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PHYSICAL EXCHANGES AT THE
AIR-SEA INTERFACE

UK=SOLAS Field Measurements

BY IaN M. BROOKS, MARGARET J. YELLAND, ROBERT C. UPsTILL-GODDARD, PHILIP D. NIGHTINGALE,
STeEVE ARCHER, ERIC D’AsARO, RACHAEL BEALE, CORY BEATTY, BYRON BLOMQUIST, A. ANTHONY BLOOM,
BARBARA J. BROOKS, JoHN CLUDERAY, DaviD CoLEs, JoHN DAcey, MicHAEL DEGRANDPRE, Jo DixoN,
WiLLiaM M. DRENNAN, JosePH GABRIELE, LAURA GoLDsoN, Nick HARDMAN-MouNTFORD, MARTIN K.
HiLL, MATT HoRrN, PING-CHANG HsueH, BARRY HUEBERT, GERRIT DE LEEUW, TIMOTHY G. LEIGHTON,
MaLcowm LipDICOAT, JusTiN J. N. LINGARD, CRAIG McNEIL, JaMEs B. McQuAiD, BEN |. MoAT, GERALD
Mooreg, CrAIG NEILL, SARAH |. NORRIS, SIMON O’DoHERTY, RoBIN W. PAscAL, JoHN PRYTHERCH, MIKE
ReBozO, ERIK SAHLEE, MATT SALTER, UTE SCHUSTER, INGUNN SKJELVAN, HANS SLAGTER, MICHAEL H.
SMITH, PauL D. SMITH, MERIC SROKOSZ, JOoHN A. STEPHENS, PETER K. TAYLOR, MACIE) TELSZEWSKI, ROISIN
WoaLsH, BRIAN WARD, DaviD K. WoolLF, DickoN YOUNG, AND HENK ZEMMELINK

A series of research cruises bring a wide array of techniques to bear on the problem of

parameterizing processes that influence aerosol production and the atmospheric content of

radiatively important gases, including CO,.

(SOLAY) is an international program with the

goal of achieving a “quantitative understanding
of the key biogeochemical-physical interactions and
feedbacks between the ocean and the atmosphere, and
of how this coupled system affects and is affected by
climate and environmental change” (Liss et al. 2003).
A major focus of SOLAS is to understand the physi-
cal exchange processes at the air-sea interface, and
in particular their influence on the flux of CO, and
other radiatively important gases—such as CH,, N,O,
and dimethylsulfide (DMS)—and on the production
of sea spray aerosol. As part of the U.K. contribution
to SOLAS, several related projects undertook field
studies of the exchange processes: the Deep Ocean
Gas Exchange Experiment (DOGEE), the Sea Spray,
Gas Flux and Whitecap (SEASAW) study, and High
Wind Air-Sea Exchanges (HiWASE). Adopting

The Surface Ocean-Lower Atmosphere Study
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complementary approaches to the study of surface
exchange processes, and sharing both some ship time
and participants, they form a coherent strand of the
UK-SOLAS program.

BACKGROUND. Gas exchange across the air-sea
interface is an important, sometimes dominant,
term in many biogeochemical cycles; it exerts a
significant control on atmospheric composition and
thus on climate change. The rate of gas exchange
as a function of environmental conditions remains
a major source of uncertainty; the gas flux is a
product of the concentration difference between
atmosphere and ocean and a gas transfer velocity
k,, which is dependent on the complex interactions
controlling interfacial turbulence (Jahne et al. 1987).
Parameterizations of k remain inadequate—most
are formulated as simple functions of the mean wind
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speed U, although some studies have shown stron-
ger correlation with other factors, such as the mean
square slope of wind-driven waves (Bock et al. 1999)
and fractional whitecap coverage (Asher et al. 1995).
The commonly accepted range for the dependency
of k on U for CO, varies between roughly U* and
U (e.g., Liss and Merlivat 1986; Wanninkhof 1992;
Wanninkhof and McGillis 1999; Nightingale et al.
2000; Wanninkhof et al. 2004). The transfer veloc-
ity for different gases, however, depends strongly
on solubility, and measurements of kW for DMS, for
example, show it to vary much less strongly with
wind speed (Huebert et al. 2004). The divergence
of the parameterizations for k at high wind speeds
presents a serious issue as a result of the dispropor-
tionately large influence of very high winds on the
mean flux. The use of different parameterizations
within different climate models results in a wide
variety of long-term forecasts, contributing con-
siderable uncertainty in assessing future climate
(McGillis et al. 2001).

The uncertainty in the behavior of k  results in
part from a paucity of measurements—to date only
a small number of studies have made direct gas flux
measurements over the oceans, and very few have
observed winds above 15 m s'—and in the disparity
between the short time scales on which the control-
ling processes operate and the typically much longer
averaging time for measurements such as deliber-
ate tracer release experiments (Asher et al. 2004).
Although the dependence on wind speed is strong,
it cannot account for all the variability observed
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in k . Other factors believed to exert a controlling
influence include atmospheric stability, sea state,
wave breaking, whitecapping and bubble bursting,
sea surface temperature, rain, wind stress, and the
presence of surfactants and organics (e.g., Woolf
1997, 2005; Ho et al. 2000; Frew et al. 2004). None of
this complexity is represented in most parameteriza-
tion schemes, although the National Oceanic and
Atmospheric Administration (NOAA)-Coupled
Ocean-Atmosphere Response Experiment (COARE)
air-sea gas flux model (Fairall et al. 2000; Hare et al.
2004; Blomquist et al. 2006) incorporates the influ-
ence of bubble bursting in whitecaps through the
use of Woolf’s (1997) model of bubble-mediated gas
transfer; Woolf’s model has yet to be tested against
observations, however.

Many of the processes affecting gas exchange
also have a controlling influence on the produc-
tion of aerosol from sea spray (Monahan and
O’Muircheartaigh 1986; Martensson et al. 2003). Sea
salt aerosol is the dominant scatterer of solar radia-
tion over the open ocean under clear skies (Haywood
et al. 1999), significantly contributing to the global
aerosol optical depth (O’Dowd and de Leeuw 2007)
and significantly influencing cloud microphysics and
chemistry (O'Dowd et al. 1999), particularly that of
marine stratocumulus—one of the largest sources of
uncertainty in current climate models. The full range
of sea spray source functions proposed in the litera-
ture spans six orders of magnitude (Andreas 2002),
although most recent estimates converge to within
about one order of magnitude (Clarke et al. 2006).
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Almost all sea spray source functions have been de-
rived via indirect methods, relying on assumptions
that are difficult to verify. Only a handful of recent
studies have attempted direct eddy covariance mea-
surements of the flux (Nilsson et al. 2001; Geever et al.
2005; de Leeuw et al. 2007; Norris et al. 2008). Again,
the relative influence of the various forcing processes

THE FIELD PROGRAMS. The HiWASE,
SEASAW, and DOGEE field programs share a com-
mon goal: to understand the processes controlling
physical exchanges at the air-sea interface and to
extend measurements of gas transfer to high wind
speeds; see the sidebar for a summary of specific
objectives of the projects. Next, we discuss their ap-

is largely unknown. proaches to meeting these objectives.

Common Objectives

» Establish the effect of various forcing parameters on the gas transfer velocities and improve their
parameterization.

* Relate the gas transfer velocity to forcing parameters other than wind speed (sea state, whitecap coverage,
wave breaking, rain, and friction velocity).

* Investigate wave breaking and whitecap production coincident with air—sea flux measurements to increase
understanding and improve parameterization of both whitecap production and air—sea fluxes.

¢ Measure air—sea fluxes of COZ, sensible and latent heat, and momentum by both direct eddy covariance and
inertial dissipation techniques where appropriate.

* Quantify flow distortion biases in the direct flux measurements through the comparison of eddy correla-
tion latent heat fluxes to the inertial dissipation latent heat fluxes after the latter have been corrected using
computational fluid dynamics and correct other direct fluxes by analogy.

SEASAW

* Determine the sea spray source function via the direct eddy covariance method.

* Investigate the production and fate of sea spray aerosol particles very close to the ocean surface by means
of 10-Hz optical particle counter observations and relate these measurements to those of subsurface bubble
populations obtained via a bubble imaging system.

* Use a single particle aerosol mass spectrometer and associated instruments to study the composition of
individual aerosol particles as a means of source apportionment and to investigate interactions between the sea
spray aerosol and other aerosol and gaseous components.

HiWASE

* Produce a dataset of unprecedented size and detail by instrumenting a ship to obtain flux measurements con-
tinuously for three years, under a variety of conditions including high wind speed events.

* Obtain a comprehensive sea-state description by combining data from the |D SBWR system with the direc-
tional information from the WAVEX wave radar system.

* Extend the parameterization of the gas transfer velocity to wind speeds more than 15 m s™'.

DOGEE

* Carry out dual-tracer (*He and SF,) release experiments to derive estimates of the gas transfer velocity.

¢ Examine the effect of surfactant on kw, sea-state, and near-surface turbulence.

* Make direct estimates of DMS fluxes by eddy covariance using an APIMS.

* Collect detailed profiles of surfactant, tracers, and other dissolved gases in the uppermost 2 m of the water
column.

* Simultaneously record (using video) and measure (using capacitance wave wires) whitecap coverage and wave
breaking and develop an improved parameterization of wave breaking.

* Quantify the bubble populations produced by breaking waves both at the sea surface and beneath it using
acoustic methods.

* Use gradient flux and relaxed eddy accumulation techniques for measuring DMS fluxes and extend these
techniques to other gases for which diffusivity characteristics are well known (methyl halides).

* Develop and deploy a sampling system for the collection of water samples for dissolved gas analysis from the sea
surface microlayer.

» Determine spatial and temporal variability of biological methanol uptake, including fine-scale variability in
the upper 2 m of the water column using the NSS; assess the relationship between heterotrophic bacterial
production and rates of methanol uptake in the euphotic zone; and compare heterotrophic bacterial production
and biological methanol uptake.
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All three studies included direct eddy covariance
measurements of the CO, flux, along with those of
water vapor, heat,and momentum, and measurements
of the wave spectrum, whitecap fraction, air-sea
CO, partial pressure difference (ApCO,), and mean
meteorological conditions. SEASAW additionally
encompassed eddy covariance measurements of the
sea-spray aerosol flux, while DOGEE included direct
measurements of the DMS flux and measurements of
gas transfer from tracer release experiments. A brief
summary of each project is given below; details of the
instrumentation used are given online (http://dx.doi.
org/10.1175/2008BAMS2578.2).

SEASAW and DOGEE both focused on process
studies incorporating a wide range of measurements
and requiring the facilities of a dedicated research
vessel. These projects involved a total of three re-
search cruises in the northeast Atlantic on board
the RRS Discovery. A joint cruise off the west coast
of Scotland, D313, from 7 November to 2 December
2006 targeted high wind conditions (Upstill-Goddard
etal. 2007a). During the event, the winds proved to be
too high—one of the worst series of storms on record
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FiGc. |. Cruise tracks for SEASAW (D313 and D317)
and DOGEE (D313 and D320), and the location of the
Polarfront used by the HIWASE project. Red triangles
indicate the measurement stations and buoy deploy-
ment locations during D317.
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resulted in conditions too severe to conduct most of
the required operations and very few measurements
were obtained. SEASAW made a second cruise,
D317 (Brooks et al. 2007), between 21 March and
12 April 2007, again targeting high wind conditions.
The DOGEE project conducted a final cruise, D320
(Upstill-Goddard et al. 2007b), between 16 June and
17 July 2007, this time focusing on the influence of
near-surface gradients and surfactants under lower
wind conditions. HIWASE (Yelland and Pascal 2008)
adopted a very different approach to the other two
studies, furnishing the Norwegian weather ship
Polarfront with a more limited set of instrumentation
but one capable of operating autonomously over a
period of several years. This approach allows for the
collection of a much larger dataset than is possible
from typical research cruises, and it enables rela-
tively infrequent extreme conditions to be sampled
extensively enough to provide robust statistics. A map
showing cruise locations is given in Fig. 1.

HiWASE. The Polarfront is the world’s last weather
ship. It is run by the Norwegian Meteorological
Institute (DNMI) and operates year-round at Station
Mike in Norwegian Sea (66°N, 2°E), a region that
experiences both large CO, fluxes and frequent
high-wind events. In September 2006, the National
Oceanography Centre, Southampton (NOCS)
equipped the Polarfront with an automated system for
the direct measurement of air-sea fluxes: AutoFlux
(Yelland et al. 2007b, 2009). The air and surface water
partial pressures of CO, are measured by an IR-based
system (Pierrot et al. 2009) installed by the Bjerknes
Center for Climate Research (BCCR), University of
Bergen. The Polarfront is fitted with a shipborne wave
recorder (SBWR) (Tucker and Pitt 2001; Holliday
etal. 2006) that provides 1D wave height spectra but
no directional information. HIWASE supplemented
this with a commercial wave radar, WAVEX, that
provides 2D wave spectra from an X-band marine
radar. The two wave measurement systems are com-
plementary and provide a comprehensive sea-state
dataset (Yelland et al. 2007a). It is believed this is the
first time these two instruments have been deployed
together for an extended period. Wave breaking can
be identified from “sea spikes” in the raw wave radar
images, while whitecap fraction is derived from pho-
tographic images obtained at 5-min intervals from
two digital cameras installed on the bridge. Mean
meteorological measurements are provided by the
DNMI instrumentation, supplemented with sensors
for downwelling longwave and shortwave radiation,
IR sea surface temperature, and wet- and dry-bulb air
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temperature. Important for a long-term autonomous
system, an Iridium satellite link provides daily status
and data summaries (www.noc.soton.ac.uk/ooc/
CRUISES/HiIWASE/OBS/data_intro.php) and allows
for some remote control of the data logging system.
HiWASE will continue collecting measurements until
at least summer 2009.

SEASAW. The primary focus of SEASAW was to make
direct eddy covariance measurements of both sea-
spray aerosol and CO, fluxes. An AutoFlux system
was installed with twin sets of sonic anemometers and
LI-COR LI-7500 units on either side of the foremast
platform (Fig. 2). A second flux system was installed
at the top of the foremast extension, with the addi-
tion of a new high-frequency aerosol spectrometer,
the Compact Lightweight Aerosol Spectrometer
Probe (CLASP) (Hill et al. 2008). A suite of instru-
ments measured the background aerosol spectra
and composition. Near-surface measurements of
aerosol and bubble spectra were made from a tethered
buoy. One-dimensional wave spectra were obtained
from an SBWR system, and whitecap fraction was
determined from cameras identical to those on the
Polarfront but with images captured at 30-s intervals.
Carbon dioxide partial pressures in air and water
were measured by infrared-based systems from the
University of East Anglia (cruise D313) and the
Plymouth Marine Laboratory (PML; cruises D313 and
D317) (Hardman-Mountford et al. 2008).

DOGEE. The DOGEE project conducted the widest-
ranging measurements of the three programs,
focused around a dual-tracer ("He and SF,) release for
measuring k, (Watson et al. 1991). Multiple simulta-
neous direct flux measurements were also made: CO,
fluxes by AutoFlux and from two air-sea interaction
spar (ASIS) buoys (Graber et al. 2000) deployed within
the tracer patches and a DMS flux system with inlet
and sonic anemometer collocated at the top of the
foremast extension. High-resolution dissolved DMS
and SF, measurements were made in the near-surface
water column to assess the role of near-surface gra-
dients in air-sea exchange (Zemmelink et al. 2002).
Such gradients are potentially significant for bio-
logically active gases. Autonomous gas floats (d’Asaro
and McNeil 2007) measured ocean boundary-layer
concentration profiles and eddy covariance fluxes
of O,, N,, and heat in the water column. Continuous
underway measurements of dissolved O,, N, and
CO, were also made, along with discrete measure-
ments of dissolved and gaseous oxygenated volatile
organic compounds. In addition to wave data from
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Fic. 2. The foremast of the RRS Discovery instrumented
for the SEASAW cruises. (a) The AutoFlux instrumen-
tation is located at either end of the foremast platform.
(b) The Leeds flux instrumentation is located at the
top of the mast extension.

the SBWR, more detailed measurements were made
from multiple capacitance wave wire systems: one
on each ASIS buoy and one on a spar buoy deployed
by NOCS to study wave breaking, whitecapping, and
bubble populations. Whitecap imaging cameras were
again installed on the bridge.

MEASUREMENT HIGHLIGHTS. Dual Tracer
Release. A gas exchange velocity can be determined
from the rate of change in concentration of a tracer
labeling a patch of seawater (Watson et al. 1991;
Nightingale et al. 2000). During DOGEE cruise
D320, 6.5 m® of seawater was saturated with SF, and
*He and released as three distinct patches in rapid
succession, initially covering areas of 4, 2, and 1 km?,
the smallest patch being overlaid with a surfactant.
Drogued Lagrangian drifters were used to adjust the
ship’s track during release, to compensate for water
mass movement, and to aid with patch relocation.
Each drifter had Argos and radio communication
and a vertical array of temperature/pressure loggers
for estimating scales of internal waves, mixed layer
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0 v Yy 52 v the first direct assessment of the surfactant effect on
10 vv v v v air-sea gas exchange as measured by the dual tracer
v v .
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sobv v LT In addition to the release over a SF /*He patch,
P three additional surfactant releases were carried
RAAA L
_ w v out. The first was a deployment ahead of one of the
g sofre v ASIS buoys once both buoys had progressed sub-
g eof 1 stantially downwind of the initial SF /*He patches
v
70f {1 in which they were deployed and were following
I v day1 approximately parallel headings ~20 km apart. The
ooh . g:ﬁ two sets of ASIS measurements will be examined
v day8 to identify the effects of surfactant damping on the
opw v _day10 direct flux estimates. The second release took place
110 - e e around the NOCS buoy to examine surfactant effects

on the wave field. The third release took place within
an area of high ambient DMS off the west coast of
Ireland to examine the influence of the surfactant
on the DMS flux.

SF  (fmol dm~3)

Fic. 3. Changes in SF, concentration in depth profiles
from patch 2 in the days following the tracer release.
Concentrations decrease rapidly as the patch spreads
both horizontally and vertically and, to a lesser extent,
as the gas diffuses across the air-sea interface. Note
that background concentrations below the mixing
layer are typically 1.5 fmol (i.e. 107" moles) per liter
of seawater.

SURFACE MICROLAYER MEASUREMENTS.
The sea surface microlayer (SML) is traditionally de-
fined as the uppermost millimeters of the water col-
umn and is characterized as a region where physical,
chemical, and biological properties are most altered

stratification, and temporal changes in mixed layer relative to subsurface water (Liss et al. 1997). The

depths. Continuous underway mapping of surface
water dissolved SF,_ (Upstill-Goddard et al. 1991)
identified each of the three patch centers, where SF
and ’He were periodically sampled from vertical
hydrocasts. A total of 23 hydrocasts were made, each
acquiring water samples at a minimum of 10 depths
for SF, and 3 depths of *He. Example profiles of SF
concentrations shortly after tracer deployment are
shown in Fig. 3.

Surfactant Releases. A unique ex-
periment has been the deliberate
release of a harmless surfactant
(oleyl alcohol) onto the sea surface.
The surfactant was initially laid over
the smallest of the tracer patches
as a series of parallel lines spaced
125 m apart across a region 2.5 km x
2.5 km centered on the 1 km x 1 km
tracer patch; these then spread to
form a continuous patch. The damp-
ing of sea surface capillary waves
as the surfactant was deployed is
clearly visible in Fig. 4. Comparison
of k, estimates from the surfactant-
free and surfactant-covered tracer
patches under similar wind and
wave fields will attempt to provide
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formation of the SML results from organic matter
concentrated at the air-sea interface by numerous
physical and biological processes—such as diffu-
sion, turbulent mixing, transport by rising bubbles
or buoyant particles and in situ production—while
biological and photochemical mineralization and
vertical transport are considered the major loss
mechanisms of SML material (Liss et al. 1997).

Fic. 4. During deployment of the surfactant patch, the lines along
which it has been initially laid are clearly visible by the suppression
of capillary waves.



Fic. 5. The remote-controlled catamaran and (inset) close-up of the
surface skimmer operating during the second DOGEE cruise.

Measurements of production, destruction, and
transport processes in the SML of most organic
compounds and trace gases are limited. To gain more
insight into these processes, the microlayer and the
underlying water column were sampled during the
second DOGEE cruise by a surface skimmer. This
consists of a rotating glass cylinder supported by
a remotely controlled catamaran (Fig. 5); this col-
lects a film of water 50-ym thick by adhering to the
drum. The aqueous film is wiped off the cylinder
and collected into bottles using peristaltic pumps,
minimizing the loss of volatiles to the atmosphere that
were reported in previous studies (Frew et al. 2002;
Zemmelink et al. 2005). Samples are subsequently
analyzed in the laboratory. Unlike common alterna-
tive techniques, such as manual submersion of screens
or glass plates used for sampling biota and surfactants
(Agogué et al. 2004), the skimmer provides accurate
control of the sampling depth and avoids contamina-
tion of SML samples by subsurface water.

Microlayer and subsurface water samples were
routinely collected at intervals throughout the cruise
for surfactant activity measurements and for bacte-
rial community analysis, both within and outside the
artificial surfactant patches. Microlayer samples for
surfactant analysis were collected with a Garrett screen
and a glass plate, whereas bacterial samples were col-
lected on polycarbonate membranes and Sterivex filters.
Contamination was avoided by sampling some distance
off the ship from a rigid inflatable boat; additional
Garrett screen samples were collected from over the
side of the ship. Numerous near-surface profiles were
also obtained using both a near-surface sampler (PML)
and the surface skimmer on the remote-controlled
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catamaran. Sulfur profiles from
2-m depth to the surface of the
water column show a decrease of
the volatile DMS in the microlayer
that could be caused by outgassing
from the water column (Fig. 6).
Total dimethylsulfoniopropionate
(DMSP) showed a small decrease
toward the water surface; in con-
trast, total dimethylsulfoxide
(DMSO) showed an increase in the
surface microlayer compared to
the deeper water column. This gra-
dient indicates that most DMSO(t)
is formed and trapped at the water
surface, where photooxidation
might enhance the conversion of
DMS to DMSO.

MIXED LAYER PROFILING. Gas exchange
at the surface depends upon processes within the
ocean mixed layer as well as atmospheric forcing;
to investigate these, an autonomous float (d’Asaro
2003) was deployed during the DOGEE cruise D320
to measure profiles of temperature, gas concentration,
and turbulent exchange. The float made daily slow
profiles from the surface to about 110 m to measure
the mean properties of the water column. Between
profiles, it acted as a fully 3D Lagrangian tracker, fol-
lowing turbulent eddies in the mixed layer. Figure 7
shows cross sections of density and gas concentration
for a 2-week period, along with mixed layer depth. A
storm disrupts the gradual seasonal trends between
days 180 and 183, deepening the mixed layer. During
this period, profiles were omitted and the float was

o} EEE o L o
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FiG. 6. Near-surface profiles of DMS, DMSP, and DMSO

obtained by the catamaran.
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left in Lagrangian mode. During weak winds before
the storm, O, saturation was forced by the seasonal
warming of the mixed layer, driving a net flux to the
atmosphere; during the storm, float covariance esti-
mates showed that O, was forced into the water. After
the storm, there was a strong increase in O, concentra-
tion ata depth of 25-50 m. The lack of a corresponding
change in N, which can be considered a proxy for
abiotic O, associated with entrainment fluxes and
air-sea exchange, suggests that this results from a
biological process—a phytoplankton bloom triggered
by the mixing up of nutrients during the storm.
Figure 8 shows the vertical motion of the float and
the perturbation of O, concentration about its profile
mean during part of the storm. The positive pertur-
bations of O, in the downward arms of the mixed
layer eddies indicates an air-sea flux into the ocean.
A detailed analysis, using the technique of d’Asaro
(2003) gives a flux estimate of 787 nmol m™ s™' with
an uncertainty of about 30%. The reversal of the sign
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of the O, flux during the storm suggests the impor-
tance of bubble dissolution processes for air-sea gas
fluxes.

DIRECT FLUX MEASUREMENTS. The direct
flux measurements undertaken during UK-SOLAS
provide a substantial dataset; notable highlights are
the extension of gas flux measurements to mean U,
values of 15 m s™* during DOGEE, 18 m s during
SEASAW, and 28 m s™' during HIWASE—higher
than any previously published measurements—and
the first size-segregated direct aerosol flux measure-
ments over the open ocean. Eddy covariance flux
measurements are extremely challenging at sea as
a result of the need to determine the motion and
attitude of the platform and to remove these effects
from the measured wind components (Edson et al.
1998; Brooks 2008). Flow distortion around the ship
can also introduce significant biases and must be cor-
rected (Yelland et al. 1998, 2002). This is illustrated
in Fig. 9, which shows the transfer coefficient for the
momentum flux (CD10n) obtained from the HIWASE
sensors on the Polarfront. The data are separated into
two classes: (1) when the wind was blowing onto the
ship’s bow and flow distortion effects are expected
to be small (Yelland et al. 2009) and (2) when the
wind was blowing onto the beam and the effects are
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Fic. 7 (LerT). Meteorological and water column measurements at the float, showing (a) wind speed U, (b)
seawater potential density ¢, versus hydrostatic pressure P, (c) dissolved O, concentrations, and (d) dissolved
N, concentrations. The locations of the surface/pycnocline N, sampling are shown (open circles) in (d), along
with positions of mixed layer values (small black dots arranged in vertical lines throughout the mixed layer) for
contouring purposes. The depth trajectory of the float (thin overlaid black lines) is shown in (b)-(d), along with
mixed layer depth estimates (large black dots connected by thick black line). Note that N, data are available
continuously in the mixed layer during the storm, and that O, has significantly greater depth/time sampling
resolution than N,.

FiG. 8 (RIGHT). Depth-time trajectory of the Lagrangian float during part of the storm. The line color represents
the deviation of the measured O, concentration from its average profile smoothed over about 300 s. Note the
persistent pattern of higher O, during downward motion than during upward motion. This pattern indicates a
net flux of O, into the ocean from the atmosphere.
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Fic. 9. Neutral drag coefficients determined from bow-
on (blue) and beam-on (red) wind measurements on
the Polarfront averaged in | m s™' wind speed bins; error
bars indicate the standard error about the means. The
relationship from Yelland et al. (1998) is shown for
comparison. The beam-on results are very obviously
biased low.

expected to be large. The beam-on data are biased
significantly low. An ongoing part of our analysis
is to assess the influence of flow distortion on eddy
covariance measurements and to develop procedures
to correct the resulting biases.

rect for this contamination are being evaluated.
Mean forcing conditions and bulk estimates of the
CO, flux for a 100-day record from HiWASE are
shown in Fig. 10. Bulk fluxes are shown based on
limiting values of the transfer velocity. Substantial
differences between them are seen during high wind
events; the average fluxes during the 100-day period
are —2.77 ypmol m~yr' (using Liss and Merlivat 1986)
and a factor of 1.8 higher at —5.05 yumol m~ yr' (using
McGillis et al. 2001).

Direct DMS fluxes were measured using an at-
mospheric pressure ionization mass spectrometer
(APIMS) (Huebert et al. 2004). The APIMS was
located in a container on the foredeck with a sample
drawn from an inlet collocated with a sonic anemom-
eter at the top of the foremast extension. A total of
368 flux estimates were obtained from hour-long
intervals, 164 of which also included one or more
measurements of seawater DMS, enabling the com-
putation of k, .. Figure 11 shows some results in the
region of a phytoplankton bloom west of Ireland; it is
clear that the DMS flux is highly variable as a result of
variations in both seawater DMS concentration and
wind speed. Preliminary exchange velocities are far
less dependent on local wind speed than predicted
by the commonly used models, where k  increases
as the square or cube of wind speed increases. The
preliminary analyses show variable results in the sur-
factant patch; there appears to be a reduced transfer

Ums ™

v = Liss & Merlivat 1986

McGillis et al. 2001 1

110 120

Gas Fluxes. A total of five independent eddy covari-
ance systems for measure-

ment of gas fluxes have o T
been used during these %

studies—two independent

CO, flux systems oper- IOM

ated during each of the .

Discovery cruises, along 0

with the DMS flux system Mg

during the second DOGEE i

cruise. Analysis of the CO,

measurements is not yet

sufficiently advanced to

present any results. This

is due in large part to the

discovery of both signif-

icant noise and a small

bias introduced into the

high-rate CO, flux estimate

by the mechanical defor-

mation of the Licor 7500

sampling head under the

accelerations induced by
ship motion (Yelland et al.
2009). Procedures to cor-
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Fic. 10. A 100-day time series of HIWASE measurements on the Polarfront:
(a) mean wind speed U and significant wave height H ; (b) air-sea difference
in pCO,; (c) bulk estimates of the CO, flux from parameterizations that span
the range of published values for transfer velocity (Liss and Merlivat 1986;
McGillis et al. 2001). The mean fluxes over the 100 days are =2.77 (Liss and
Merlivat 1986) and —5.05 ymol m™2 yr~' (McGillis et al. 2001).

MAY 2009 BAIS | 637



DMS Flux and DMSsw in an E.Huxleyi Bloom

~20 nm

10 20 30 40
DMS sea-to-air flux (umoles m-2 day-1)

Fic. 11. DMS during a transit through an E. huxleyi bloom west of
Ireland. The size of the yellow circles represents the seawater DMS
concentration; the thick yellow line is the eddy covariance DMS flux.
The red line is the mean 10-m wind speed. A surfactant patch was
laid at 54.2°N.

Aerosol Fluxes. Eddy covariance flux
measurements require sensors with
aresponse of better than ~3 Hz. Few
traditional aerosol instruments are
adequate. A new compact weather-
proof aerosol spectrometer probe
(CLASP; Hill et al. 2008), developed
specifically for making eddy covari-
ance flux measurements, was used
during SEASAW. Small enough to
collocate with a sonic anemom-
eter, CLASP provides a 16-channel
aerosol-size spectrum for particles
with radii between about 0.12 and
9.25 um. An earlier version made
the first fully sized segregated eddy
covariance sea-spray flux measure-
ments at a coastal site (Norris et al.
2008). The aerosol flux measure-
ments made during SEASAW are the
first to be made over the open ocean.
They show much greater variability
than is observed for other fluxes,
both between the flux estimates
from individual data records and
in the contribution to individual
estimates from different turbulence
scales within a given record (Fig. 12).
This is a result of the surface source

rate within the patch laid at 54.2°N. However, other  of particles not being continuous but discrete and
patches show no obvious effect or even a slightly widely spaced patches—individual whitecaps. An
higher transfer velocity for DMS. Firm conclusions  implication of this is that much larger volumes of data
await the completion of a more rigorous analysis of are required to achieve the same confidence levels as
all the measurements. for fluxes of momentum, heat, or moisture.
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FiG. 12. Ogive functions showing the cu-
mulative contributions with decreasing
frequency (increasing eddy scale) to
the fluxes of (a) particles (R=0.3 ym)
and (b) wind stress for several consecu-
tive 15-min records (blue lines) and
their averages (red lines). The variabil-
ity between records is much greater
for the particle flux, which also shows
far greater variation in the contribu-
tion to the flux with frequency. The
averaged curves, however, show that
the turbulence scales contributing to
the particle flux are the same as those
for the wind stress.
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Fic. 13. Whitecap coverage as a function of wind speed.
The thin dotted lines indicate the range of results
previously found by a large number of photographic
studies (Anguelova and Webster 2006). The thin
dashed line indicates the open-ocean relationship of
Monahan and O’Muircheartaigh (1980). The thick
lines show initial results from a few days of D313 and
D317 data as indicated in the key. Error bars indicate
the standard error.

WAVE BREAKING AND WHITECAP
MEASUREMENTS. Whitecap coverage estimates
were obtained from images of the sea surface taken
during daylight hours using two bridge-mounted
digital cameras. Images were taken every 30 s at
a resolution of 5 Mp during both the DOGEE and
SEASAW cruises. Slower sampling rates and lower
resolutions were used during HiWASE, since the
cameras were serviced only every two or three
months rather than every day. A grayscale image
analysis similar to that employed by Stramska
and Petelski (2003) was used to isolate whitecaps
from the surrounding sea. Initial results show an
increase of whitecap fraction with wind speed
(Fig. 13) similar to that from the
open-ocean study of Monahan and
O’Muircheartaigh (1980). Analysis
of the HIWASE images will pro-
vide whitecap data at wind speeds
of up to 28 m s™'. When complete,
the whitecap data from all three
UK-SOLAS cruises will be used
to investigate parameterizations
of whitecap coverage in terms of
mean meteorological variables and
sea state and the effect of whitecap
fraction on the CO, flux.

Wave Breaking. Measuring the
properties of breaking waves and
whitecap properties in the open
ocean is extremely challenging, and
there have been few measurements
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to date. To address these issues, an autonomous,
free-floating spar buoy was designed by NOCS
to measure the properties of both waves and the
bubbles resulting from wave breaking (Fig. 14). The
spar is 11 m in length and floats 80% submerged.
It has an onboard battery bank and custom-built
data acquisition and control system and operates
autonomously, drifting free of the ship. An Argos
system sends the buoy position to the ship every
hour and is also used for radio directional finding
to aid recovery. Three 4-m-long capacitance wave
wires measure the surface elevation with respect to
the spar with a resolution of 3 mm. The motion of
the buoy over long waves and swell was determined
from a motion-sensing package that measured
three-axis accelerations and compass heading. Wave
wire and motion data were sampled at 41 Hz (except
for the heading, sampled at 8 Hz), providing the
information required to calculate wave heights and
slopes. A waterproof sphere at the top of the spar
housed digital still and video cameras focused on
the surface around the wave wires, along with the
wave wire electronics. Figure 15 shows a 4-s section
of surface elevation data from one wire, along with
the temporal wave “slope” (i.e., the time derivative of
the elevation; Longuet-Higgins and Smith 1983). A
breaking wave is seen just before 564 s; this event was
also captured by the cameras on the buoy (Fig. 16).

Bubble Measurements. Bubble populations under
breaking waves can total millions per cubic meter
and contain bubbles ranging in radius from mi-
crons to centimeters. Of the available techniques
for measuring such populations, acoustic methods

Transmit
transducers

Fic. 14. Photographs of the spar buoy (bottom left) during deploy-
ment with key features labeled and (bottom right) floating free.
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Fic. 15. Four-second time series of surface elevation
(thick line) and slope (thin line) from one of the wave
wires (note separate y-axis scales). A breaking wave
is indicated by the arrow.

Fic. 16. A sequence of images from the still camera on the spar buoy; images are obtained at 0.4-s intervals.
The breaking wave in Fig. 15 can be seen in the last two images.

are the most applicable (Leighton 2004, 2007);
however, they can contain ambiguities that require
a cross-check against an independent measurement
(Leighton et al. 1996, 1997; Vagle and Farmer 1998).
The spar buoy was equipped with two acoustic and
one optical system for determining the bubble popu-
lation. The optical system used three fiber-optic tips
mounted along the buoy. As bubbles pass over the tips,
a change in light intensity is measured. Each bubble
generates a transient with a magnitude, duration, and
rise time related to the size of the bubble (Fig. 17);
the bubble population can be inferred from the time
series (Cartellier and Achard 1991; Blenkinsopp and
Chaplin 2007). The two acoustic systems provide
complementary information on the bubble plumes
advecting past the buoy. The first acoustic system
provides an estimate of the bubble-size spectra
(Fig. 18) from a train of acoustic pulses (3-197 kHz),
transmitted from near the base of the spar and mea-
sured by hydrophones at three locations between the
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transmitter and the surface. The bubble population is
inferred from the additional acoustic attenuation as
aresult of the bubbles between pairs of hydrophones
(Leighton et al. 2004; Coles and Leighton 2007). The
second acoustic system monitors the signal backscat-
tered from the bubble cloud by an upward-looking
sonar and therefore giving an estimate of the overall
size and shape of the bubble cloud as it is advected
past the buoy.

Bubble spectra were also obtained during SEASAW
(Fig. 18), from a video-based bubble imaging sys-
tem (Leifer et al. 2003; de Leeuw and Cohen 2001)
mounted on the underside of a small tethered buoy
at a depth of 0.4 m. CLASP units mounted on the
buoy at approximately 0.5 and 1 m above the surface
allow the aerosol spectra within plumes originating
over individual whitecaps to be determined. A motion
pack on the buoy allows the high-rate aerosol spectra
to be interpreted with respect to the buoy’s position
on the waves.

SUMMARY. The UK-SOLAS surface exchange field
programs have provided a wealth of new data. These
highlights include the following measurements:

o The first multiple patch dual-tracer release
experiment;

o The first deliberate surfactant release experi-
ments;

o The extension of measurements for direct gas flux
estimates up to 10-m wind speeds of 28 m s™;

o The ongoing acquisition of a continuous, multiyear
set of direct gas flux measurements over the open
ocean;

o The first direct eddy covariance measurements of
fully size-resolved sea-spray aerosol fluxes over the
open ocean;

 Simultaneous measurement of air-sea fluxes of
multiple trace gases by multiple techniques;

o Comprehensive sea-state and whitecap measure-
ments from buoy and ship systems simultaneous
with gas and aerosol flux measurements.
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FiG. 17 (LerT). A segment of the time series data from one of the fiber-optic sensors as a series of bubbles pass
over it. At the start of the sequence, the fiber-optic sensor is initially submerged in the ocean. Then a passing
wave causes the local sea level to dip, exposing the fiber tip to air from time (3.97-4.34 s), when the tip is again
submerged by the wave. After this a sequence of transients, each indicating the detection of a bubble at the
fiber-optic tip, are detected. These data were obtained on cruise D320 at 14:12 GMT on 22 Jun 2007 (J173) at
43°42°N, 18°07"W. Wind speed: ~7 m s™'; average wave height: ~1.9 m; water temperature: ~17°C. The average
depth of the fiber-optic tip is 0.25 m.

Fic. 18 (RIGHT). Bubble-size spectra (number concentration per yum radius bin) from the acoustic system on
the spar buoy (black circles). The symbols correspond to the bubble sizes that were resonant with the spe-
cific tones emitted. This population estimate represents the spatially averaged bubble density between two
hydrophones, at mean depths of 0.93 and 2.67 m, over a period of 9 s obtained at 1826 GMT, 29 Jun 2007 (J180)
at 43°5°N, 17°38"W (DOGEE cruise D320) with mean wind speed of 13 m s™!, mean wave height 2.7 m, and water
temperature ~17°C. A spectrum obtained by the bubble camera on the SEASAW tethered buoy on 31 Mar
is also shown; the wind speed and wave heights are similar to the DOGEE case but the water temperature is
colder at ~9°C. For comparison, numerous open-ocean spectra obtained using different acoustic techniques
are shown (Breitz and Medwin 1989; Phelps and Leighton 1998; Farmer and Vagle 1989), along with one spectra
obtained by an optical system (Johnson and Cooke 1979) and two spectra from the surf zone showing much
higher bubble concentrations and measured by acoustic (Phelps et al. 1997) and optical techniques (Deane
and Stokes 1999).

Analysis of the data is only beginning, and we
look forward to the possibilities offered by such
wide-ranging measurements. They will enable the
assessment of the influence of most of the processes
believed to affect gas exchange and sea spray aerosol
production and the development of new parameter-
izations for use in climate models. The strong links
between the three projects enhances their individual
strengths, extending the range of measurement con-
ditions, facilitating direct comparisons between
multiple techniques, and enabling the truly interdis-
ciplinary approach required to properly understand
physical exchange at the air-sea interface.
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