1,

Substitution of 22) into (17) yields the following expres- u,=0.28ms?, Fo=1pptvms? (3.6 umolesm? d-1), and

sion for the absolute error of the covariance. ¢, =4 pptv? Hz~1. In general, uncertainty is much larger un-
1 der stable atmospheric conditiorrg L > 0) and for this ex-
/2 o . 2
AF, = 20w [ P, ] (23) ample the contribution from white noise is seen to be less
VT [Tue, 402 Ty, than 10% of the total error.

For DMS, several parameters i3} are conveniently es-

Some parameters ir28) are stability dependent. Monin-  timated directly from the measurements. The turbulent vari-
Obhukov similarity scaling may be used to show the stability gnce in DMS,c,,, may be estimated as the square root of
dependence of variances through the following relationshipsihe second point in DMS autocovariance, as illustrated in
whereL is the Obukhov length in meters angd is the fric-  Fjg. 5 ands,, is computed directly from motion corrected
tion velocity. In addition, following 19), an empirical rela-  \yind data.¢,, in (23) may be estimated as the mean of the
tionship may be used to describe the stability dependence qhms variance spectrum from 5 to 10 Hz, where white noise
Tuc,» Whereb is now a constant. from counting statistics predominates. For the APIMS,
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12 B. W. Blomquist, et al.: DMS flux by mass spectrometry

is typically in the range of 1-7 pptHz 1. Accurate deter- 10 L '

mination ofz,,. over hourly timescales is subject to consider-

able uncertainty, however, and we therefore use the empirical — FluxError, Total
0.8 — Flux Error, Noise|

0.6

relationships in24¢) and @7).

Figure 9 shows a comparison between computed error —
from (23) and the observed scatter in the observations
(n=329) during the Southern Ocean GASEX project. Results
are binned versus 10-m neutral wind speBgbf). Obukhov
length (L) and Ujgn are obtained from standard output of _\_)
the NOAA COARE bulk flux model Kairall et al, 1996 0.2
2003. To compensate for environmental sources of vari-
ance in the observations, we have normalized the observed 4,
flux and computed flux error to sea water DMS concentra- 3 2 -
tion, and further restrict observations to a narrow sea surface
temperature range which includes the bulk of the Southermig g computed absolute flux error as a function of atmo-
Ocean measurements (SST=4€j. Because the observa- spheric stability ¢/L). Error is computed from Eqs28)—(27) for
tions were largely Lagrangian, following a patch of tracer in the following conditions: z=18m, #;=8ms™1, u*=0.28 ms?,
the ocean surface layer, environmental variability was mini- Fo=1pptvms? (3.6 umolesm?d—1), and ¢.,=4 pptv Hz L.
mized. Computed errors were squared before bin averagingrhe contribution of noise from the second term in E28)(s small
The square root of the bin average computed error variancénd relatively constant as a function of stability.
was further normalized to yield relative error. As a mea-
sure of the scatter in the direct observations, we present both ) ) _
the relative standard deviation (RS®#41) and relative half- fluctuations in the sample stream, but the labeled internal
width of the distribution (one-half the difference between the standard is diluted to constant concentration in moist air, so
15th and 85th percentiles divided by the mean) for each wind® be technically correct the dry-air standard concentration
speed bin. Figur® therefore presents the computed relative Should be used. Drying the sample air can introduce un-
error and observed RSD or distribution half-width in DMS Known variability into the standard concentration and mass
transfer velocity over a limited temperature range, binned by®6 Signal related to the variability in water vapor. This may
wind speed. We find the computed error is in general agreeP® corrected by low-pass filtering both the mass 66 signal
ment with or slightly less than the observed scatter in the ob&nd calibration gas flow rate and then computing standard
servations when the constant 2 in Eq. 23). To the extent ~ concentration corrected to dry-air conditions using bulk hu-
the RSD of the observations includes variance not eXp”C_mldlty data, but in most cases the correction is insignificantly

itly considered in the error computation, we might expect thesmall.
computed error to be slightly less than the observed scatter.

AF (pptv m s

0.4

0
z/L

6.3 Motion correction error and motion-gradient

6.2 Density-related flux corrections effects

Webb et al.(1980 discuss density related effects of water As stated in _the m;roducnor_l, flux is computed_as the covarl-
ance of vertical wind velocity and concentration or mixing

vapor and temperature fluctuations on in-situ flux measure-"" . —
ments. Due to the effects of latent and sensible heatfiux, 210 F'=w'c’. However, two effects can lead to crosstalk

is not precisely zero, so we cannot ignore the mean Com_betwee_n the measured_flu3< and_ ship motion: (1) the motion
ponent of flux: we. In general, this error is not serious corrections used to derie’ are inaccurate, and (2) move-

for scalar species like DMS with a short atmospheric life- ment of the sensor up and down in a natural DMS concentra-

time, where the magnitude of the flux signel, is a signif- tion gradient causes an apparent fluctuation in concentration,
L) 1] 12 . . . .
icant fraction ofc. For examplez can be on the order of ~‘mot that is coherent with motion. Here, we examine the

10-*ms! and under these conditions the error in DMS flux "MPlications of these effects. - .

would be~(100 pptv)(10°4 ms*l):l(rz pptvmsL, repre- Let the measured vertical wind velocity differ from trué

senting a 1% error on a typical flux of 1 pptv mls,This is by a motion componenty, an_d a cprrection eITO8 ot

in contrast to long-lived species such asG@ere the Webb (28), and the measured fluctuations in DMS be the true fluc-

effect is often of the same order as the flux tuation plus a gradient component related to height above the
Webb et al.(1980 and Lenschow(1999 show that no surface £9).

adjustment to measured flux is required, however, with the , r /

) ’ — S 28

determination of a constituent’s dry-air mixing ratio. That Wmeas™ W+ Wmot + mot (28)

is, w = 0 for isothermal, dry air conditions. The length of . dc _

the APIMS sampling line effectively eliminates temperature ‘meas=¢ + 5~ (z(t)—72) (29)
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10 : : : : For a simple way to estimate this, we can assume the errors
— Computed Relative Error (total) in motion are some fractionf,,, of the computed motion
— Computed Relative Error (noise) . . .
o Relative Std Deviation of Observations and further assume the motions are crudely sinusoidal, where
0.8 A Relative Half Width of Obs. Distribution . L. . .
ow,, 1S the standard deviation of vertical motion of the sensor
. os andw is angular velocity ¢ = 2r f).
2 0.
< e oy i
. \‘\ A 2R SWhnot ™ fn (v/20,, SiN(w1)) (35)
g o e A : . . . .
o4 — . ® N S Integrating the sine function to get the time series of the
. ; ) . . : )
3 \//_‘_\//‘ vertical displacements, yields the following relationship.
2
AF, fm Zme.—
— = — sin(wt)coYwt) (36)
0.0 B S— F. KUy
2 4 6 SWN(m/S)‘O 12 1 The average of the product of sine and cosine is zero,

which leads to the conclusion that motion and concentration
Fig. 9. Computed relative error and RSD of the observations from terms are in quadrature, or 90 degrees out of phase, and there-
the Southern Ocean GASEX project. Flux results were selectedore do not contribute to the measured covariance flux. If our
for a narrow range of sea surface temperatures {&}7Error was ~ assumptions are true, a peak will appear in the quadrature
computed for hourly observations<329) from Eq. 23) with con- spectrum near the wave frequency, and this is often the case
stanta = 2. Observed flux and computed error were normalized (see Fig.10). However, we do not expect ship motion to be
to the observed sea water DMS concentration, yielding transfer vepyrely sinusoidal and we do not expect the error in motion
locity: kgms and Akgms These results were binned by the 10-m cqrrections to be a simple fraction of the true motions.
neutral stability wind speed/1on and the RSD and distribution 1 atimate the worst-case magnitude of this error we will
half-width of the observedyms were computed. Absolute error " L S

assume conditions similar to a recent project in the Southern

was further normalized to yield relative errakKgmdkgms- The . o
computed error (red line) is in general agreement with the RSD anaOcean when motion conditions were severe (SO-GASEX,

distribution-width of the binned observations (blue and pink sym- day 98). Forf,=0.1 st u=20ms*, u,=0.8ms™*, »=0.6
bols). The white noise contribution from the second term2g) (  rad/sec,z=18m, and2 =6ms 2,
(green line) is less than 20 percent of total computed uncertainty. AF,

= = 0.18(2sin(wt) cogwt) (37)

A
The computed flux will then contain errors relating to in-  If motion and and concentration are in phase rather than

accurate wind correction and vertical displacements in thein quadrature, thein(wr) coSwr) term in 37) would be /2.
vertical DMS concentration gradier2@) leading to error in - Thus, we estimate the maximum flux error to$&8% from
the flux B1). these effects.

6.4 Frequency attenuation correction

ac
/ o / — "+ 8w ></+7 t—’) 30 . . : ihite i
(Wmeas™ Wmot)Cmeas (w Pmot J\ €T 52 -2 (30) As discussed in Sedt.3, the APIMS instrument exhibits in-

creasing loss of signal at higher frequencies, largely due to
3W=5w;’not<%(1(r)_z)) (31) the required air dryer. This may be viewed as equivalent to
0z processing the raw signal with a low pass filter. If the filter

afunction can be determined empirically (Fi9), or a reason-
able time constant for the filter effect can be estimated, then
an inverse operation may be applied to the cospectrum to cor-
L rect for the lossKlorst 1997 Bariteau et al.2009.

de _ w'd (32) The true flux is defined as the integral of the cospectrum
87 KUz from f=0 to the Nyquist frequencyy}) of the time series

w(t) and t
Furthermore, the height of the sensor can be expressed as( ) andcams(7)

From similarity theory, we can express the gradient as
function of the scaling variable friction velocity, (32),
where the von Karman constants 0.4.

L . . L fa
the time integral of the vertical motion. Fume—= w'c’ zfo Coc(F)df (38)
z(1) —ZZ/anot(f)df (33) The measured flux will differ from3g) due to the appli-
) _ o cation of the filter function®?(f). Note the square root of
So, the fractional error in the flux is given by the filter function is used because only DMS is attenuated.
AF, 1 fn fn
= = bui [ W G8)  Famsn= [ Cucl®(NIV2df = [ Cuen(F1df (39
Fe KUxZ 0 0
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6.5 Data screening

15x10° —

N
/
Y/
/A

/ YA As shown in Sect6.1, flux measured as an hourly-average
is subject to a significant degree of random error, and we
\ may expect considerable scatter in the results even under ho-
\ B mogeneous conditions. Because the lowest frequencies con-
‘:\ tributing to flux are poorly sampled by an hourly average of
0 _ F = ten minute data segments, it is common to see the greatest
T random variability in the cospectra at these frequencies. One
— — may screen cospectra based on the magnitude of signal at low
frequencies, removing the largest outliers, and this has been
adopted by at least one grouddrandino et a|.2007). This
approach may have merit within a limited data set, improving
the precision of the mean. Given a sufficiently large number
\fJ of measurements, however, low frequency variability will av-
X erage out, as illustrated by the cross-spectra in Figand
\f" should not have a biasing effect on the relationship between
001 o1 ; ' derived transfer velocities and wind speed, for example.
Freauency (Ha) The principal objective of quality control criteria is iden-
tification of conditions which may lead to nonrandom bias.
For flux measurements on ships, air flow distortion may be
the Sargasso Seéa) semilog format (area proportional to covari- extreme for any wind direction that 'S. not W'th'n_ a ”aff9W
ance)(b) log-log format (linear-4/3 fall off in the inertial subrange ~ S€ctor of the bow. Furthermore, motion corrections during
(Kaimal et al., 1972). Red traces are uncorrected data. Blue showsShip maneuvers are often suspect. Experience has shown
the empirical correction for inlet attenuation losses (see Sé@s. the best quality data are obtained when the ship is bow-
and6.4). The green trace illustrates a further correction to the ex-to-the-wind and holding station or moving slowly into the
pected—4/3 dependence in the inertial subrange. The small peakwind. If the sea-state is not extreme, cruising into the wind
at~0.15Hz is a spectral feature at the frequency of wave motiongt up to 12 knots is also usually acceptable. The primary
which may be due to motion-gradient effects (see S8}, butin  quality control criterion, therefore, is relative wind direction
this case is seen to contribute little error to the mean covariance. (e.g.£60deg). Further restrictions on ship maneuvers (e.g.
<10 degrees heading change in any 10 min flux window) are
The true spectrum can be estimated as usefutl) to exclude _(Ifgndl?tiqns vr\]/here ;he mogon _correcti?ns
_ 2/ m11/2 ; may be suspect. The limits chosen for each criterion often
Cuc(H=Cuem(f)/[*(/)], such that the estimate depend on the particulars of the ship and sensor installation.
We expect variance in vertical wind velocity to follow a
, I Coem(f) relatively predictable relationship with wind speed,ospis
/0 Wdf (40) often a useful secondary criterion, as is the standard deviation
in the motion correction, which may point to increased error
In practice, the inverse filter function is only applied to from the uncorrected motion-gradient effects mentioned in
frequencies below 2—3 Hz since the minimal instrument re-Sect.6.3. A careful examination of wind variances can also
sponse above this frequency and large correction merely amhelp define acceptable limits for relative wind direction and
plifies noise. Under most conditions there is little flux above ship maneuvers. Finally, computation of friction velocity (for
3 Hz and the correction to DMS flux is usually 5% or less. €xample, by inertial dissipation) is often desirable and serves
An alternate or additional approach involves fitting the s an additional diagnostic. A significant change in the re-
spectrum to the expected form describedidsimal et al.  lationship between observed and bulk-model derived.,
(1972. Typically, we may expect marine boundary layer to (€.9. from the NOAA COARE bulk flux modekairall et al,
be neutral to slightly unstable; conditions for which the spec-1996 2003 may serve as a useful flag for air flow distortion.
tral characteristics at low frequencies may be variable and With respect to atmospheric conditions, the quartityz
ill-defined. In the inertial subrange, however, the -4/3 pro- mentioned in Secb.2is a useful flag for situations where the
portionality between logf C.,) and log ) should be main- steady state assumption may break down. Finally, depending
tained, allowing a further estimate of missing flux in the high on the meteorological regime, an assessment of the inversion
frequency tail. This correction may be significant in high height may also be required to monitor possible error due to
wind conditions and advisable if the empirical response func-€ntrainment and the flux gradient.
tion derived from the square wave signal (Fig.provides
insufficient correction.

f Cams w(f)
(5, 8
1 |

am
\
1
/4
y/4
2
T
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S

—— Raw Uncorrected, Cospectrum \
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—— Inertial Subrange (-4/3 Line)
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Fig. 10. Mean hourly ¢=294) cospectrum and quadrature spectrum
for DMS concentration and vertical wind velocity from a cruise in

for the true flux is obtained as follows.

dms™=
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7 Summary bolts directly to the Extrel decluster assembly in place of the
corona source. The inlet aperture is the same one used for
Atmospheric pressure ionization mass spectrometry with anhe corona discharge source.
isotopically labeled internal standard (APIMS-ILS) is a ro-  pried sample air, at a flow of 3—4 std L mih, first passes
bust and capable analytical system for DMS flux measurethrough a heater section maintained at 400 A stainless
ment by eddy covariance. In particular, the speed and sensicreen at the end of the heater smooths out large scale tur-
tivity of APIMS-ILS is a significant improvement over ear- pylence in the gas flow. Heated gases then pass through a
lier analytical methods for atmospheric DMS. Limitations to cylindrical foil plated with 15 mCi Ni-63. lon-molecule re-
the actual frequency response of the instrument lead to genefgtions responsible for the production of water clusters and
ally minor losses of high frequency flux information. These protonated DMS occur in this region. A 250 um orifice fac-
losses can be largely corrected if the frequency response ghg the ionization volume draws about 0.5 std L mirinto
the instrument is known. Further losses at the inertial subthe decluster chamber. The balance of the gas flow exits the
range frequencies may be estimated from the expected spegpurce and passes through a mass flow controller. Gas exit-
tral characteristics and these corrections may become impoiing the flow controller is utilized as a purge flow in the outer
tant for high wind speed conditions. jacket of the Nafion air dryer before passing to a vacuum
For studies of sea/air gas eXChange, surface flux is the d%ump The low pressure of the dried purge flow improves
sired quantity, and DMS measurements from ships are seefryer efficiency significantly. The orifice is isolated in a ce-
to be compatible with standard assumptions relating the fluxamic dielectric ring and connected to a variable DC voltage
measured at hE|gm with the surface flux. Challenges re- Supp|y for tuning purposes, but in practice the Optimum po-
lated to flux measurement from a moving platform are con-tential for the orifice is near ground and large bias potentials
siderable, but motion interferences may be largely correctedyre unnecessary.
during data processing. Residual error from motion artifacts Tne heater cartridge (Watlow Firerod) features an imbed-
is estimated to be small relative to the typical random erroryeq thermocouple to facilitate temperature regulation using
expected for atmospheric boundary layer turbulence statisy programmable PID controller (Omega CN132). With a
tics. properly tuned controller, close thermal coupling between
the heater and imbedded thermocouple results in extremely
stable temperature control (+0.2°C). The source block is
independently heated to 13C with two cartridges and a
separate PID controller. The gas temperature is not moni-
tored directly and may be less than the heater setpoint, but

APIMS instruments currently used for DMS flux measure- heater temperatures greater than #0Gre not observed to
ments are built from a combination of base components supYield further increases in sensitivity.

plied by Extrel CMS kittp://www.extrel.cony and a variety A desire to maintain high sensitivity and frequency re-
of custom-designed components specific to the applicationSPonse dictates the rather large flow rates. The source can be
This is more a product of convenience and the long assoredesigned in reduced dimensions to accommodate a smaller
ciation of Extrel with the research community than of ne- source flow, for example as described Marandino et al.
cessity. The descriptions which follow stress the application(2007), but the reported sensitivities are not significantly dif-
specific aspects of the instrument design, recognizing otheferent from those obtained with the source shown here. As
designs better suited to field deployment (e.g. smaller andPart of an overall reduction in instrument size, however, a
lighter with less power consumption) will undoubtedly fol- smaller source has obvious advantages and may lead to im-

Appendix A

APIMS-ILS instrument description

low from future method development work. proved sensitivity if a greater fraction of the total flow enters
the vacuum system. Future instrument development will un-
Al lonization source doubtedly focus on this issue.

The ion source for the APIMS is external to the high vacuumA?2  Vacuum system, ion optics and detection

chamber. Source design must facilitate the production of

ions at or near ambient pressure in a controlled environmenFEigure A2 illustrates the vacuum and ion optical systems
and allow for efficient transport of the product ions into the of the University of Hawaii APIMS, a design based on the
vacuum system and ion opticBruins (1991, 1994 has re-  Extrel molecular beam monitoring system. The vacuum
viewed design considerations for APIMS ionization sourcessystem has 3 distinct regions: the decluster assembly with
and ion sampling efficiency. Figurgl illustrates the Ni- three tunable lens elements and an operating pressure of
63 source used on the University of Hawaii instrument. The5 Torr; the front vacuum chamber with an operating pres-
source geometry is based on the Drexel University designsure of 10 Torr, pumped by a 500 LS turbomolecular
which in turn is a modification of the Extrel corona discharge pump (Varian V550), incorporating a series of ion focussing
APIMS source flange. The source illustrated in FAgl lenses; and the rear vacuum chamber operating t Td@r,
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Sample air inlet
Aperture assembly with gold o-ring and retainer flange

Ni-63 Radioactive Foil
Thermocouple well

SS-8-VCR-4 VCR fitting “\ / ]
 —( g_,:{_\——‘wwm—\ L
| * ali
—C—\ J L
Sealed well for heater cartridge
Metal gasket seal

Stainless screen J to vacuum system
Sample air outlet (to flow controller and vacuum pump)

Fig. Al. High temperature inlet and atmospheric pressure ionization source. Sample air flows over a sealed stainless steel tube containing
the heater cartridge, then passes to the ionization volume 83iefoil is formed into a cylinder and placed in front of the inlet aperture.
The source block bolts to the decluster chamber and seals with an aluminum gasket.

—— The high degree of isolation between the front and rear
Jﬁj chambers results in very low rear chamber operating pres-

Fore Chamber
~ 10-4 torr

sures. A single 2mm aperture (the chamber aperture lens)
M is the sole opening between the two regions. The 90 degree
N bend in ion trajectory allows neutral molecules to stream into
<

a

— Detector
Decluster Region
~ 5 torr

— Quadrupoles the turbo pump, facilitating an on-axis mount for the electron
multiplier. The Hawaii instrument is unique in this respect

L] and other instruments (e.Bandy et al, 2002 use linear ion
optics with essentially the same Extrel quadrupole probe as-
Turbo Pump Sembly.
The flange mounted decluster chamber is a standard Ex-
L] trel product based on the work &fetkar et al.(1989 and

is used without modification except for the substitution of a
Rear Chamber heated radioactive source volume, described above. In the
~10-7 torr decluster section, collisional dissociation at 5 Torr breaks up
Turbo Pump the larger, less stable clusters as ions are directed to a sec-
ond 300 pm orifice and into the high vacuum ion optics. As
with the ion source, the design of the decluster section could
possibly be optimized. The absolute efficiency of ion trans-
Fig. A2. APIMS vacuum system and ion optics, based on the Extrelmjssion through the decluster section is unknown, but may
molecular beam sampling system. Typical operating pressures arge very low. We desire the highest possible sensitivity for
shown. flux measurements, and future engineering and design work
should be directed at improving efficiency at this step. Sig-

pumped by a 250 Ls* turbomolecular pump (Varian V250) nificant increases in ion transmission would allow the use of
with additional focussing lenses, a quadrupole deflector asSmaller quadrupole systems for comparable overall perfor-
sembly directing ions into a 90 degree bend, the quadrupol&ance.

mass analyzer with 19 mm diameter poles, and the elec-A3 Gas flow control
tron multiplier (ITT Ceramax 7550 m). The quadrupoles are

dr.iven by an Extrel RF power supply (300 Watt, 2.1 MHZ) Gas flows for the analytical system are illustrated in Ag.
with a mass range of 0-120 AMU. A 1.2 MHz supply, which ;e4q,rements critical to the calculation of the ambient mix-
yields a wider usable mass range with reduced resolution, i§, ratio are: internal standard, main manifold, and subsam-

equally suitable. Pulse counting electronics are used to quarke fioyys, These flow meters and controllers should be cal-
tify the ion current (Advanced Research Instruments MTS-j, 104 against a well maintained flow standard on a regular

100 preamplifier). basis. Critical control of the calibration gas flow is essen-
tial, and experience has shown DC solenoid-type flow con-
trollers, the standard in much of the industry, have a motion

Ni-63 Foil

Sample In

Sample Out

250 micron
Aperture Lens
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- - MFC 1 o
Calibration Gas Flow

120 SLPM Inlet A >

\ [ e
Inlet (mast mouy

4 SLPM Sample Flow ®—'Perm TUbEH MFC 2 Zero Air ‘

d-6 DMS
Standard

Mass Spec

Nafion Air Dryer Source

Gold DMS Trap

MFC 5

Fig. A3. Gas flow system for sampling and calibration. A high efficiency particle filter (HEPA) is used on the main manifold flow to protect

the mass flowmeter MFM 1 from salt aerosols. Three mass flow controllers (MFC 2-4) are included to facilitate calibration of the compressed
gas standard using a permeation device. Recycle flow is used for the Nafion dryer outer-jacket, which operates at reduced pressure, improvin
dryer performance.

sensitivity leading to oscillating flow rates on ships and air- Corp. AML-P8E5Hz-D). Flow, motion and wind data are
craft. Thermal expansion-type controllers (e.g. Celerity FC-logged as DC analog signals by the 6052e DAQ cards. lon
260V) are superior in this respect. The provision for zeropulses are totalized with a counter on the 6608 card.

air flow into the point where sample flow is drawn from the  Timing for the data acquisition and control loop is driven
main manifold allows the operator to block sample flow with by a GPS-synchronized time and frequency receiver (Sym-
zero air when necessary and facilitates calibration of labelednetricom model XL-AK). Each iteration of the control loop
DMS cylinders using the permeation tube device. It is nor-sets the command voltage for the appropriate mass (mass 63
mal operation procedure to stop all flows for a minute or sofor the ambient isotopomer or mass 66 for the d3-labeled in-

each day to record meter zero levels. ternal standard), counts pulses for the specified interval and
scans all analog inputs. Two loops are required to compute
A4 Data acquisition and instrument control one mixing ratio value: one loop to measure the internal stan-

dard signal intensity and one for the ambient signal. Ana-
o ] log data from the two loops are averaged and saved to disk
Mass spectrometer control and all data acquisition, mclud-ak)ng with standard and ambient count rates. A 10 kHz GPS-
ing wind and motion measurements, are performed by a Nagjsciplined pulse output from the XL-AK is divided to an ap-
tional Instru_ments PXI data acquisition system Compr'sedpropriate frequency for the loop trigger pulse by a counter
of the following modules: PXI-1031 Chass_ls_/l_f’ower Supply, on the 6608 (e.g. a 40 Hz trigger for 20 mixing ratio mea-
8175 RT Controller, two 6052e Data Acquisition cards, andsrements per second), assuring a precise and synchronized
one 6608 Counter/Timer card. Software for mass scans angampling frequency for all data channels.
single-ion monitoring was developed in the LabVIEW Real- The 6608 counter/timer card has an on-board clock,
Time (RT) programming environment. synchronized to GPS Universal time with an IRIG-B time
Wind and motion data are obtained with instrumenta-code from the XL-AK receiver. The time stamp is read from
tion identical to the NOAA-ESRL/PSD portable flux sys- the IRIG-synchronized clock at each iteration of the control
tem (Fairall et al, 2003 2006. Three-axis winds are mea- 00p-
sured with a Gill R2 sonic anemometer. Six-channel mo-
tion megsuremgnts (acceleration and ar!gl'”ar rate on 3 axeﬁ)cknowledgementsThe authors gratefully acknowledge support
are obtained with a Systron Donner MotionPak (mOdel Mp-from NSE grants ATMO02-41611 and ATMO05-26341, NOAA
GCCCQAAB-100). High frquency noise and_ vibration are grant NAO7OAR4310084, NOAAs Carbon Cycle Program and
removed from the analog motion channels using a 5 Hz low-NOAAs Health of the Atmosphere Program. We are also grateful
pass elliptical filter prior to acquisition (Avens Signal Equip. for the support of the officers and crew of the NOAA ship
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Ronald H. Brown and the Harbor Branch Oceanographic InstitutionBruins, A.: Atmospheric-pressure-ionization mass spectrometry: 1.
research vessel R/V Seward Johnson on many field deployments Instrumentation and ionization techniques, Trends Anal. Chem.,
and the work of M. Yang on field deployments in the Pacific. 13, 37-43, 1994.

Finally, we would like to thank A. Bandy for his continued support Businger, J.: Evaluation of the accuracy with which dry deposition

and inspiration. can be measured with current micrometeorological techniques, J.
Clim. Appl. Meteorol., 25, 1100-1124, 1986.
Edited by: P. Xie Businger, J. and Oncley, S.: Flux measurement with conditional

sampling, J. Atmos. Ocean. Tech., 7, 349-352, 1990.
Businger, J., Wyngaard, J., Izumi, Y., and Bradley, E.: Flux profile

relationships in the atmospheric surface layer, J. Atmos. Sci., 28,
181-189, 1971.
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