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Abstract

Mass spectrometric measurement of DMS by atmospheric pressure ionization with an
isotopically labeled standard (APIMS-ILS) is a sensitive method with sufficient band-
pass for direct flux measurements by eddy correlation. Use of an isotopically labeled
internal standard greatly reduces instrumental drift, improving accuracy and precision.
APIMS-ILS has been used in several recent campaigns to study ocean-atmosphere
gas transfer and the chemical budget of DMS in the marine boundary layer. This pa-
per provides a comprehensive description of the method and errors associated with
DMS flux measurement from ship platforms. The APIMS-ILS instrument used by most
groups today has a sensitivity of 100-200 counts s pptv‘1 , which is shown to be more
than sufficient for flux measurement by eddy covariance. Mass spectral backgrounds
(blanks) are determined by stripping DMS from ambient air with gold. The instrument
is found to exhibit some signal loss, with a half-power frequency of ~1Hz, but a cor-
rection based on an empirically determined instrument response function is presented.
Standard micrometeorological assumptions of steady state and horizontal uniformity
are found to be appropriate for DMS flux measurement, but rapid changes in mean
DMS mixing ratio serve as a warning that measured flux may not represent the true
surface flux. In addition, bias in surface flux estimates arising from the flux gradient
are not generally significant, but conditions of lowered inversion and high surface flux
may lead to a significant difference between measured flux and true surface flux. The
effects of error in motion corrections and of vertical motion within the surface layer con-
centration gradient are discussed and the estimated maximum error from these effects
is <18%.
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1 Introduction and background

The marine biogenic gas dimethylsulfide (DMS) is generally recognized as a major
source of sulfate to the atmosphere, especially in the southern hemisphere where an-
thropogenic emissions are limited. Because of the role of sulfate aerosols in both direct
and indirect climate forcing, the biogeochemical cycling of DMS has been studied ex-
tensively for several decades (e.g. Charlson et al., 1987; Fogelqvist, 1991; Falkowski
et al., 1992; Bates et al., 1992; Andreae and Crutzen, 1997; Gabric et al., 2004). Gas
transfer at the sea-air interface links the DMS biogeochemical cycle in the surface
ocean to atmospheric aerosol production and cloud physics. Gas transfer mechanisms
also play a central role in the carbon cycle through exchange of CO,, but adequate
characterization of gas transfer has been an elusive goal.

The first analytical methods developed for DMS involved trapping the gas on ad-
sorbents or with cryogens, followed by gas chromatography (GC) and sulfur-selective
detection with a flame photometric detector (FPD) or sulfur chemiluminescent detec-
tor (SCD) (e.g. Barnard et al., 1982; Gregory et al., 1993; Ferek and Hegg, 1993;
Bates et al., 2000). These methods are still widely used for studies of DMS and DMS-
precursors in seawater (e.g. Kiene and Service, 1991; Kieber et al., 1996; Bates et al.,
1994; Archer et al., 2002). A subsequent refinement of the GC method was the use
of a mass spectrometer to discern between ambient DMS and an isotopically labeled
internal standard, deuterated DMS, added continuously to the air sample (Bandy et al.,
1993; Blomquist et al., 1993). All these methods, however, require sample integration
times of minutes to tens of minutes for an acceptable detection limit at typical atmo-
spheric concentrations.

Until recently, measurements of the DMS flux have been sparse and fraught with
challenges. The most fundamental determination of atmospheric flux is obtained by
eddy correlation (EC), where the flux of a trace gas species is defined as the co-
variance of simultaneous measurements of vertical wind velocity and mixing ratio or
concentration, F=W, where the prime denotes fluctuations from the mean and the
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overbar signifies a time average of sufficient length to capture turbulent frequencies
contributing to the flux. In practice, the EC method requires rapid measurements (up
to 20 Hz) of both wind velocity and concentration, which is well beyond the capability of
GC analysis.

There are other less direct approaches to flux measurement, such as gradient flux
methods (GF) (Businger et al., 1971) and relaxed eddy accumulation (REA) (Businger
and Oncley, 1990; Zemmelink et al., 2004a). While amenable to GC analysis, these
methods are technically complex, requiring precisely controlled gas sampling systems.
Putaud and Nguyen (1996) reported GF estimates of DMS flux from a ship, but inter-
pretation of the derived transfer velocities was hindered by considerable variability in
the results. Zemmelink et al. (2002) have studied the suitability of GF and REA for DMS
flux measurements over the ocean in a near-shore environment and subsequently re-
ported measurements obtained in the open sea during the FAIRS project on the spar
platform R/P FLIP (Zemmelink et al., 2004b). While transfer velocity estimates from
FAIRS were reasonable in comparison to commonly used gas transfer parameteriza-
tions, they report an unexplained bias between the two methods, with REA yielding
fluxes up to 2x higher than GF.

The recent development of a fast mass spectrometric method for DMS (Mitchell,
2001; Bandy et al., 2002) introduced the possibility of direct EC determinations of
DMS flux. The first field deployments were aircraft-based studies of DMS in the ma-
rine boundary layer (Bandy et al., 2002). Ship-based studies are a logical application
and considerable progress has been made in the correction of wind data for motion
artifacts (Edson et al., 1998) such that EC is now frequently employed for CO, flux
measurements on ships (Fairall et al., 2000; McGillis et al., 2001). Several studies of
DMS sea-air exchange have been published to-date, yielding a huge increase in the
catalog of DMS flux measurements and derived exchange velocities (Huebert et al.,
2004; Blomquist et al., 2006; Marandino et al., 2007, 2008a,b). Our group at Univer-
sity of Hawaii has thus far completed lengthy field programs in the equatorial East-
ern Pacific, Sargasso Sea, Northeast Atlantic and Southern Ocean. Based on initial
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results, sea-air transfer of DMS shows less dependence on wind speed than predicted
by power-law models derived from studies of more insoluble gases (e.g. CO,, SFg, He)
and this work holds considerable promise for diagnosing performance of more complex
physics-based gas exchange models (Blomquist et al., 2006) and improving global flux
estimates (Elliott, 2009).

Despite frequent use in field programs, a thorough description of the University of
Hawaii APIMS method has yet to be published, especially with respect to the most re-
cent developments. The motivation for this manuscript is to provide a comprehensive
description of the fast DMS analytical method and its application to DMS flux mea-
surement. While our emphasis is on ship-based measurements, the details of aircraft
deployments are largely equivalent. For the interested reader, a more detailed descrip-
tion of the APIMS-ILS instrument is given in Appendix A.

2 The APIMS-ILS method
2.1 Historical development

Generating ions at atmospheric pressure is distinct from ionization at high vacuum.
Charged particles from the primary ion source, usually a radioactive foil or high voltage
corona discharge, first ionize the most abundant molecules (e.g. N5, O,). Subsequent
molecular collisions and charge transfer rapidly lead to a state where only the most
stable ions or ion clusters persist. The predominant ion species can often be controlled
by introduction of specific compounds into the gas stream. Horning et al. (1973), for
example, reported some of the first development work on atmospheric pressure mass
spectrometric methods for drug and metabolite analysis, using benzene as the chemi-
cal ionization reagent species.

The energetics of the charge transfer reactions are usually insufficient to cause
molecular dissociation. Dominant ions are typically parent molecular species or larger
ion clusters (e.g. C;'HG in the presence of benzene). In pure nitrogen or air, trace water
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vapor leads to the formation of water clusters, H" (H,0),, as the dominant positive ion
species (Good et al., 1970). Trace gas constituents with lower ionization potential or
higher proton affinity than the dominant ions are ionized by charge or proton transfer.

Kelly and Kenny (1991) and Spicer et al. (1996) reported the first field measure-
ments of DMS by atmospheric pressure chemical ionization (APCI) mass spectrometry.
This instrument was an ambitious application of a triple quadrupole mass spectrometer
and corona discharge ion source for aircraft-based atmospheric measurements (Spicer
et al., 1994). Benzene was used as the chemical ionization reagent gas. Instrument
response was sensitive to water vapor concentration and showed possible altitude de-
pendence (pressure effects), but the data from the North Atlantic appear to be the first
APCI mass spectrometric measurements of DMS from a field program. Note that with
respect to nomenclature, we consider chemical ionization methods (APCI) to involve
the deliberate introduction of a reagent gas (i.e. benzene in this example), while meth-
ods that do not are simply termed atmospheric pressure ionization mass spectrometry
(APIMS). This is in general agreement with other published descriptions of these meth-
ods, but the distinction is not consistently maintained.

Although operating at 1-2 torr rather than atmospheric pressure, a proton transfer re-
action mass spectrometer (PTR-MS) (Lindinger et al., 1998) has also been used in air-
craft studies. The PTR-MS ion source generates water clusters in a corona discharge.
Dissociation of higher-order water clusters is assisted by gas expansion through an
orifice from the corona source into a low pressure drift tube/reaction chamber where
H,;O" is the predominant ion. The comparatively low proton affinity of H;O™" allows the
PTR-MS to ionize a much broader range of organic species. Crutzen et al. (2000) and
Williams et al. (2001) tentatively identified DMS in PTR-MS mass scans over the rain
forests in Surinam, but they rely on empirically determined rate constants rather than
in-flight calibrations to estimate mixing ratios, and state the precision to be +30%. Low
source pressures yield lower sensitivity and thus far PTR-MS has not shown sufficient
sensitivity for DMS flux measurements but Karl et al. (2009) suggest it may be possible
for some organics.
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Variable sensitivity is largely unavoidable in the atmospheric pressure source be-
cause charge transfer reactions are affected by changes in gas composition, pressure
and temperature (Ketkar et al., 1991). Recognizing the value of an internal isotopic
standard, which was shown to work well in GC-MS applications (Bandy et al., 1993),
Bandy and colleagues subsequently developed an APIMS method with an isotopically
labeled internal standard (APIMS-ILS) (Mitchell, 2001; Bandy et al., 2002). The labeled
standard (d3-DMS), which is easily distinguished from the ambient molecular species
by a mass spectrometer, provides a continuous measure of instrument sensitivity and
constant correction for drift. Further, the constant, high concentration of labeled stan-
dard passivates adsorption sites in the inlet tubing, theoretically improving the trans-
mission of the ambient DMS and the frequency response of the instrument. The high
sensitivity and high data acquisition rate of the APIMS led to the first direct EC DMS
flux measurements from aircraft (Bandy et al., 2002). On the subsequent DYCOMS-I
field program, DMS flux measurements by APIMS-ILS were used to compute entrain-
ment velocities at the cloud-top inversion of a stratocumulus-capped marine boundary
layer (Stevens et al., 2003; Faloona et al., 2005).

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, Ng, to water clusters of the
following form, where the distribution of clusters up to H"(H,0), depends on water
vapor concentration, pressure and temperature.

H;0"+H,0+N, = H*(H,0),+N, (R1)

H*(H,0),_;+H,0+N, = H*(H,0),+N, (R2)
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Proton affinity (or gas phase basicity) of the water clusters generally increases with
size. Trace gas species, B, with higher proton affinity (>837 kJ mol~" or 200 kcal mol'1,
such as nitrogen bases) are easily ionized by transfer of a proton or protonated water
cluster:

H*(H,0),+B = BH"(H,0),,+(n-m)H,O (m=0 — n) (R3)

The proton affinity of DMS (808 kJ mol~! or 193 kcal mol'1) is sufficiently low that it
is not efficiently ionized when clusters larger than H*(H,0); predominate. Sunner
et al. (1988a,b) discovered the sensitivity of many marginal compounds, including
DMS, could be increased many orders of magnitude by heating the ionization source,
thereby suppressing the formation of higher-order water clusters. In the case of DMS,
the maximum increase in sensitivity was observed at a source temperature of 400°C.
In practice, maximum DMS sensitivity in the APIMS is achieved both by heating the
source and by removing water vapor from the sample air with a Nafion membrane
dryer (PermaPure PD-200T-24-MSS) (Bandy et al., 2002). Since DMS does not form
hydrated ion clusters effectively (i.e. m=0 in R3), the product ion is simply H* CH;SCH,4
(63 amu). Figure 1 shows an APIMS mass spectrum of DMS in air.

2.3 Backgrounds and detection limit

The signal intensity at the mass of interest is a combination of desired signal
(e.g. H'DMS) and instrument background, often from unknown sources. Prior to com-
puting a mixing ratio, the instrument backgrounds should be subtracted from the raw
signals. When the APIMS-ILS method was first developed, background signals at
masses 63 and 66 were measured in zero air, in the absence of either labeled or
ambient DMS. This proved unsatisfactory because the introduction of dry zero air into
the heated source alters the ionization equilibrium, such that backgrounds recorded in
zero air are not necessarily equivalent to the ambient air background.
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The ideal background measurement would be a DMS-free air sample, identical in all
other respects to ambient air. The 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 years (Barnard et al., 1982). Adapting this approach for blank
measurements, we now use a 150 cm? stainless steel cylinder (Swagelok 304L-HDF4-
150) filled with gold-coated glass beads (3mm Pyrex). The cylinder of gold-coated
beads is valved into the sample flow under automated control of the data acquisition
system for 3min at the start of each hour. After two weeks of operation (~1000 min)
the trap is regenerated by heating to 300°C under a flow of zero air for at least one
hour. Break-through has not been observed, however, and longer operational periods
may be feasible.

Figure 1 illustrates mass spectra for ambient air and gold-bead background. Figure
2 presents raw count rate data for masses 63 and 66, illustrating the rapid decrease in
signal when the gold-bead trap is activated. Backgrounds at mass 63 measured with
this system in a recent field program were ~1% of raw signal levels. The mass spectra
in Fig. 1 show an increase in background signal at other masses in the absence of
DMS, however, reflecting a shift in the ionization equilibrium when DMS is not actively
competing for protons. This effect is smaller than would be the case if zero air were
employed for blank measurement, but it does suggest backgrounds measured with the
gold bead trap may be 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 mode, sensitivity is defined as counts s pptv'1.
Typical sensitivities are 100-200 counts s pptv‘1 yielding a count rate of about
80 000—160 000 counts s~ for an internal standard mixing ratio of 800 pptv and 8000—
16000 counts s~ for a typical ambient mixing ratio of 80 pptv. Theoretical noise levels
for the ambient signal at 1 Hz bandpass would be 6=v8000 or ~1% of the mean signal
level. Actual noise levels are somewhat larger (see Sect. 4.1).
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In principle, for an analytical signal with a significant degree of white noise, the detec-
tion limit may be decreased by averaging over successively longer integration times.
Continuous improvement in the detection limit will be realized until instrumental drift
becomes a larger contributor to signal variance than noise, at which point further aver-
aging will not improve the detection limit and it may even worsen. Werle et al. (1993)
describe a method for determining the optimal averaging time for analytical systems
subject to both noise and drift. For APIMS-ILS, the continuous internal standard pro-
vides rigorous correction of most sources of instrumental drift, but variance in mass
spectral backgrounds and calibration drift in gas flow rate meters will contribute to mea-
surement drift. Flow meter drift is quite small over the time scales under consideration
here (=1 h) as is the spectral background drift. In theory, therefore, very low sub-pptv
DMS detection limits are achievable through signal averaging. More pertinent to the
subject of this paper, however, is the effect of random noise on the flux error, which
has been investigated by Lenschow and Kristensen (1985) and will be addressed in
Sect. 6.

2.4 Primary calibration and internal standard

Cylinders of labeled d-3 DMS are prepared commercially (Scott-Marrin, Inc.). The
primary calibration reference is a DMS permeation device (VICI Metronics) maintained
in the lab at constant temperature (50°C) and verified by gravimetric data. The gas flow
control system (Fig. 12) incorporates a permeation tube oven, allowing field calibrations
of the d-3 DMS compressed gas standard. Calibration runs are typically done in clean
dry air from a zero air generator (Matheson Chrysalis Il), bypassing the Nafion air
dryer. Residual moisture in zero air is usually sufficient to produce a strong DMS
signal, but additional moisture may be added if necessary. The standard concentration
is calculated from the known mixing ratio of unlabeled DMS emitted by the permeation
tube using the relationship given below (4).
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2.5 Isotopomer distributions

Material used for the labeled standard is not 100% d-3 DMS. Other isotopomers arising
from 348, 13C and variable deuterium substitution are also present. Natural DMS exists
as a number of isotopomers for the same reasons. In principle, if the isotopomeric
distributions of both standard and ambient samples are precisely known, the ambient
mixing ratio can be calculated exactly from the observed 63/66 signal ratio and stan-
dard mixing ratio, as shown in the following section.

Isotopomeric abundances for the standard are obtained from mass scans of d-3 DMS
in zero air over the mass range 63 to 68 AMU, corresponding to DMS isotopomers
from 62 to 67 AMU. Abundances for natural DMS isotopomers may be obtained from
mass scans of reagent-grade DMS in zero air or, alternately, calculated from natural
elemental abundances. We have not noticed a significant difference in measured and
theoretical abundances for natural DMS.

Raw mass scan peak intensities are first corrected by subtraction of a zero-air-only
background. The abundance of each isotopomer is then computed from the corrected
mass intensities (1), where /, is the background-corrected signal intensity of each of
the n isotopomers. Abundances determined during a recent field project are shown in
Table 1.

/
An=—as- (n=63 — 68) (1)
21':63 //

2.6 Computing mixing ratio

The background-corrected signal intensity at mass n may be expressed as the sum of
contributions from ambient and labeled standard isotopomers, where C is mixing ratio
and ¢ is the absolute efficiency of the mass spectrometer:

/n =& (An,ambcamb+An,stdCstd) (2)
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Assuming analytical efficiency is equivalent for both species, taking the ratio of inten-

sities at masses 63 and 66 eliminates g, which is unknown, and this is the principle

advantage of using an isotopic internal standard:
_ /63 _ A63,ambcamb+A63,stdCstd

(3)

les  Aee,ambCamptAss stdCstd

Solving for C,,,, and inserting the measured abundance constants (Table 1) yields a
relationship for ambient mixing ratio in terms of the corrected signal intensity ratio and
internal standard mixing ratio. From Table 1 we note Agg 5, is NOt significant and may
be ignored.

R Ass std—As3 std ) _C (0.8742 R-0.01 10)
—YDMS,std

4
0.9298 @

CDMS mb— (
amb CDMS std A
5 5 A R

63,amb 66,amb

3 Raw data corrections
3.1 Motion correction

Corrections to wind data for platform motion are required on both ships and aircraft.
Motion corrections for ship-based EC flux systems have been described by Edson et al.
(1998). Lenschow and Spyers-Duran (1987) describe correction methods for aircraft
data. Only a qualitative overview of the ship correction algorithm will be presented
here.

On a ship, wind and motion sensors are subjected to both linear displacements and
angular rotations on all 3 axes. Pitch, roll and heave are usually large, while yaw is
less significant. In the first step of the motion correction algorithm, angular corrections
are applied to bring both wind and acceleration measurements into a fixed frame of
reference with respect to the earth’s surface. As described by Edson et al. (1998), a
gravity vector derived from low-pass filtered 3-axis accelerometer response is used as
the reference for deriving slow roll and pitch angles. Slow rotation about the vertical
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axis (yaw) is derived from low-pass filtered gyro compass or GPS heading data. Final
pitch, roll and yaw angles are the sum of the slow angle component and high-pass
filtered signals from 3-axis angular rate sensors. The complete angular correction
is then applied to the raw acceleration and wind data, and the gravity component is
removed from accelerometer data.

Linear platform velocities are finally obtained by integration of the angle-corrected
linear acceleration data, using high-pass filtering to remove integration drift. Subtract-
ing the derived platform velocities from the angle-corrected wind data yields motion-
corrected winds (U, V and W) in ship coordinates. At this point, correction for air flow
distortion caused by the ship superstructure can be accomplished by rotating wind co-
ordinates to achieve zero mean vertical wind velocity (W) and crosswind component
(V). The corrected vertical wind velocity is now suitable for flux computations.

3.2 Response lag time

An additional adjustment is necessary to synchronize the measurements. A time lag
between the in-situ wind measurement and DMS response exists due to the length of
the APIMS inlet line (25m). At typical flow rates of 100-120 Std Lmin~" the lag is ~1—
1.5s. However, when wind and DMS concentration signals are logged by separate data
systems, poor synchronization and clock drift can add an additional time shift between
the two data series. A phase correction is therefore necessary and two approaches
may be used to determine the lag time.

A direct approach involves the introduction of a spike or other signal perturbation at
the inlet (e.g. Bariteau et al., 2009), yielding a direct measure the response lag. This
method is somewhat complicated, usually requiring additional hardware and plumbing
at the mast-mounted inlet. If response lag is variable the procedure must be repeated
on a regular basis and it does not account for clock synchronization problems. When
the flux signal is weak, however, this approach may be the most reliable measure of
inlet lag time.
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The flux signal for DMS is usually strong, so a lag correlation computed for DMS
mixing ratio and vertical wind (Fig. 7) provides a better measure of phase shift in that
it accounts for all sources of time lag and is computed independently for each data
segment.

4 Spectral characteristics and frequency response
4.1 Signal variance

As described in Sect. 2.3, the APIMS signal is obtained by counting pulses from an
ion multiplier, and the ambient DMS concentration is proportional to the number of
counts recorded in a finite time interval: typically 25 milliseconds at 20 Hz bandpass
when both ambient and standard signals are determined sequentially. The number of
counts is usually small during this interval and random counting error is thus the major
source of signal variance. Counting error-derived variance manifests as a nearly-white
noise spectrum with a slope of +1 on a plot of logfS, ,(f) vs. logf. Figure 3 presents
a comparison of the variance spectra for DMS and W, illustrating the spectral effect of
random uncorrelated noise in the computed DMS mixing ratio.

Atmospheric variance in the DMS signal may be estimated by extrapolating the expo-
nential decay in autocovariance back to At=0. Uncorrelated, random noise contributes
only to the first point in the autocovariance plot, so the difference between this point and
extrapolated atmospheric variance at Af=0 is an estimate of the instrumental variance.
Figure 4 illustrates this analysis for the same DMS data segment used in Fig. 3. We see
the instrumental variance in this case is approximately 54 pp’[v2 and constitutes about
two-thirds of the observed signal variance. Assuming Poisson statistics, we expect
variance in the count rate at mass 63 to account for about 37 pptv2 for this example,
which is a major fraction of the estimate above, but there are clearly additional sources
of random instrumental noise. Additional variance derived from the internal standard
signal at mass 66 and from flow rate variability contributes a small amount, but we
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suspect phenomena such as flow turbulence in the ionization volume also contribute a
significant fraction of the additional noise. In lab tests, installation of a stainless steel
screen upstream of the Ni-63 source led to a significant reduction in signal noise.

4.2 Covariance spectra

Computation of the covariance in DMS and W is the final step in measuring the sea-air
flux. Covariance spectra in the atmospheric surface layer exhibit a distinctive form
which is a function of wind speed, measurement height and atmospheric stability
(Kaimal et al., 1972). The theoretical shape for the cospectrum is not well defined
at low frequencies for unstable conditions, however, and is further affected by random
noise over short averaging periods (see Sect. 6.1). The integrated area (covariance) is
the flux, the magnitude of which has a direct dependence on the sea water DMS con-
centration. Averaging cospectra over long time intervals is facilitated by normalizing to
sea water DMS concentration (i.e. C s  (F)/Xgms sw=Kams(f)), which may be further
normalized to constant Schmidt number, yielding “transfer velocity” spectra. Figure 5
shows normalized cospectra, bin-averaged by wind speed, for a recent project in the
Southern Ocean. A gradual progression in the spectral maximum with wind speed is
evident, as is the apparent loss of a small amount of flux signal at the highest fre-
quencies. The causes for signal attenuation are investigated in the next section and
corrections are discussed in Sect. 6.4.

4.3 Inlet attenuation

Attenuation of mixing ratio fluctuations by inlet tubing has been studied by Lenschow
and Raupach (1991). With respect to the requirements of EC flux measurements,
they conclude attenuation caused by inlet tubing does not significantly limit flux mea-
surements when inlet flow is maintained in a fully turbulent state (Re>2300). The use
of an air dryer in the APIMS creates a more complex inlet, however, so an empirical
determination of instrument response is desirable.
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Lenschow and Raupach (1991) studied the effects of inlet length on humidity fluc-
tuations using dual sensors, measuring variability in water vapor concentration near
the entrance and exit of several inlet configurations. Lacking dual sensors, this study
compares APIMS instrument response for two inlet systems in separate trials: 1) A
full 25 m teflon inlet manifold (0.375 in. ID) with subsample flow through the Nafion
dryer (PermaPure PD-200T-24-SS) and a short tube (0.3mx0.17 inch ID teflon) into
the APIMS source. (The dryer consists of a parallel bundle of 200 Nafion tubes,
each 0.042 inch IDx24 in long, in a stainless steel shell.) And 2), a short (1m) in-
let manifold with the same 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 min~" and subsample flow through the dryer and APIMS source was
4StdLmin™".

Room air was sampled with the long inlet. Because of the need to exclude water
vapor in the absence of a dryer, dry nitrogen was sampled by the short inlet system.
A constant 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 pulsed flow at the front of each inlet from a permeation tube of unlabeled
DMS. Permeation gas flow was maintained at a constant rate and switched between the
inlet and a dump line at frequencies up to 3Hz. DMS concentrations were calculated
as described above. In all trials, the APIMS data acquisition rate was 20 Hz.

A series of runs at switching frequencies from 0.1 to 3Hz was obtained for each
inlet. Signal response for the short inlet yielded a somewhat rounded square wave
with a small amount of amplitude attenuation at the highest frequency, possibly due to
response characteristics of the switching valve. Overall, instrument response with the
short inlet system was very fast and for our purposes represents an unattenuated sig-
nal. In contrast, results with the long inlet and dryer show noticeable signal attenuation
as the frequency is increased.
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The DMS variance spectra show distinct peaks at the run frequencies. A response
ratio (5) was computed for each frequency using the integrated area of the spectral
peaks and the results are plotted in Fig. 6.

fo+6
2 fn-'_.ﬁ Sxx,long(f)df
O (fn)=—75 (5)
f:_(S Sxx,short(f)df

The observed half-power frequency from Fig. 6 is ~1Hz. Response roll-off is more
gradual and begins at a lower frequency than the Lenschow and Raupach (1991) result
for a simple straight tube inlet. Theoretical attenuation curves for straight sections
of tubing, equivalent in length to the actual inlet manifold and subsample tubing, are
shown in Fig. 6 and predict considerably less attenuation than the observed response
curve for the inlet system including the dryer.

Subsequent tests of the long inlet without the dryer show a frequency response
similar to the short inlet, confirming the expectation that the tubing alone does not
attenuate response significantly at high flow rates. The observed roll-off in frequency
response with the dryer can result in lost flux signal, requiring corrections described in
Sect. 6.4.

5 Micrometeorological issues affecting flux accuracy

DMS has a sole source in the surface layer of the ocean, is generally well-mixed in
the marine boundary layer, and under most conditions has near-zero concentration
in the overlying free troposphere. For studies of air-sea gas exchange, the desired
quantity is the flux of DMS at the ocean surface, which is always positive (out of the
ocean). Measurements in the surface micro-layer are not practical, however, so flux
is determined at some distance, z, above the surface, typically 15-20m on a bow
jackstaff or sampling tower. We anticipate flux at this height will not be significantly
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different from the true surface flux, but several assumptions are necessary for this to
be true.

The conservation equation for DMS in the marine boundary layer can be written as
in (6), where the term 6% u; represents the full turbulent wind field, D is the diffusion
coefficient for DMS in air and L is the photochemical destruction rate (here we assume
L =0 at night).

2
@+i u; c=D£—L (6)
ot 6X,- 6)(/2
Separating ¢ and v into mean and fluctuating components (c=c+c’, etc.) and assum-
ing horizontal homogeneity in turbulence and diffusion yields (7).

dc  dc Oc 0 — 0% _ —
ey _ L (w)+D—C-L 7
ot 'ax Vay 6z(W ¢+ 6220 (7)

Under conditions of steady state and horizontal uniformity (2¢, 3¢, and g—§=0), and

neglecting the loss term, L, (7) reduces to (8). Turbulent flux vanishes at the surface
and diffusive flux is negligible compared to turbulent flux above the surface microlayer,
so integration vertically from height 0 to z yields the result (9) which equates the desired
quantity, surface flux, which is impossible to measure directly, to the turbulent flux at z,
which is measurable.

2

0 — 0° —

E(W c )=D@C (8)
— oc

we),=-0(5z) ©

Businger (1986) has discussed the assumptions leading to (9) with respect to dry de-
position particle flux and we will now examine them for the specific case of DMS.
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5.1 Entrainment and the flux gradient

The concentration of DMS in the free troposphere is near zero, which leads to a signifi-
cant entrainment flux at the marine boundary layer inversion height, z;. The magnitude
of the resulting flux gradient will depend on the relative magnitudes of the surface and
entrainment fluxes, Fy and F;, respectively. In most cases, F,>F;, leading to an increas-
ing concentration of DMS within the boundary layer, which is in fact frequently observed
at night when L=0. The existence of a significant entrainment flux means (w’c’), can
be expressed as a linear function of Fy and F; (10), which can be rearranged to yield
the fractional error in assuming (w'c’), = Fy (11).

— V4 V4
(W/C/)Z:FO (1_2_1) +F’Z_I (10)

(w'c’), z (Fi
Fo,est ( FO Z, FO ( )
As an estimate of the flux error we assume the following typical conditions:

1. z;=800m and z=18 m;

2. kyms=15cmhr '=4.17x107°ms™"  and  ACpys~Cpus seawater=14molem™2,

therefore Fy pys=Kgms Coms seawater=3-64moles m2d ' =1pptvms™";
3. [DMS],,,,;=80 pptv, w,=-0.005ms™" and F; pys=W, C,_.

The concentration jump, C,_, is defined as the difference in DMS concentration
across the inversion, [DMS];;—[DMS],,,,, or in this case C,_=-80pptv and thus
Fibums=0.4 pptvms'1. Under these conditions the estimated fractional error from (11)
is only —1.4%. However, as z; decreases to 200 m the error increases to ¥—5.4%. In
situations where z; is reduced and Fy>F;, the error could exceed —10%.
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5.2 Steady state and horizontal uniformity

To examine further issues related to assumptions dealing with steady state, advection,
and chemical loss we integrate all terms in (7) from the surface to measurement height,
z. To simplify the result, we take the x to be along the mean wind (V =0) and define the

column mean values for variables such that 1/z /S(E)dz = ¢, etc.

(W'c’)zz—%z—:—XUEz—%Wz+D (%)O—Zz (12)

The first term on the right hand side is the rate of change in the column concentration.
The second term is advective flux from a horizontal gradient in DMS concentration and
the third is typically small relative to the second (Businger, 1986) and may be ignored.
Inspection of (12) reveals that in the limit z—0, the extra terms vanish. But, as Businger
(1986) points out, it is not possible to measure (w’c’), under this condition and if even
if we could, the result would not be representative of a significant area of sea surface.

Alternately, if the following measurement conditions are met, we see the additional
terms in (12) become negligibly small.

%,%,and I < % (13)
Evaluating the right side of inequality (13) using the measurement conditions of
Sect. 5.1 yields (Fy/z)=200 pptv hr'. Froma practical standpoint, only 63/62‘ in (13) is
easily measured and is typically much less than 200 pptv hr', as is the expected day-

time photochemical loss rate (L~5—6 pptv hr'ﬂ1). Thus, assumptions in the derivation
of (9) seem largely justified. Furthermore, 65/6z‘zFo/z does not necessarily indicate

(w’c’), differs significantly from the surface flux, as other terms in (12) may have op-
posite signs and could largely cancel. But, as Businger (1986) concludes, criteria such
as (13) are useful for quality control. Rapid changes in mean concentration should be
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viewed as a warning flag indicating the measured flux may differ significantly from the
true surface flux.

5.3 Residence time

Another useful criterion discussed by Businger (1986), and related to the suitability
of the steady state assumption, is residence time, which in practice should be much
greater than the flux measurement time. Neglecting advection, the residence time for
a scalar such as DMS can be written as the ratio of the column concentration to the
rate of change in column concentration due to flux and loss (14). Evaluating this for the
typical measurement conditions given earlier yields fpys~24 h, which is much longer
than the hourly averaging time used in this work and supports the assumption of steady
state.

~

—CZ/'_ —CZ,'

fo=—0—= =
ac —F.—-| 7
WZ, FO FI LZI

(14)

6 Uncertainty, flux corrections and quality control

Uncertainty in the determination of transfer velocity (k,,,s) includes error from several
sources, both random and systematic, in the measurements of covariance flux and sea
water DMS concentration. Error in the estimate of water-side DMS concentration is of-
ten difficult to assess because the measurement is usually made at some depth, and
concentration gradients near the surface are not easily sampled. Nevertheless, error in
the flux measurement is often the largest contributor to the overall uncertainty in k,,,s.
In this section we examine some of the factors influencing flux error, describe correc-
tions where necessary and possible, and discuss quality control criteria for filtering bad
values.
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6.1 Flux error

Covariance uncertainty may be expressed as in (15) (Wyngaard, 1973; Fairall et al.,
2000), where T is the integration time, T,-z122/U is the integral timescale, and o, is
the standard deviation of the scalar measurement. Here, og is a combination of both
turbulence variance and measurement noise.
F zﬂ
CT /)P
While computation of the flux uncertainty from raw data is straight-forward using (15),
there is diagnostic value in evaluating which aspects of the DMS measurement have
the greatest effect on the overall uncertainty. To this end we may express o, as a com-
bination of turbulent and noise components (16) and the turbulence component may be
further expressed in Monin-Obukhov Similarity Theory as o, ;~3 F,/ux. Also, because
the APIMS signal is derived from pulse counting and random signal noise is character-
ized by Poisson statistics, ac,,,=\//V /At e, where noise is expressed in ppvt, N is the
number of events counted in time At and e is instrument sensitivity in counts s pptv‘1
. We may further increase this by a factor of 1.5 to account for additional sources of
random noise mentioned in Sect. 4.1.

(15)

3F,\2 N
2_ 2 2 _[°'¢
GC_ac,t+1'500,n~( m ) +1.5<N2 62) (16)
Substitution into (15) leads to an expression for the relative flux error
in terms of several measurement related parameters (17). From (17)

the estimated flux error is about 50% for the following typical conditions:
z=18m, F =1 pptvms_1=3.6umoles m2 d_1, At=0.025s, e=100 countss™’ pptv_1,
7=3600s, U=8m3_1, u*=0.25ms_1, 0W=0.37ms_1 and N=Cpys € At, where

CDMS=80 pptV
AF, o, [<3FC)2+ 15N ]1/2

Fo F,ru/12z) 21\ u. ] ~Ar2e?
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Of particular interest are the effects of integration time and sensitivity on the relative
flux error. Sensitivity is typically better than 100 counts s pptv’1, for example, but
can decrease if instrumental performance suffers and we would like to know what im-
pact this may have on the flux measurement. Figure 8 presents an analysis of (17)
computed by independently varying integration time and instrument sensitivity while
holding other parameters constant. To answer the question just posed, in Fig. 8 we
see only modest increases in flux error with decreasing sensitivity. This is probably
because the count rate for typical concentrations of DMS is sufficiently large, even at
e=30 countss™’ pptv‘1, that signal noise is not sufficient to overwhelm other sources
of variance in the flux computation. Increased integration time decreases error signifi-
cantly but at the cost of very long averaging times.

The issue of appropriate averaging time for turbulence statistics has been well-
studied (e.g. Lumley and Panofsky, 1964; Wyngaard, 1973; Lenschow et al., 1994)
and the general conclusion is that higher order moments such as variance and covari-
ance of a scalar quantity require much longer integration times than the scalar mean for
comparable precision. This result for DMS is therefore consistent with measurement of
scalar fluxes in general and is the principle reason for the high degree of scatter in flux
observations.

6.2 Density-related flux corrections

Webb et al. (1980) discuss density related effects of water vapor and temperature fluc-
tuations on in-situ flux measurements. Corrections are necessary when a constituents
mass concentration is measured, as is the case for open path CO, measurements
with the LICOR sensor. The density correction is often a large fraction of the flux sig-
nal and a significant source of measurement uncertainty. Webb et al. (1980) show
that no correction is required, however, with the determination of a constituent’s mix-
ing ratio. So, for APIMS-ILS this commonly-applied correction is unnecessary. In any
case, the length of the sampling line effectively eliminates temperature fluctuations in
the APIMS sample stream. Removal of moisture variability, however, may manifest
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as mass-concentration fluctuations of constituents in the air stream exiting the dryer
(DelLacy and Bandy, 2008), but for APIMS-ILS the internal standard compensates for
this effect.

6.3 Motion correction error and motion-gradient effects

As stated in the introduction, flux is computed as the covariance of vertical wind velocity
and concentration or mixing ratio, F =w'c'. However, two effects can lead to crosstalk
between the measured flux and ship motion: 1) the motion corrections used to derive
w' are inaccurate, and 2) movement of the sensor up and down in a natural DMS
concentration gradient causes an apparent fluctuation in concentration, ¢}, that is
coherent with motion. Here, we examine the implications of these effects.

Let the measured vertical wind velocity differ from true w' by a motion component,
Wyor» @nd a correction error, Swy,, (18), and the measured fluctuations in DMS be the

true fluctuation plus a gradient component related to height above the surface (19).

Wr,'neas= w'+ Wr,not+6Wr,not (18)
’ ,, 0c =
Crmeas=C +E(Z(t)_z) (19)

The computed flux will then contain errors relating to inaccurate wind correction and
motion in the vertical gradient (20) leading to error in the flux (21).

(Wieas=Wynot) Crmeas = (W'+6Wr’not) (c’+% (z(t)—E)) (20)
bw'c'=6w'’ oc z(t)-z 21
F=0U (5 210)-2)) @
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From similarity theory, we can express the gradient as a function of the scaling variable
friction velocity, u, (22), where the von Karman constant x~0.4.

00_ w'c’ (22)

0z  kuz
Furthermore, the height of the sensor can be expressed as the time intergral of the
vertical motion.

2(t)-z= / w/ o (D)dt (23)
So, the fractional error in the flux is given by

OF, 1 . ,

FC =—m 5WmOT/WmO'[(t)dt (24)

For a simple way to estimate this, we can assume the errors in motion are some frac-
tion, f,,, of the computed motion and further assume the motions are crudely sinu-
soidal, where o,, ,, is the standard deviation of vertical motion of the sensor.

8w, ~m(\/20,, sin(@t)) (25)

Integrating the sine function to get the time series of the vertical displacements, yields
the following relationship.

2
6F. f. 20

¢ =M " Sin(@t) cos(@t) (26)
Fe kuz @

The average of the product of sine and cosine is zero, which leads to the conclusion

that motion and concentration terms are in quadrature, or 90 degrees out of phase,

and therefore do not contribute to the measured covariance flux. If our assumptions

are true, a peak will appear in the quadrature spectrum near the wave frequency, and
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this is often the case (see Fig. 9). However, we do not expect ship motion to be purely
sinusoidal and we do not expect the error in motion corrections to be a simple fraction
of the true motions.

To estimate the worst-case magnitude of this error we will assume conditions sim-
ilar to a recent project in the Southern Ocean when motion conditions were severe
(SO-GASEX, day 98). For f,,=0.1, U=20m s, u,=0.8m s™', ®=0.6Hz, z=18m, and

2 2 -2,

Oy, =6Mm~s
OF, _
5 =0.18 (2 sin(@t) cos(@t)) (27)

c

If motion and and concentration are in phase rather than in quadrature, the

sin(@t) cos(wt) term in (27) would be 1/2. Thus, we estimate the maximum flux er-
ror to be <18% from these effects.

6.4 Frequency attenuation correction

As discussed in Sect. 4.3, the APIMS instrument exhibits increasing loss of signal
at higher frequencies, largely due to the required air dryer. This may be viewed as
equivalent to processing the raw signal with a low pass filter. If the filter function can
be determined empirically (Fig. 6), or a reasonable time constant for the filter effect can
be estimated, then an inverse operation may be applied to the cospectrum to correct
for the loss (Horst, 1997; Bariteau et al., 2009).

The true flux is defined as the integral of the cospectrum of the time series w(t) and

Cdms(t)

— fn
deszw'c'z/ Cc(f)df (28)
0
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The measured flux will differ from (28) due to the application of the filter function,
¢2(f). Note the square root of the filter function is used because only DMS is attenu-
ated.

fn fn
Fms m= /O Copo [D2()]V2dlf = /0 Corom(F)dF (29)

The true spectrum can be estimated as CWC(f)=chm(f)/[d32(f)]1/2, such that the es-
timate for the true flux is obtained by

FI =/fn chm(f) df
9 Jo [2()]1/2

In practice, the inverse filter function is only applied to frequencies below 2-3 Hz since
the minimal instrument response above this frequency and large correction merely
amplifies noise. Under most conditions there is little flux above 3 Hz and the correction
to DMS flux is usually 5% or less.

An alternate or additional approach involves fitting the spectrum to the expected form
described by Kaimal et al. (1972). Typically, we may expect marine boundary layer to
be neutral to slightly unstable; conditions for which the spectral characteristics at low
frequencies may be variable and ill-defined. In the inertial subrange, however, the —4/3
proportionality between log(fC,,) and log(f) should be maintained, allowing a further
estimate of missing flux in the high frequency tail, which may become significant in high
wind conditions. Figure 9 shows the effect of these corrections in the mean is minor for
low to moderate wind conditions.

(30)

6.5 Data screening

As shown in Sect. 6.1, 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 homogeneous conditions. Because the lowest frequencies contributing to flux
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are poorly sampled by an hourly average of ten minute data segments, it is common
to see the greatest 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 group (Marandino et al.,
2007). This approach may have merit within a limited data set, improving the preci-
sion of the mean. Given a sufficiently large number of measurements, however, low
frequency variability will average out, as illustrated by the spectra in Fig. 9, and should
not have an biasing effect on the relationship between derived transfer velocities and
wind speed, for example.

The principle objective of quality control criteria is identification of conditions which
may lead to nonrandom bias. For flux measurements on ships, air flow distortion may
be extreme for any wind direction that is not within a narrow sector of the bow. Further-
more, motion correcitons during ship maneuvers are often suspect. Experience has
shown the best quality data are obtained when the ship is bow-to-the-wind and holding
station or moving slowly into the wind. If the sea-state is not extreme, cruising into the
wind at up to 12 knots is also usually acceptable. The primary quality control criterion,
therefore, is relative wind direction (e.g. £60°). Further restrictions on ship maneuvers
(e.g. <10 degrees heading change in any 10 min flux window) are useful to exclude
conditions where the motion corrections may be suspect. The limits chosen for each
criterion often depend on the particulars of the ship and sensor installation.

We expect variance in vertical wind velocity to follow a relatively predictable relation-
ship with wind speed, so standard deviation in W is often a useful secondary criterion,
as is the standard deviation in the motion correction, which may point to increased
error from the uncorrected motion-gradient effects mentioned in Sect. 6.3. A careful
examination of wind variances can also help define acceptable limits for relative wind
direction and ship maneuvers. Finally, computation of friction velocity (for example,
by inertial dissipation) is often desirable and serves as an additional diagnostic. A
significant change in the relationship between observed u, and bulk-model derived v,
(e.g. from the NOAA COARE bulk flux model (Fairall et al., 1996, 2003)) may serve as
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a useful flag for air flow distortion.

With respect to atmospheric conditions, the quantity F,/z mentioned in Sect. 5.2
is a useful flag for conditions where the steady state assumption may break down.
Depending on the meteorological regime, an assessment of the inversion height may
also be required to monitor possible error due to entrainment and the flux gradient.

7 Summary

Atmospheric pressure ionization mass spectrometry with an isotopically labeled in-
ternal standard (APIMS-ILS) is a robust and capable analytical system for DMS flux
measurement by eddy covariance. In particular, the speed and sensitivity of APIMS-
ILS is a significant improvement over earlier methods for atmospheric DMS. Limitations
to the actual frequency response of the instrument lead to generally minor losses of
high frequency flux information. These losses can be largely corrected if the frequency
response of the instrument is known. Further losses at the inertial subrange frequen-
cies may be estimated from the expected spectral characteristics and these corrections
may become important for high wind speed conditions.

For studies of sea/air gas exchange, surface flux is the desired quantity, and DMS
measurements from ships are seen to be compatible with standard assumptions re-
lating the flux measured at height z with the surface flux. Challenges related to flux
measurement from a moving platform are considerable, but motion interferences may
be largely corrected during data processing. Residual error from motion artifacts is
estimated to be small relative to the typical random error expected for atmospheric
boundary layer turbulence statistics.
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Appendix A

APIMS-ILS instrument description

APIMS instruments currently used for DMS flux measurements are built from a com-
bination of base components supplied by Extrel CMS (http://www.extrel.com/) and a
variety of custom-designed components specific to the application. This is more a
product of convenience and the long association of Extrel with the research community
than of necessity. The descriptions which follow stress the application specific aspects
of the instrument design, recognizing other designs better suited to field deployment
(e.g. smaller and lighter with less power consumption) will undoubtedly follow from
future method development work.

A1 lonization source

The ion source for the APIMS is external to the high vacuum chamber. Source design
must facilitate the production of ions at or near ambient pressure in a controlled en-
vironment and allow for efficient transport of the product ions into the vacuum system
and ion optics. Bruins (1991, 1994) has reviewed design considerations for APIMS ion-
ization sources and ion sampling efficiency. Figure 10 illustrates the Ni-63 source used
on the University of Hawaii instrument. The source geometry is based on the Drexel
University design, which in turn is a modification of the Extrel corona discharge APIMS
source flange. The source illustrated in Fig. 10 bolts directly to the Extrel decluster
assembly in place of the corona source. The inlet aperture is the same one used for
the corona discharge source.

Dried sample air, at a flow of 3—4 StdLmin~", first passes through a heater sec-
tion maintained at 400°C. A stainless screen at the end of the heater smooths out
large scale turbulence in the gas flow. Heated gases then pass through a cylindrical
foil plated with 15mCi Ni-63. lon-molecule reactions responsible for the production
of water clusters and protonated DMS occur in this region. A 250um orifice facing the
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ionization volume draws about 0.5 Std L min™" into the decluster chamber. The balance
of the gas flow exits the source and passes through a mass flow controller. Gas exiting
the flow controller is utilized as a purge flow in the outer jacket of the Nafion air dryer
before passing to a vacuum pump. The low pressure of the dried purge flow improves
dryer efficiency significantly. The orifice is isolated in a ceramic dielectric ring and con-
nected to a variable DC voltage supply for tuning purposes, but in practice the optimum
potential for the orifice is near ground and large bias potentials are unnecessary.

The heater cartridge (Watlow Firerod) features an imbedded thermocouple to fa-
cilitate temperature regulation using a programmable PID controller (Omega CN132).
With a properly tuned controller, close thermal coupling between the heater and imbed-
ded thermocouple results in extremely stable temperature control (+0.2°C). The source
block is independently heated to 150°C with two cartridges and a separate PID con-
troller. The gas temperature is not monitored directly and may be less than the heater
setpoint, but heater temperatures greater than 400°C are not observed to yield further
increases in sensitivity.

A desire to maintain high sensitivity and frequency response dictates the rather large
flow rates. The source can be redesigned in reduced dimensions to accommodate a
smaller source flow, for example as described by Marandino et al. (2007), but the re-
ported sensitivities are not significantly different from those obtained with the source
shown here. As part of an overall reduction in instrument size, however, a smaller
source has obvious advantages and may lead to improved sensitivity if a greater frac-
tion of the total flow enters the vacuum system. Future instrument development will
undoubtedly focus on this issue.

A2 Vacuum system, ion optics and detection

Figure 11 illustrates the vacuum and ion optical systems of the University of
Hawaii APIMS, a design based on the Extrel molecular beam monitoring system. The
vacuum system has 3 distinct regions: the decluster assembly with three tunable lens
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elements and an operating pressure of 5 torr; the front vacuum chamber with an operat-
ing pressure of 10~ torr, pumped by a 500 Ls™" turbomolecular pump (Varian V550),
incorporating a series of ion focussing lenses; and the rear vacuum chamber oper-
ating at 1077 torr, pumped by a 250 Ls™" turbomolecular pump (Varian V250), with
additional focussing lenses, a quadrupole deflector assembly directing ions into a 90
degree bend, the quadrupole mass analyzer with 19 mm diameter poles, and the elec-
tron multiplier (ITT Ceramax 7550m). The quadrupoles are driven by an Extrel RF
power supply (300 Watt, 2.1 MHz) with a mass range of 0—120 AMU. A 1.2 MHz supply,
which yields a wider usable mass range with reduced resolution, is equally suitable.
Pulse counting electronics are used to quantify the ion current (Advanced Research
Instruments MTS-100 preamplifier).

The high degree of isolation between the front and rear chambers results in very
low rear chamber operating pressures. A single 2 mm aperture (the chamber aperture
lens) is the sole opening between the two regions. The 90 degree bend in ion trajectory
allows neutral molecules to stream into the turbo pump, facilitating an on-axis mount
for the electron multiplier. The Hawaii instrument is unique in this respect and other
instruments (i.e. Drexel University’s, Bandy et al. (2002)) use linear ion optics with
essentially the same Extrel quadrupole probe assembly.

The flange mounted decluster chamber is a standard Extrel product based on the
work of Ketkar et al. (1989) and is used without modification except for the substitution
of a heated radioactive source volume, described above. In the decluster section,
collisional dissociation at 5 torr breaks up the larger, less stable clusters as ions are
directed to a second 300 um 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 transmission through the decluster section is unknown, but may be
very low. We desire the highest possible sensitivity for flux measurements, and future
engineering and design work should be directed at improving efficiency at this step.
Significant increases in ion transmission would allow the use of smaller quadrupole
systems for comparable overall performance.
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A3 Gas flow control

Gas flows for the analytical system are illustrated in Fig. 12. Measurements critical to
the calculation of the ambient mixing ratio are internal standard, main manifold, and
subsample flows. These flow meters and controllers should be calibrated against a
well maintained flow standard on a regular basis. Critical control of the calibration
gas flow is essential, and experience has shown DC solenoid-type flow controllers, the
standard in much of the industry, have a motion sensitivity leading to oscillating flow
rates on ships and aircraft. Thermal expansion-type controllers (e.g. Celerity FC-260V)
are superior in this respect. The provision for zero air flow into the point where sample
flow is drawn from the main manifold allows the operator to block sample flow with
zero air when necessary and facilitates calibration of labeled DMS cylinders using the
permeation tube device.

A4 Data acquisition and instrument control

Mass spectrometer control and all data acquisition, including wind and motion mea-
surements, are performed by a National Instruments PXI data acquisition system com-
prised of the following modules: PXI-1031 Chassis/Power Supply, 8175 RT Controller,
two 6052e Data Acquisition cards and 6608 Counter/Timer card. Software for mass
scans and single-ion monitoring was developed in the LabVIEW Real-Time (RT) pro-
gramming environment.

Wind and motion data are obtained with instrumentation identical to the NOAA-
ESRL/PSD portable flux system (Fairall et al., 2003, 2006). Three-axis winds are
measured with a Gill R2 sonic anemometer. Six-channel motion measurements (ac-
celeration and angular rate on 3 axes) are obtained with a Systron Donner MotionPak
(model MP-GCCCQAAB-100). High frequency noise and vibration are removed from
the analog motion channels using a 5Hz low-pass elliptical filter prior to acquisition
(Avens Signal Equip. Corp. AML-P8E5Hz-D). Flow, motion and wind data are logged
as DC analog signals by the 6052e DAQ cards. lon pulses are totalized with a counter
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on the 6608 card.

Timing for the data acquisition and control loop is driven by a GPS-synchronized
time and frequency receiver (Symmetricom model XL-AK). Each iteration of the control
loop sets the command voltage for the appropriate mass (mass 63 for the ambient
isotopomer or mass 66 for the d3-labeled internal standard), counts pulses for the
specified interval and scans all analog inputs. Two loops are required to compute one
mixing ratio value: one loop to measure the internal standard signal intensity and one
for the ambient signal. Analog data from the two loops are averaged and saved to disk
along with standard and ambient count rates. A 10 kHz GPS-disciplined pulse output
from the XL-AK is divided to an appropriate frequency for the loop trigger pulse by a
counter on the 6608 (e.g. a 40 Hz trigger for 20 mixing ratio measurements per second),
assuring a precise and synchronized sampling frequency for all data channels.

The 6608 counter/timer card has an on-board clock, synchronized to GPS Universal
time with an IRIG-B time code from the XL-AK receiver. The data time stamp is read
from the IRIG-synchronized clock at each iteration of the control loop.
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Fig. 5. Mean “transfer velocity” spectra, computed from hourly cospectra, normalized to sea
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Fig. 9. Mean hourly (n=294) cospectrum and quadrature spectrum for DMS concentration and
vertical wind velocity from a cruise in the Sargasso Sea: (a) semilog format (area proportional to
covariance), (b) log-log format (linear —4/3 fall off in the inertial subrange (Kaimal et al., 1972)).
Red traces are uncorrected data. Blue shows the empirical correction for inlet attenuation
losses (see Sects. 4.3 and 6.4). The green trace illustrates a further correction to the expected
—4/3 dependence in the inertial subrange. The small peak at ~0.15Hz is a spectral feature at
the frequency of wave motion which may be due to motion-gradient effects (see Sect. 6.3), but
in this case is seen to contribute little error to the mean covariance.
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Fig. 10. 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 Back
volume. The ®Ni foil 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.
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Fig. 11. APIMS vacuum system and ion optics, based on the Extrel molecular beam sampling
system. Typical operating pressures are shown.
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Fig. 12. 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, improving dryer performance.
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