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Nonmethane hydrocarbons in surface waters, their sea-air fluxes
and impact on OH in the marine boundary layer during the First
Aerosol Characterization Experiment (ACE 1)
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Abstract. Concentrations of six abundant alkanes (propane, 2-methylpropane, butane, 2-methyl-
butane, pentane, cyclopentane) and three abundant alkenes (2-methylpropene, cis-2-butene,
1,3-butadiene) were determined in air equilibrated with surface seawater in real time during the
International Global Atmospheric Chemistry First Aerosol Characterization Experiment (ACE 1)
campaign to the Southern Ocean in November—December 1995. Concentrations in ocean surface
water inferred from these measurements generally lay within the ranges observed by- other investi-
gators at other times in other regions of the global ocean. Concentrations tended to decrease with
increasing latitude. Comparison with a limited number of dissolved organic carbon (DOC) data
obtained during transit from Hawaii to Hobart, Tasmania, suggested that higher hydrocarbon con-
centrations were associated with higher DOC levels. During the ACE 1 intensive study period
west and south of Tasmania the differences in NMHC concentrations among the three major water
masses sampled, while frequently significant, were not related in a simple direct or inverse way to

surface water temperature, concentrations of nitrate, chlorophyll a, or dimethylsulfide, or to cal-
culated sea-to-air transfer velocity or solar radiation intensity. The only correlations that showed
some consistency within water masses were with temperature (negative) and nitrate (positive), an
essential nutrient for phytoplankton growth. Deduced sea-to-air fluxes indicated modest open-
ocean emissions of C;—Cs NMHC in this part of the global ocean. Assuming that the deduced
fluxes were balanced by reaction with hydroxyl radical, OH, we estimated that the nine measured
NMHC together accounted for negligible removal of OH compared to that due to the dominant
OH + CO reaction and about 5 times léss than that due to the DMS + OH reaction in the region of

the marine boundary layer studied during ACE 1.

1. Introduction

Nonmethane hydrocarbons (NMHC) are recognized as impor-
tant participants in atmospheric chemistry. They serve chemically
as precursors of tropospheric ozone in the presence of sufficient
concentrations of NO, [see, e.g., Liu et al., 1989]. Also, their
major sink in the troposphere is reaction with the hydroxyl free
radical (OH), so that in sufficient abundance in the remote marine
atmosphere they can play an important role in lowering levels of
this dominant atmospheric oxidant [see, e.g., Donahue and Prinn,
1990]. The lifetimes of marine atmospheric NMHC range from a
fraction of a day up to several months and their photochemical
oxidation products form a complex mixture including carbon
monoxide, aldehydes, ketones, organic acids, alcohols, and or-
ganic free radicals.

A number of measurements and studies of NMHC in the ocean

and remote marine atmosphere have been carried out [see, e.g.,
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Swinnerton and Lamontagne, 1974; Rudolph and Ehhalt, 1981;
Singh and Salas, 1982; Greenberg and Zimmerman, 1984; Bon-
sang and Lambert, 1985; Plass-Diilmer et al., 1995]. These stud-
ies indicate that the ocean is a source of reactive NMHC to the
remote marine boundary layer (MBL) because, in most cases, the
ocean surface water was found to be supersaturated in NMHC
with respect to the air above. The results of laboratory culture
studies [e.g., Lee and Baker, 1992; Milne et al., 1995; McKay et
al., 1996] and field work [e.g., Bonsang and Lambert, 1985;
Plass-Diilmer et al., 1995; Ratte et al., 1995] suggest that NMHC
are produced in oceanic surface waters biotically by living or-
ganisms or from organic matter exuded during growth, and abi-
otically by photochemical degradation of dead cells and dissolved
organic matter (expressed as dissolved organic carbon (DOC)).
Loss is thought to be governed by exchange into the atmosphere
[Plass-Diilmer et al., 1995; Ratte et al., 1995]. The fate of the

~ freshly emitted NMHC from the ocean is determined by photo-

chemical destruction and transport to the free troposphere. Sig-
nificant spatial and temporal variability in these production and
loss processes leads to the large variability in atmospheric NMHC
spatial and temporal behavior observed by many investigators
le.g., Bonsang et al., 1988; Plass et al., 1992; Donahue and
Prinn, 1993; Atlas et al., 1993], as critically reviewed by Singh
and Zimmerman [1992].
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Figure 1. Map showing the portions of the ACE 1 crui

se track of NOAA Ship Discoverer along which NMHC

sampling was conducted. Approximate positions at the beginnings of selected Julian days are labeled.

In this paper, we report measurements of nine C;—Cs NMHC
made during the IGAC First Aerosol Characterization Experiment
(ACE 1) aboard NOAA Ship Discoverer (November-December
1995) to characterize the distribution of NMHC in the surface
waters of the remote Southern Ocean. We then combine these
NMHC measurements with simultaneous measurements of wind
speed to estimate sea-to-air fluxes of these compounds and assess
their impact on OH in the MBL.

A meteorological and atmospheric chemical overview of ACE
1 is given by Hainsworth et al. [1998]. The oceanographic setting
is discussed by Griffiths et al. [this issue]. Meteorological and
chemical data sets from ACE 1, including ours, are available via
http://www.joss.ucar.edu. The data we report from leg 1 (JD
300-JD 313) were obtained during transit from Hawaii to Hobart,
Tasmania, through tropical, subtropical, and midlatitude South
Pacific waters (see Figure 1). Leg 2 began with a transit from
Hobart to Macquarie Island and part way back (JD 319-322) after
which the ship moved westward and spent the rest of the avail-
able time (JD 323-345) south and west of Tasmania.

2. Experimental

2.1. Water Analysis

Seawater NMHC concentrations were measured by the method
described by Donahue and Prinn [1993]. An acrylic Weiss-type
equilibrator [Butler et al., 1989] mounted on a weather deck was
supplied continuously with a flow of 20 L min™" of seawater from
the ship’s flow-through system. Ambient air in the 20-L head-
space that is equilibrated with this flowing seawater was circu-

lated through copper tubing to the analytical system located in the
ship’s main laboratory and then back again using a Metal Bellows
pump. The ambient air used to replace the headspace air con-
sumed by sampling had much lower (factor of 100-1000) NMHC
concentrations than the headspace air, as discussed later. An ali-
quot of 300 mL of the circulating gas was drawn at 30 mL min™!
through Nafion and a phosphorous pentoxide (Aquasorb) trap to
absorb water followed by a sodium hydroxide (Ascarite) trap to
absorb carbon dioxide, then into a 1.59 mm OD (0.762 mm ID)
stainless steel collection loop, and finally exhausted through an
electronic mass flow controller (Tylan, Inc.). Laboratory tests
showed no losses at the 102 mole fraction level and mild con-
tamination only for 2-methylpropene from Nafion [Donahue,
1991]. Also, standard analyses and standard addition experiments
showed no significant loss or contamination due to Ascarite
[Donahue, 1991]. The collection loop was cryogenically cooled
with liquid N, vapor to a temperature between ~150°C and
—165°C monitored by an Omega thermocouple in direct contact
with the loop. Immediately following collection, the NMHC
samples were volatilized by immersion of the collection loop in
water either at room temperature (before JD 335) or at about 80°C
(after JD 335). The change on JD 335 failed to overcome diffi-
culties with ethane and ethene determinations but did not produce
noticeable changes in response to the compounds reported here.
The volatilized gases were then sent directly to a 60-m PLOT
column with Al,0,/KClI stationary phase (Chrompack) and then
to a flame ionization detector (FID) in a Hewlett Packard 5890
Series II gas chromatograph.

The temperature program for analysis of the samples included
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Figure 2. Chromatograms of an equilibrator headspace sample
(heavy line) and trapping loop blank (light line) obtained aboard
ship on November 20, 1995. The blank was collected by feeding
UHP N, directly into the trapping loop after isolating the equili-
brator and the ~30 m sampling and return-flow line which led
from it to the analytical system in the ship’s main laboratory.

an initial 3-min isothermal period at 60°C followed by heating at
10°C min™' to 135°C. After 5.5 min, heating resumed at 15°C
min~' to a final temperature of 185°C where it was held for 15
min. After JD 321, the initial temperature was lowered from 60°
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to 40°C to improve resolution of early-eluting compounds. The
entire analysis of a sample of seawater-equilibrated gas required
approximately 45 min from the beginning of the collection.
Measurements were obtained nominally every other hour. An
example chromatogram of seawater-equilibrated air is shown as
the solid curve in Figure 2.

2.2. Calibration

An NMHC standard (5145) prepared at MIT using methods
described by Donahue [1991] and Donahue and Prinn [1993]
was analyzed once each day on most days. An onboard working
standard was created by diluting 1 part of the 5145 standard into
100 parts of UHP nitrogen. The results reported here use our own
absolute calibration scale [Donahue and Prinn, 1993] which has
been intercompared with others, as discussed in the next section.
A 75-mL sample (one quarter the volume of a normal equilibrator
sample) of the diluted standard gas was collected using the same
line and flow rate used for the equilibrator samples (specifically,
the same traps, flow controllers, and collection loop). The chro-
matogram of each equilibrator sample was compared to the stan-
dard chromatogram which was obtained nearest to its collection
time. Concentrations were then calculated assuming exact linear-
ity of the FID with respect to its response per mole of each com-
pound. For the equilibrator samples, this concentration represents
the gas phase concentration which would be irf equilibrium with
the actual seawater concentration. To calculate the seawater con-
centration, we divided the measured equilibrator air concentration
by the appropriate dimensionless Henry’s law constant for the
compound of interest (see Table 1).

2.3. Intercalibration

In order to relate our independent absolute calibrations for
NMHC to those of other laboratories, we have participated in the
IGAC Nonmethane Hydrocarbon Intercomparison Experiment
(NOMHICE). Phases 1 and 2 of NOMHICE were described by
Apel et al. [1994]. For phase 3, mixtures of more than 50 hydro-
carbons and halocarbons were prepared by the National Institute
of Standards and Technology (NIST). As in earlier phases, ali-
quots of mixtures were then put into canisters and analyzed by the
NOMHICE coordinating laboratory at the National Center for
Atmospheric Research (NCAR), sent to each participating labo-
ratory for analysis, and then reanalyzed at NCAR after their re-
turn. In Table 2 we compare the mole fractions we determined in

Table 1. Reaction Rate Constants k Where Known for Reaction of Indicated NMHC and DMS With OH Radicals, Cl Atoms,
and Ozone at 25°C [Atkinson, 1989; Atkinson and Carter, 1984]; Lifetimes T During ACE 1 Due to Reaction With OH Radicals,
Cl Atoms, and Ozone (Calculations Assume Diurnal Average [OH] = 6 x 10° cm™ [Wingenter et al., this issue], [Cl] = 7.2 x 1(?
cm? [Wingenter et al., this issue], and [O;] = 2 x 10" cm™; and nondimensional Henry’s law coefficients H from MacKay and

Shiu [1981] and Donahue and Prinn [1990])

k(OH) %(OH) k(C) «Cl) K(O5) (05) Tovera H
Propane 1.2x 10" 16. 1.6x 10 100. 14. 28.9
2-Methylpropane 23x 102 82 1.4x 101 115. 7.7 48.4
Butane 2.5x 10 7.6 2.3x 101 70. k 6.8 38.7
2-Methylpropene 5.1x 10" 0.4 1.2x 10" 4.82 04 8.7
cis-2-Butene 5.6x 10" 0.3 1.3x 1016 0.45 0.3 5.8
Cyclopentane 52x 10" 3.6 3.6 7.5
2-Methylbutane 39x 10" 49 2.0x 101 80. 4.6 48.4
Pentane 39x 10" 49 2.5x 101 64. 4.5 50.4
1,3-Butadiene 6.7x 10! 0.3 5.6x 101 29. 0.3 74.6
DMS* 4.7x 10" 4.0 3.3x 10" 49. 3.7 2.1

Units: k, cm® s'; 1, days. Reactions with Br atoms and NO; radicals may reduce overall lifetimes of some compounds.
* k(C1) for DMS is from Stickel et al. [1992]; H for DMS is from Dacey et al. [1984].
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Table 2. Comparison of NMHC Mole Fractions Determined in NOMHICE Cannister CC111779AA by NCAR and

MIT
NCAR NCAR/MIT Ratio
Compound Before After MIT Before After
Propane 253 25.5 32 0.80 0.81
2-Methylpropane 20.3 20.4 22 0.92 0.93
2-Methylbutene 9.95 10.1 11 091 0.92
Butane 30.9 31.2 36 0.86 0.86
cis-2-Butene 7.66 7.69 7.4 1.0 1.0
2-Methylbutane 15.2 153 20 0.78 0.78
Pentane 12.5 12.6 18 0.69 0.69
Cyclopentane 4.20 4.23 4.7 0.89 0.90
Mean 0.86 0.87
Standard deviation 0.11 0.11

Mole fractions in ppbv. Eight of the nine compounds for which we report results in this paper are included. The ninth,
1,3-butadiene, was not in the canister. NCAR data were provided by E. Apel (personal communication, 1995).

the NOMHICE phase 3 canister sent to us with those determined
by NCAR. Our analyses were conducted in early January 1995.
The ratios of NCAR’s results to ours for these eight species
ranged from 0.69 to 1.0 with a mean of 0.87 and a standard de-
viation (o) of 0.11. For the full 23 NMHC we identified in the
canister, the mean ratio was 0.96 £ 0.14 (10), so the differences
. appear not to be systematic overall but instead are likely to be
methodological. These differences, together with similar differ-
ences among other independent laboratories [Apel et al., 1994],
indicate the magnitude of possible errors in absolute calibration.
Multiplication of our reported concentrations by the ratios given
in Table 2 converts them to the NCAR (NIST) scale.

2.4. Performance Checks

Some measurements were automatically rejected when a clear
analytical problem was noted (e.g., collection flow rate was not
maintained, damage to column discovered, etc.) or when they
followed a significant system change (e.g., replacement of ex-
hausted P,O; traps). On occasion, analysis of the standard gas
yielded statistically improbable (>30) responses. On these occa-
sions the mean of the previous and subsequent calibration values
was substituted for the rejected calibration.

The level of contamination was constrained using blank runs
consisting of analyses of UHP nitrogen passed through the same
analytical system with which the equilibrator headspace gas was
analyzed. A blank chromatogram is shown as the dashed line in
Figure 2. The only element of the analytical system which was
not tested through this procedure was the equilibrator itself. In
order to put an upper limit on the potential for contamination due
to the equilibrator, we subsequently carried out laboratory ex-
periments on the equilibrator used during ACE 1. These experi-
ments involved blocking all openings in the equilibrator and
purging it with UHP nitrogen at a low flow rate designed to
simulate headspace conditions during routine operation on the
ship. Figure 3 shows the results of a headspace analysis from one
of these experiments. Ratios of concentrations in onboard blanks
and subsequent laboratory headspace blanks to onboard equili-
brator samples are shown in Table 3. To summarize, the onboard
and subsequent laboratory experiments indicate that potential
contamination is <3% relative to the median value for each re-
ported NMHC except for propane and 2-methylbutane for which
it is <9-10%.
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Figure 3. Chromatogram of a blank collected from the empty (no
water) equilibrator in the laboratory at MIT on May 5, 1997. The
device was sealed and flushed with UHP N, at about 40 mL min™
for 5 hours to simulate ship headspace flushing during routine
operation at sea before this sample was withdrawn for analysis.
The analysis was performed on a different trapping and GC sys-
tem from that used during the ACE 1 cruise, so the retention
times are different, and the vertical scale is much expanded rela-
tive to Figure 2 to show detail. Calibrated concentrations are
summarized in Table 3.
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Table 3. Comparison of NMHC Mixing Ratios in Equilibrator Headspace Gas During Routine Operation With Those
in a Trapping Loop Blank (UHP N,) Taken During the Cruise on November 20, 1995, and an Empty Equilibrator Blank

(UHP N,) Taken in the Laboratory at MIT on May 5, 1997

A B C D D/A D/B

Actual Median of Loop Equilibrator

Sample, Samples, Blank, Blank,

pptv pptv pptv pptv % %
Propane 7,921 2,189 <24 228 2.88 10.42
2-Methylpropane 18,094 5,163 <8.2 19 0.11 0.37
Butane 31,484 7,016 <8.2 30 0.1 0.43
2-Methylpropene 2,417 813 20 22 091 2.71
cis-2-Butene 3,772 590 <73 2 0.05 0.34
2-Methylbutane 2,389 519 <8.1 49 2.05 9.44
Pentane 21,279 6,057 <18 162 0.76 2.67
Cyclopentane 19,708 6,350 <2.1 9.6 0.05 0.15

We also attempted to measure NMHC in boundary layer air
during ACE 1. Owing to suspected low level contamination for
some species (e.g., =10 ppt) related to the traps used, we do not
report these data here. However, they do provide upper limits to
contamination since they were collected under identical circum-
stances to the equilibrator headspace samples in a parallel system.
These measurements suggest that the maximum potential con-
tamination levels from the traps used on our system were 1-3
orders of magnitude less than typical levels of NMHC species in
the headspace of the equilibrator.

Summary statistics for measurements of all nine NMHC are
provided in Table 4. Instrument precision was equated to the
standard deviation in the instrument response to the onboard
NMHC standard when the system was operating well during the
cruise. The instrument precisions were much less than the relative
standard deviations for the water measurements (see Table 4)
implying that the variations in NMHC concentrations are real.
Detection limits were determined by the integration software’s
ability to discern peaks from background noise as described by
Donahue [1991].

2.5. Dimethylsulfide and Ancillary Measurements

Seawater dimethylsulfide (DMS) and atmospheric DMS con-
centrations were measured by automated gas chromatography
with sulfur chemiluminescence detection [Bates et al., 1998a].

Meteorological and solar radiation measurements made by other
investigators are described by Bates et al. [1998b]. Seawater was
sampled from the ship's clean seawater inlet, nominally 5 m be-
low the sea surface at the bow, which also fed the equilibrator.
Surface seawater temperature and salinity were measured with a
Seabird SBE-21 thermosalinograph mounted in the ship's sea
chest at the clean water inlet. Total nitrate was determined by
standard autoanalyzer techniques [Parsons et al., 1984]. Discrete
samples for chlorophyll a measurements were collected every 4
hours while underway, preserved and then analyzed aboard ship
with a fluorometer [Parsons et al., 1984]. Further details on sea-
water analyses are given by Griffiths et al. [this issue].

3. Results
3.1. Water Concentrations and Ratios

Ideally, the equilibrator should achieve equilibrium between
the flowing gaseous and aqueous phases. The actual partitioning
of gases between the two phases depends on the Henry’s law
constant, the volume of the headspace, and the flow rates of head-
space air and seawater, and can be conveniently expressed by a
time constant for each gas. The shorter the time constant, the
closer one should approach equilibrium between the two phases.
This time constant is given by VH/Q [Butler et al., 1989], where
V is the volume of the head space (19 L) plus sampling—return

Table 4. Statistical Summary of Measured NMHC Mixing Ratios in Equilibrator Headspace Gas

PRA* MPA BUA MPE BUE CPE MBE PEA BDE

N 290 309 309 309 282 298 311 312 177
Minimum 120 49 140 220 150 110 60 34 2
25th percentile 1,700 1,400 3,100 3,000 1,400 2,000 2,800 3,500 44
Median 3,000 3,500 6,100 4,400 3,300 3,400 4,800 5,600 76
75th percentile 5,400 8,300 10,000 8,900 5,600 6,400 7,200 9,900 110
Maximum 44,000 77,000 75,000 56,000 40,000 29,000 35,000 39,000 380
Mean 4,500 6,500 9,200 7,500 5,100 5,200 6,300 7,600 83
Standard deviation 5,100 9,000 10,000 8,200 6,000 5,000 5,800 6,200 55
R.SD., % 110 140 110 110 120 97 91 81 67
Prec., % 8 11 9 5 7 6 12 5 26

Units are pptv except for number of measurements (N), relative standard deviation (R.S.D.) (%), and instrument precision (Prec.) (%).

*PRA, propane; MPA, 2-methylpropane; BUA, butane; MPE,

2-methylbutene; PEA, pentane; BDE, 1,3-butadiene.

2-methylpropene; BUE, cis-2-butene; CPE, cyclopentane; MBE,
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Figure 4. Mole fractions of 2-methylpropane (upper panel) and
2-methylbutane (lower panel) measured in the headspace of the
seawater equilibrator (solid symbols) as a function of Julian time
during the cruise. Also shown are upper limit estimates for mole
fractions in MBL air (open symbols) inferred from equating
sea-to-air fluxes with atmospheric destruction rates.

flow line (1 L), Q is the flow rate of the water (20 L min™), and H
is the dimensionless Henry’s law coefficient (see Table 1). Most
light NMHC are sparsely soluble in water, and their resultant high
Henry’s law constants mean nonnegligible time constants (spe-
cifically, H min for the above values of V and Q) for the equili-
brator to reach equilibrium. Accordingly, the NMHC concentra-
tions in air samples from the equilibrator should represent con-
centrations in the water phase averaged over the preceding H min
(or longer) after multiplying by the appropriate Henry’s law con-
stant (Table 1).

We show in Figure 4 (solid symbols) the measured mole frac-
tions in the equilibrator headspace, X,, as a function of time dur-
ing the cruise for two of the measured NMHC. The high variabil-
ity in the measured values evident in Figure 4 is also evident for
all other species measured, being least for 2-methylbutane and
pentane, and most for 1,3-butadiene for which the fewest meas-
urements are available (see Table 4). Generally, the variations in
X, for the various NMHC are strongly correlated with each other
suggesting variations in the strength of a common oceanic source
for them. In Figure 5 we show ratios of 2-methylpropane to bu-
tane (upper panel) and 2-methylbutane to pentane (lower panel).
These ratios are comparatively steady (factor of ~2 variability
versus factors of >10 variability in concentration for individual
compounds) illustrating the above correlations.

PSZENNY ETAL.: NMHC IMPACT ON BOUNDARY LAYER OH DURING ACE 1

3.2. Comparisons With Previous Surface Water NMHC
Measurements

Figure 6 shows comparisons of the NMHC concentrations in
near-surface seawater inferred from our equilibrator measure-
ments with literature data. Similarly, Figure 7 shows the compari-
sons for the ratios of 2-methylpropane to butane and
2-methylbutane to pentane. The three rightmost boxes in each
panel represent data obtained by our group during cruises in 1990
(SAGA 3) and 1992 (MAGE-92) and then ACE 1. Remaining
boxes represent virtually all other open-ocean data obtained by
other research groups for the compounds we report. Not-included
are the relative concentration data for propane, 2-methylpropane,
and butane of Brooks and Sackett [1973] and Brooks et al.
[1973]. Also excluded are inland sea samples and samples
flagged as coastally influenced by Swinnerton and Lamontagne
[1974]. Additional information about the data summarized in
Figures 6 and 7 is given in Table 5.

This comparison suggests that concentrations of a particular
NMHC in surface seawater vary by at least an order of magnitude
between different ocean regions. Results of studies that included
cruises to the same areas in different years (Beaufort Sea [Mac-
donald, 1976]; central North Atlantic [Plass-Diilmer et al., 1993])
suggest that interannual variations can also be order of magni-
tude. However, as pointed out by Plass-Diilmer et al. [1995],
even the relatively large combined data set for propane is inade-
quate to allow a systematic global analysis. Nevertheless, some
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Figure 6. Comparison of measured NMHC concentrations in surface seawater at various places and times for (a)
propane, 2-methylpropane, butane, and 2-methylpropane + butane; (b) 2-methylbutane, pentane, 2-methylpropene,
and cis-2-butene. The top, bottom, and line through the middle of each box correspond to the 75th percentile, me-
dian, and 25th percentile, respectively. The whiskers on the top and bottom extend to the 90th and 10th percentiles,
respectively. The dots indicate the means. Sources of data are B88_89, Bonsang et al. [1989]; L75, Lamontagne et
al. [1975]; M76BS, Macdonald [1976]; PD93Atl, Plass-Diilmer et al. [1993]; R95, Ratte et al. [1995]; R96, Riemer
et al. [1996]; SL74, Swinnerton and Lamontagne [1974]; SAGA 3, Donahue and Prinn [1993]; MAGE-92, X. Shi
and R.G. Prinn (unpublished manuscript, 1996); ACE 1, this study. See Table 5 for additional information about

data sources.

general comments can be made. First, the mole fractions meas-
ured by Bonsang et al. [1989] are in general significantly higher
than ours and all others. Putting their data aside, our ACE 1
measurements (see Figure 6) are comparable to others’ for
2-methylpropane, butane, and cis-2-butene, higher than others’
for 2-methylbutane and pentane, and lower than others’ for
2-methylpropene and propene. Our ratios of 2-methylpropane to
butane and 2-methylbutane to pentane (Figure 7) are higher and
more variable than others’, particularly in the region near and
south of Tasmania where we sampled from JD 320 onward.

3.3. Surface Oceanic NMHC Distributions During ACE 1

Among parameters measured during ACE 1 that may aid in-
terpretation of NMHC distributions are surface water temperature
(T), salinity (S), concentrations of nitrate, chlorophyll a, and di-
methylsulfide (DMS), transfer velocity (W), and solar radiation
(I). For our analysis we used 30-min averages of T, S, nitrate, I,
and DMS data from the ACE 1 data archive. We estimated values
at 30-min intervals for chlorophyll a by interpolation (smoothing
spline) of data for discrete samples collected nominally every 4
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Figure 6. (continued)

hours. We describe calculation of W in section 3.4. We then asso-
ciated the 30-min average values of these parameters to the
NMHC samples collected closest in time.

3.3.1. Synopsis of surface water hydrography. Inspection
of time series plots (not shown) of the NMHC data along with
position, T, and S data suggests that the leg 1 data set may be
divided into three periods. Period 1 (JD 300.1-304.4) is the
southward transit from 9°S to 31°S along 160°W (see Figure 1).
T decreased from 28.9°C to 18.4°C, while S varied between
35.00 and 35.85 psu. No NMHC data were acquired 1 day (JD
301.245-302.249) during this period due to instrument problems.
Period 2 (JD 305.8-310.6) is the westward transit from ~31°S,
160°W to ~36°S, 168°E during which T and S fluctuated rela-
tively little within the ranges of 16.5°-17.5°C and 35.40-35.50
psu, respectively. Period 3 (JD 310.8-313.1) is the remainder of
leg 1 from ~36°S, 168°E to Hobart. T varied from 13°-17°C and
S varied from 35.15-35.50 psu.

Leg 2 began on JD 319 with a southeastward transit from
Hobart to Macquarie Island, approximately 1 day close offshore

Macquarie, and then a transit northwestward to ~47°S, 150°E in
the main ACE 1 working area where operations continued for the
remainder of the cruise (JD 346). A detailed analysis of the
oceanographic setting during leg 2 is given by Griffiths et al. [this
issue] based on data obtained aboard the Discoverer combined
with those obtained on the Australian R/V Southern Surveyor
which operated in the same region from JD 319 to 341. In accor-
dance with their definitions of the major surface water masses
based on salinity, we divide our leg 2 data into subsets for Sub-
tropical Convergence Zone (STCZ) water (34.8 < S <35.2 psu),
Subantarctic and Subantarctic Front (SA/SAF) water (34.2 < S <
34.8 psu), and Polar and Polar Front (P/PF) water (S < 34.2 psu).
We obtained only two samples representing Subtropical (ST)
water (S > 35.2 psu) and do not consider those samples further
here. No NMHC data were acquired between JD 324.5 and 328.2
due to instrument problems.

3.3.2. NMHC spatial distributions and trends during leg 1.

The concentrations of all nine compounds were highest during
period 1. However, not all compounds decreased in concert. The
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Figure 7. Comparison of 2-methylpropane to butane and
2-methylbutane to pentane ratios in surface seawater at various
places and times. See caption to Figure 6 for explanation of sym-
bols and data sources.

three Cs.compounds decreased monotonically from period 1 to
period 3. Butane, 2-methylpropene, and cis-2-butene decreased
rapidly from period 1 to period 2 and then stayed about the same
through period 3. 2-Methylpropane and 1,3-butadiene decreased
rapidly from period 1 to period 2 but then increased during period
3. Propane also showed signs of a monotonic decrease, although
the differences in median concentrations were not significant.
Surface water DOC conceritrations also decreased from 75-85 um
during period 1 to 60-70 um during period 2 to 50-60 pm during
period 3 (data of Y. Suzuki on http://www.joss.ucai.edu), consis-

tent with the hypothesis that NMHC result from degradation of -

21,793

DOC. Only eight DOC measuremerts are available for compari-
son, so a more detailed analysis is not warranted.

Propane showed no significant trend with latitude during pe-
riod 1. 2-Methylpropane and cis-2-butene appeared to show
secular decreases. With a few outliers ignored, linear regressions
yielded significant slopes of -0.097+0.020 and -0.072+0.020 pM
deg’, respectively. Cyclopentane, 2-methylbutane, and pentane
appeared to increase slowly to 16°S; then decreased rapidly and
significantly southward to 22°S. Linear regression slopes for the
downtrend portions were -1.45£0.28, -0.6210.16, and -1.44+0.36
pM deg’, respectively. 2-Methylpropene decreased compara-
tively very rapidly and nonlinearly with latitude to 16°S then
ceased to trend.

During period 2; significant increases from east to west were
apparent for butane (0.18+0.08 pM deg'), cyclopentane
(0.2210.10 pM deg™"), 2-methylbutane (0.22+0.06 pM deg™), and
pentane (0.4310.13 pM deg"). 2-Methylpropane appeared to
increase as well, but not significantly. Propane showed no trend.
Too few cis-2-butene and 1,3-butadiene data were acquired dur-
ing this period to allow trends to be discerned.

There were hints of continued increases in 2-methylpropane,
butane, and 1,3-butadiene concentrations east to west during pe-
riod 3, but none were significant. Trends were not evident for the
other compounds.

3.3.3. NMHC variations among and within water masses
during leg 2. First, we consider differences in NMHC concen-
trations among the major water masses described by Griffiths et
al. [this issue]. Figure 8 shows summary box-whisker plots of T,
nitrate, chlorophyll a, W, DMS, and I data for STCZ, SA/SAF,
and P/PF water. Each water mass had a distinct signature with
respect to T, chlorophyll a, DMS, and nitrate, (e.g., warm, high
chlorophyll, high DMS, low nitrate for STCZ water). DMS was
lower in P/PF water than in the other two water masses. W was
higher when P/PF water was sampled reflecting generally higher
wind speeds at those times. The extrinsic parameter I was not
dependent on the nature of the underlying water, as one might
expect.

Inspection of Figure 9 suggests that eight of the nine com-
pounds measured (all except 1,3-butadiene) were generally pre-
sent at higher concentrations in STCZ water relative to SA/SAF
and P/PF water. A comparison of Figures 8 and 9 indicates that
the differences in NMHC concentrations among water masses
were not systematically related in a simple direct or inverse way
to any of the six ancillary physical and chemical variables.

Correlations of the measured NMHC with T, W, I, chlorophyll
a, nitrate, and DMS within each water mass are summarized in
Table 6. The only correlations that show some consistency during
the entire leg are with T and nitrate, an essential nutrient for
phytoplankton growth. Specifically, most measured NMHC
showed significant negative correlations with T within all three
water masses, while correlations with nitrate were positive for
eight of nine NMHC in SA/SAF water and five of eight NMHC
in P/PF water. Griffiths et al. [this issue] noted that nitrate south
of the STCZ region was relatively constant with depth reflecting
deep winter mixing. Elevated NMHC concentrations in waters
associated with upwelling have been observed elsewhere [e.g.,
Lamontagne et al., 1975; Plass-Diilmer et al., 1993]. Together
these observations suggest that NMHC in surface water may be
related to communication with deep water. This is difficult to
verify, however, because almost no data are available for NMHC
in deep water, or even into the thermocline. Swinnerton and
Lamontagne [1974] observed subsurface ethene maxima in some
(but not all) locations in various ocean basins. They did not report
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Table 5. Sources of Data Plotted in Figures 6 and 7

PSZENNY ET AL.: NMHC IMPACT ON BOUNDARY LAYER OH DURING ACE 1

Sampling Sampling Number of .
Source Location Dates Samples (Total)  Remarks
Bonsang et al. [1988] Western tropical Indian Ocean April 1985 8 label = “B88_89" in figures
[this and next entry com-
bined]
Bonsang et al. Northeast of Hawaii [~24°N, May 1987 2
[1989] ~154°W]; )
Hao Atoll [~18°S, ~141°W] June 1987 4 lagoon sample excluded
Lamontagne et al. Panama-Tahiti-Hawaii-Ecuador March-April 1974 41 label = “L75” in figures
[1975]
Macdonald [1976] Beaufort Sea, 130°-139°W, shore- August 1974 35 label = “M76” in figures; only
ward of 100 m depth contour samples from <10 m depth
August 1975 52 included
Plass-Diilmer et al. Bremerhaven, Germany-30°N, September—October 1988 65 label = “PD93” in figures;

[1993] 30°W-30°S, 30°W-Rio Grande, individual sample data not
Brazil presented; used tabulated
August-September 1989 means for three latitude bands
Bremerhaven, Germany- ~110 for each cruise
0°, 18°W-Puerto Madryn, Argentina
Ratte et al. 25 x 25 km “stations” at 42°N, 5°E; April-May 1991 124 for pro- label = “R95” in figures;
[1995] 37°N, 13°W; 57°N, 15°W; and pane; 138 for individual sample data not
56°N, 5°E plus transits between other com- presented; used tabulated
pounds means for each station and
transit
Riemer et al. Gulf of Mexico, Shark River, and not given 12 label = “R96” in figures
[1996] Florida Bay )
Swinnerton and Gulf of Mexico October 1966, June 1971, 15 label = “SL74GM?” in figures;
Lamontagne October 1971, June 1973 samples flagged contaminated
[1974] not included
April 1969, May 1970, May
Caribbean Sea 1971, October 1971, July 40 label = “SL74Cbn” in figures
1973 .
May 1966, June 1968, April label = “SL74Atl” in figures;
Atlantic Ocean 1969, December 1969, May 93 mostly western margin from
1971, January—June 1972, Norfolk, VA [USA] to Barba-
July 1973 dos; 1 station at ~52°N,
~20°W
August 1971
label = “SL74NGS” in figures
Norwegian-Greenland Sea transit 95

May-June 1971

Pacific Ocean, Panama-Hawaii tran-
sit and
Los Angeles, CA [USA]-McMurdo,

label = “SL74Pac” in figures

November-December 1972 63

Antarctica transit 119
Donahue and Prinn tropical Pacific region bordered by February-March 1990 15 label = “SAGA 3” in figures
[1993] 20°N, 15°S, 145°W, and 170°W
X. Shi and R.G. Prinn Los Angeles, CA [USA]-10°N, February—March 1992 28 label = “MAGE-92” in fig-

140°W-10°S, 140°W-12°S, 135°W
and return along approximately the
same track

see Figure 1

(unpublished manu-
script, 1996)

This study

November-December 1995 315

ures

label = “ACE 1” in figures

temperature data though, so it is not clear where the maxima oc-
curred relative to the thermocline. Bonsang et al. [1992] found
maxima for ethane, ethene, and isoprene at or slightly below the
thermocline in two profiles down to 1000 m in the Mediterranean
(43° 36' N, 7° 29' E) and one in the South Pacific (15° 08' S,
148° 15' W). Concentrations at greater depths were similar to or
lower than near-surface concentrations. They noted that NMHC
maxima were not coincident with fluorescence maxima. Milne et
al. [1995] also found subsurface isoprene maxima offset from
fluorescence maxima at several stations in the Florida Strait near
24.5° N, 81.5° W. Like Swinnerton and Lamontagne [1974],
these authors reported no temperature data, so it is not possible to
determine where the isoprene maxima occurred relative to the

thermocline. Finally, Plass-Diilmer et al. [1993] obtained one
profile through the mixed layer into the thermocline in the Bay of
Biscaye and two more on the equator at 18°W. Five of six com-
pounds for which data are given (ethane, ethene, propane, pro-
pene, 1-butene) showed surface maxima. Acetylene showed a
maximum within the mixed layer in both equatorial profiles.
Previous work suggests that the main loss process for NMHC
is exchange to the atmosphere [Plass et al., 1992; Plass-Diilmer
et al., 1995; Ratte et al., 1995]. Negative correlations of NMHC
concentrations with W might therefore be expected. Only one or
two compounds were significantly correlated with W within each
water mass we sampled (see Table 6). Negative correlation with
W was apparent for pentane in STCZ and SA/SAF water and for
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propane and 2-methylpropane in P/PF water; 1,3-butadiene was
positively correlated with W in STCZ water. Many other correla-
tions with W, though not significant at the P = 0.05 level, were
also negative. In their analysis of a global dataset of oceanic
NMHC based on in situ analysis (n=75) assembled from the lit-
erature, Plass-Diilmer et al. [1995] found a negative correlation
of ethene and but no correlation of ethane with W. Ratte et al.
[1995] selected eight time periods 248 hours with fairly constant
wind velocity at one location and found five of six NMHC to be
negatively correlated with W. However, none of the correlations

was significant at the P = 0.05 level. Lack of consistent and sig-
nificant negative correlations with transfer velocity in any of
these studies, including ours, suggests that surface water NMHC
concentrations generally may be only weakly affected by loss to
the atmosphere.

Laboratory studies [e.g., Wilson et al., 1970; Lee and Baker,
1992] have demonstrated that NMHC production in seawater
from degradation of organic matter increases with increasing
illumination. However, field observations have not confirmed this
effect in the open ocean [e.g., Plass-Diilmer et al., 1995]. Our
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results were that only three NMHC in STCZ water and one in
SA/SAF water showed significant positive correlations with solar
radiation, I (see Table 6).

Significant positive correlations with chlorophyll a were evi-
dent only for butane in STCZ and SA/SAF water and for propane
and 2-methylpropene in P/PF water. Numerous previous studies
[e.g., Swinnerton and Lamontagne, 1974; Bonsang et al., 1992;
Milne et al., 1995; Plass-Diilmer et al., 1993] noted approximate
but not exact coincidence of NMHC maxima with either chloro-
phyll a or in situ fluorescence in vertical profiles, as noted above.

There have been no previous reports of relationships between
NMHC and DMS in seawater to our knowledge. Correlations of
NMHC with DMS were mostly negative in STCZ and SA/SAF
water, although only two and four of nine were significant in
these respective water masses. Propane was positively correlated
with DMS in P/PF water. The lack of correlations with DMS may
reflect the fact that DMS originates almost exclusively from deg-
radation of a single compound (dimethylsulfoniopropionate) pro-
duced mainly by a few phytoplankton species [see, e.g., Jones et
al., 1998], while NMHC derive from the complex mixture of

carbon-containing compounds that make up the DOC pool or
from direct biological origin.

Finally, we note that only four surface water DOC measure-
ments were made on days that we sampled during leg 2 (data of
Y. Suzuki on http://www.joss.ucar.edu). DOC concentrations in
STCZ water (58 and 72 pM C) were similar to those SA/SAF
water (62 and 56 pM C). As for leg 1, a detailed discussion of
NMHC-DOC relationships is not warranted.

3.4. Sea-to-Air Fluxes of NMHC

The sea-to-air flux (®) of a compound is proportional to the
difference between the concentration (mol m™*) measured in the
equilibrator headspace gases ([e]) and in the atmosphere over the
ocean ([a]): specifically ® = W([e]-[a])/H [Liss and Slater,
1974]. As noted earlier, for all the NMHC reported here, [¢] typi-
cally exceeds [a] by factors of 10-1000; the same is true for
DMS. Hence @ can be estimated without significant bias using
values of [e] alone. Using the work of Liss and Merlivat [1986]
and Roether [1986], the proportionality constant W (transfer ve-
locity) can be calculated from the wind speed [see, e.g., Donahue
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Table 6a. Correlations of Measured NMHC With Surface Water Chlorophyll a, Transfer Velocity, and Temperature Within
STCZ, SA/SAF, and P/PF Surface Waters Sampled During Leg 2
Chlorophyll a Transfer Velocity Temperature
n p P n p P n p P
STCZ
Propane 47 0.015 0.4595 48 0.019 0.4482 51 -0.003 0.4915
2-Methylpropane 47 0.019 0.4487 48 -0.065 0.3279 50 -0.132 0.1777
Butane 47 0.102 0.2445 48 -0.215 0.0702 51 -0.283 (0.0227)
2-Methylpropene 47 0.279 (0.0292) 48 0.048 0.3711 51 -0.301 (0.0167)
cis-2-Butene 47 0.119 0.2098 48 -0.170 0.1219 51 -0.313 (0.0134)
Cyclopentane 47 0.024 0.4353 48 -0.206 0.0789 51 -0.289 (0.0205)
2-Methylbutene 47 0.065 0.3297 48 -0.229 0.0582 51 -0.320 (0.0118)
Pentane 47 0.016 0.4568 48 -0.240 (0.0499) 51 -0.275 (0.0259)
1,3-Butadiene 27 -0.133 0.2488 28 0.346 (0.0361) 31 -0.109 0.2752
SA/SAF .
Propane 106 0.054 0.2900 107 -0.020 0.4184 122 0.063 0.2442
2-Methylpropane 110 -0.108 0.1298 110 -0.096 0.1581 125 -0.203 (0.0119)
Butane 110 -0.089 0.1764 110 -0.128 0.0907 125 -0.356 (<0.0001)
2-Methylpropene 110 0.365 (0.0001) 110 0.117 0.1109 125 -0.380 (<0.0001)
cis-2-Butene 109 0.038 0.3465 109 -0.054 0.2873 124 -0.465 (<0.0001)
Cyclopentane 109 -0.040 0.3388 109 -0.068 0.2399 125 -0.372 (<0.0001)
2-Methylbutene 110 -0.001 0.4958 110 -0.109 0.1276 125 -0.372 (<0.0001)
Pentane 110 -0.146 0.0637 110 -0.198 (0.0194) 125 -0.272 (0.0012)
1,3-Butadiene 74 0.074 0.2636 74 0.139 0.1175 85 0.251 (0.0107)
P/PF
Propane 20 0.581 (0.0057) 22 -0.478 (0.0142) 20 -0.770 (0.0004)
2-Methylpropane 20 0.382 (0.0479) 22 -0.372 0.0441 20 -0.612 (0.0038)
Butane 21 0.185 0.2040 22 -0.221 0.1556 21 -0.275 0.1094
2-Methylpropene 18 0.180 0.2290 20 -0.197 0.1953 18 -0.407 (0.0467)
cis-2-Butene 19 0.222 0.1731 21 -0.223 0.1593 19 -0.458 (0.0260)
Cyclopentane 17 0.209 0.2016 19 -0.174 0.2302 17 -0.419 (0.0469)
2-Methylbutene 19 0.230 0.1646 21 -0.210 0.1738 19 -0.457 (0.0263)
Pentane 20 0.219 0.1699 22 -0.186 0.1970 20 -0.425 (0.0320)

1,3-Butadiene too few data

too few data too few data

For each compound, n = number of data pairs available for calculation, p = value of Spearman’s rank correlation statistic, and P = signifi-
cance level for statistic (probability of erring by rejecting a null hypothesis of no correlation). Correlations significant at the P < 0.05 level

are in parentheses.

and Prinn, 1993]. Using the above sea-air flux formula and H
values from Table 1, we thus computed the fluxes of NMHC and
DMS throughout the cruise and the results are shown in Figure
10. The calculated W values are also shown in Figure 10. Stan-
dard errors in W and H are large and lead to uncertainties in cal-
culated fluxes of 50-100% [Donahue and Prinn, 1993]. Our in-
strumental uncertainties would add significantly to the overall
uncertainty only for 1,3-butadiene (see Table 4). The large varia-
tions in X, (Figure 4 and Table 4) and W (Figure 10) are reflected
in the factor of 100-1000 variations in calculated fluxes.

3.5. Estimated Concentrations of NMHC in Surface Air and
the Impact of NMHC and DMS on the OH Budget

The concentrations of NMHC in the atmospheric boundary
layer can be estimated from our calculated sea-to-air fluxes, rates
of reactions with OH, ozone, and chlorine atoms (see Table 1),
and atmospheric transport. The dominant initial step in the oxida-
tion of most NMHC is attack by OH that is formed locally from
reaction of water vapor with O('D) or HO, with nitric oxide. The
tropospheric ozone precursor to O('D) in clean MBL air could
come from transport from regions of higher ozone mixing ratio or
be formed locally through the oxidation of CO and NMHC in the
presence of sufficient NO,. If the ratio of the concentration of NO
to O, is lower than a critical value (about 2x107), the chemistry
results in destruction rather than production of tropospheric ozone

([Levy, 1971; Finlayson-Pitts and Pitts, 1986)]. For unsaturated
NMHC, attack by O, can also be significant but still secondary to
attack by OH ((see Table 1)). The role of Cl atoms is also likely
to be minor in view of its low estimated concentrations during
ACE- 1 ([Wingenter et al., this issue)].

By combining the sea-to-air fluxes calculated in the preceding
section with estimates of the height ((h = 1.5 km)) of the mixing
layer and of OH concentrations (([OH])) in the MBL, we can
estimate upper limits for the molmolee fractions (([Xa])) of
short-lived NMHC in the MBL. We achieve this by equating _ to
the NMHC column destruction rate due to OH:

& = [KIOH]X, iz = KORMX,
0

where [M] is the total molecular density, z is altitude, and the
overbars denote altitude averages. Estimates of
X, = ®/(k[OH]h[M]) so obtained are illustrated in Figures 4a
and 4b for two compounds. We assumed [OH] equivalent to
estimated diurnal average [OH] = 6.1x 10° cm™ for the MBL
[Wingenter et al., this issue] which are consistent with OH meas-
urements made during ACE 1 [Mauldin et al., 1998]. Slightly
lower X, values would result if reactions with Cl and O, given in
Table 1 were to be considered. These estimates are generally
consistent with atmospheric NMHC measurements obtained from
aircraft during the ACE 1 intensive period {Blake et al., 1996] as
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Table 6b. Correlations of Measured NMHC With Surface Water Nitrate and Dimethylsulfide and With Solar Radiation Intensity
Within STCZ, SA/SAF, and P/PF Surface Waters Sampled During Leg 2

Nitrate Dimethylsulfide Solar Radiation
n ) P n p P n p P
STCZ i
Propane 52 -0.172 0.1097 55 0.124 0.1811 55 0.389 (0.0021)
2-Methylpropane 51 0.049 0.3645 54 -0.194 0.0789 54 0.234 (0.0442)
Butane 52 0.141 0.1570 55 -0.278 (0.0205) 55 0.055 0.3430
2-Methylpropene 52 0.020 0.4432 55 -0.024 0.4300 55 0.120 0.1889
cis-2-Butene 52 0.155 0.1342 55 -0.323 (0.0088) 55 -0.003 0.4912
Cyclopentane 52 0.222 0.0564 55 -0.095 0.2426 55 -0.001 0.4971
2-Methylbutene 52 0.197 0.0797 55 -0.205 0.0660 55 -0.010 0.4707
Pentane 52 0.236 (0.0460) 55 -0.123 0.1830 55 0.021 0.4387
1,3-Butadiene 32 0.172 0.1691 34 -0.196 0.1301 34 0.323 (0.0318)
SA/SAF
Propane 112 -0.047 0.3102 131 -0.068 0.2191 130 0.116 0.0938
2-Methylpropane 115 0.163 (0.0409) 135 -0.123 0.0772 134 0.124 0.0764
Butane 115 0.217 (0.0103) 135 -0.156 (0.0355) 134 0.094 0.1392
2-Methylpropene 115 0.194 (0.0192) 135 -0.286 (0.0005) 134 0.096 0.1341
cis-2-Butene 115 0.241 (0.0050) 134 -0.236 (0.0032) 133 0.079 0.1820
Cyclopentane 114 0.228 (0.0077) 134 -0.065 0.2267 133 0.076 0.1913
2-Methylbutene 115 0.237 (0.0057) 135 -0.161 (0.0312) 134 0.072 0.2032
Pentane 115 0.261 (0.0027) 135 -0.119 0.0842 134 0.019 0.4133
1,3-Butadiene 76 -0.559 (<0.0001) 90 0.000 0.5000 90 0.350 (0.0005)
P/PF
Propane 23 0.538 (0.0058) 23 0.427 (0.0226) 23 0.156 0.2322
2-Methylpropane 23 0.477 (0.0126) 23 0.084 0.3468 23 0.025 0.4533
Butane 24 0.246 0.1190 24 0.035 0.4333 24 -0.006 0.4885
2-Methylpropene 21 0.256 0.1261 21 0.188 0.2002 21 0.105 0.3193
cis-2-Butene 22 0.394 (0.0355) 22 0.009 0.4836 22 0.028 0.4490
Cyclopentane. 20 0.352 0.0625 20 0.030 0.4480 20 0.000 0.5000
2-Methylbutene 22 0.380 (0.0408) 22 0.009 0.4836 22 -0.006 0.4890
Pentane 23 0.355 (0.0479) 23 0.063 0.3838 23 -0.022 0.4589

1,3-Butadiene too few data

too few data too few data

For each compound, n = number of data pairs available for calculation, p = value of Spearman’s rank correlation statistic, and P = signifi-
cance level for statistic (probability of erring by rejecting a null hypothesis of no correlation). Correlations significant at the P < 0.05 level

are in parentheses.

shown in Table 7. DMS mole fractions estimated similarly are
also consistent with the measured values of De Bruyn et al.
[1998].

In order to put the quantitative impact of the measured NMHC
species on the oxidative capacity of the MBL in perspective we
calculated the ratio of the combined OH loss frequency due to all
nine compounds to the OH loss frequency due to reaction with
atmospheric CO measured during ACE 1 [Kok et al., 1998]. The
resulting OH loss due to the nine measured NMHC was highly
variable but only occasionally exceeded 1% of the OH removal
due to reaction with CO (see Figure 11, solid symbols). This is
consistent with the results.of Donahue and Prinn [1993] who
estimated that the removal rate of OH due to C, through C;
NMHC accounted for approximately 10% of OH removal in the
equatorial Pacific MBL during SAGA 3. We also estimated the
fractional OH loss frequency by reaction with DMS using DMS
concentrations in air measured by De Bruyn et al. [1998] (see
Figure 11, open symbols). This loss frequency is also highly vari-
able, rarely exceeding 5% of that due to reaction with CO.

4. Summary

We have reported here the mole fractions of nine reactive
NMHC measured in real time in air equilibrated with seawater
aboard NOAA Ship Discoverer as a part of ACE | in Novem-
ber-December 1995. Concentrations of these NMHC in ocean

water were deduced from these measurements and generally lay
within the ranges observed by other investigators in other parts of
the world ocean and at other times. Concentrations generally
decreased with increasing latitude. Comparison with a limited
number (n=8) of DOC data obtained during transit from Hawaii

Table 7. Comparison Between Estimated (MIT) and Measured
(UCI, [Blake et al., 1998]) NMHC Mixing Ratios in Surface Air
<100 m Above the Ocean Surface During the ACE 1 Intensive
Period

Propane 2-Methylpropane  Butane

MIT UCI MIT UCI MIT UCI
N 275 209 297 209 290 209
Minimum 0.0046 3 0.0087 <3 0.0025 <3
25th Percentile 1.3 0.94 0.55
Median 3 2.5 1.6
75th Percentile 6 5.7 4.1
Maximum 55 23 80 5 67 8
Mean 5 55 37
Standard Deviation 7.1 18 3.7
R.S.D, % 110 140 110 110 120 97

Units are pptv except for number of measurements (N) and relative
standard deviation (R.S.D.) (%).
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Figure 10. Sea-to-air fluxes calculated from the measured equilibrator headspace concentrations and wind speeds
during the cruise for a representative alkane (butane), a representative alkene (cis-2-butene), and DMS. Also shown
is the transfer velocity W computed from measured wind speeds (see text).

to Tasmania suggested that higher NMHC concentrations were
associated with higher DOC levels. During the ACE 1 intensive
study period west and south of Tasmania the differences in
NMHC concentrations among water masses, while frequently
significant, were not related in a simple direct or inverse way to
any of the six ancillary physical and chemical variables. The only
correlations that showed some consistency during the entire leg
were with T and nitrate, an essential nutrient for phytoplankton
growth.

Combining our seawater measurements with wind speed
measurements to calculate transfer velocities, we also deduced
sea-to-air fluxes for these NMHC. These results, indicating mod-
est open-ocean emissions of nine C,—~Cs NMHC in this part of the

global ocean, imply that these hydrocarbons play a negligible role
in MBL atmospheric chemistry compared to CO and a small role
compared to DMS and the C,-C, hydrocarbons that we were not
able to measure during this cruise (i.e., ethane, ethene, and pro-
pene). The need remains to determine fluxes of other C,—C; hy-
drocarbons and some C, and C; alkenes, notably isoprene,
through measurements in this and other regions of the world
ocean [Donahue and Prinn, 1990; Thompson et al., 1993]. Accu-
rate simultaneous atmospheric measurements are needed to check
on the consistency of these fluxes with calculated atmospheric
destruction rates. There is also a need to understand better the
processes that produce observed NMHC distributions in the water
column and their geographic variability.
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Figure 11. OH loss frequency due to the nine measured NMHC
combined (solid symbols) and DMS (open symbols) relative to
OH loss frequency by reaction with CO in surface air during
ACE 1.
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