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Abstract. In order to better understand the processes govern-
ing the production of marine aerosols a repeatable, controlled
method for their generation is required. The Marine Aerosol
Reference Tank (MART) has been designed to closely ap-
proximate oceanic conditions by producing an evolving bub-
ble plume and surface foam patch. The tank utilizes an in-
termittently plunging sheet of water and large volume tank
reservoir to simulate turbulence, plume and foam formation,
and the water flow is monitored volumetrically and acousti-
cally to ensure the repeatability of conditions.

1 Introduction

Sea-Spray Aerosols (SSA) are critically important compo-
nents in global biogeochemical cycles (e.g., Solomon et al.,
2007) and important modifiers of atmospheric radiative bud-
gets because they are generated over a large portion of the
earth’s surface and form a large fraction of aerosol particu-
lates present in the atmosphere (e.g., Lewis and Schwartz,
2004). Marine aerosols are generated primarily by processes
associated with the formation of bubble plumes and foams
generated by the actions of breaking surface waves. Breaking
waves themselves play an important role in many additional
processes at the air–sea interface including mixing, current
formation, heat and momentum flux, and the entrained bub-
bles enhance gas transport, scavenge biological surfactants,
and generate ambient noise in addition to creating aerosol
particles.

Oceanic whitecaps (the high optical albedo footprint of
a breaking surface wave) typically form once wind speeds
greater than approximately 3 m s−1 blow over a sea surface

of appropriate fetch. Breaking itself includes the impaction
of the overturning wave crest with the sea surface and sub-
sequent entrainment and fragmentation of air into a plume
of bubbles. The plume evolves over a timescale of seconds
to a few tens of seconds due to buoyancy and turbulent flow
forces acting on the entrained bubbles. The air–water mix-
ture of the breaking wave crest and the bubbles that reach the
sea surface after breaking form the high albedo patch charac-
teristic of a whitecap. Surface bubbles and the dense aggre-
gations of bubbles that create surface foams, are the primary
source of marine aerosols as the bubbles rupture and produce
a spray of jet and fluid film droplets that are ejected into the
atmosphere.

In order to study marine aerosol production and white-
cap bubble and foam dynamics, it would be beneficial to
have a standardized method of creating them in repeatable,
controlled conditions in the laboratory that accurately mod-
els the aerosols formed by breaking waves. Several differ-
ent methods have been used to generate surrogate marine
aerosols within enclosed tanks including pressurized atomiz-
ers (Svenningsson et al., 2006; Riziq et al., 2007; Saul et al.,
2006; McNeill et al., 2006; Braban et al., 2007; Niedermeier
et al., 2008; Taketani et al., 2009), forcing air through glass
filters or sintered materials (Cloke et al., 1991; Martensson
et al., 2003; Sellegri et al., 2006; Keene et al., 2007; Tyree et
al., 2007; Wise et al., 2009; Hultin et al., 2010; Fuentes et al.,
2010) and by a plunging water jet (Cipriano and Blanchard,
1981; Sellegri et al., 2006; Facchini et al., 2008; Fuentes et
al., 2010).

The detailed investigations by Sellegri et al. (2006) and
Fuentes et al. (2010) have shown that the best method for the
laboratory generation of proxy marine aerosols is to create
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a bubble plume from a plunging jet of water. The method
of generation used had a strong influence over the chemical
and physical properties of the aerosols produced in including
variation in organic enrichment, formation of condensation
nuclei and variation in hygroscopicity (Fuentes et al., 2010)
and bubbles generated by the plunging jet more closely ap-
proximated those from oceanic measurements. The plunging
jet apparatus used by Fuentes et al. (2010) used a relatively
small volume of water (6 L) in an 11 L tank filled to a depth of
11 cm and their investigations suggested that in order to bet-
ter duplicate the characteristics of oceanic plumes (including
bubble lifetime), the dimensions of current laboratory sys-
tems would have to be enlarged.

Here we show the fabrication of a Marine Aerosol Ref-
erence Tank (MART) system that can accurately reproduce
the bubble plumes and marine aerosols characteristic of an
oceanic whitecap. By using an intermittent plunging sheet of
water in a larger (210 L) tank, bubble plumes are formed that
mimic the size distribution, including critical bubbles larger
than the Hinze scale (the transition point between bubbles
stabilized by surface tension and bubbles subject to fragmen-
tation by turbulence at approximately 1 mm), and have a tem-
poral evolution similar to plumes measured in the ocean and
in large laboratory wave tanks. Because the production of
the bubbles can be continuously monitored acoustically, and
the physical and chemical conditions of the MART system
can be carefully controlled, the resulting aerosols generated
by these bubble plumes are not only very similar to natural
marine aerosols, but they can also be duplicated in replicate
experiments.

2 Whitecap foam and bubble size distributions

The two primary production mechanisms of sea-spray
aerosols at moderate wind speeds are the disintegration of the
thin fluid films associated with whitecap foam (film drops)
and the break up of the jet of water formed at the base of a
bubble shortly after the rupture of its film (jet drops). Both of
these mechanisms are known to be sensitive to bubble size.
It follows that an essential requirement of any laboratory
system designed to produce nascent SSA is the reproduc-
tion of the numbers and sizes of bubbles entrained by break-
ing waves in the open ocean. Few bubble size distributions
from natural breaking waves have been acquired because of
the difficulty of making measurements in stormy conditions
and other natural hazards (Herrero, 1985; Melville, 1996;
de Leeuw and Cohen, 2002; Stokes et al., 2002). However,
some oceanic measurements are available in addition to a
number of laboratory studies (e.g., Monahan and Zeitlow,
1969; Cipiriano and Blanchard, 1981; Bezzabotnov et al.,
1986; Lamarre and Melville, 1994; Loewen et al., 1995;
Leighton et al., 1996; Deane and Stokes, 2002; de Leeuw
and Cohen, 2002; de Leeuw and Leifer, 2002; Leifer and
de Leeuw, 2002, 2006; Stokes et al., 2002). Measurements
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Fig. 1. Bubble size distribution (density vs. bubble radius) in open
ocean and laboratory whitecaps. The grey lines show reference
power law scalings for bubble distributions. Theoretical considera-
tions lead to ana−10/3 power law scaling for bubbles larger than the
Hinze scale (approximately 1 mm). Bubbles smaller than the Hinze
scale are more variable in their power law scaling but roughly fol-
low an a−3/2 trend (Deane and Stokes, 2002). Purple squares are
Loewen et al. (1995), green, Bezzabotonov et al. (1986) and blue
line from Cirpriano and Blanchard (1981).

of bubble size distributions within whitecaps in two oceanic
studies and a laboratory study are shown in Fig. 1. It is now
known that there is a scale dependence to the bubble creation
physics, differentiated by a length scale known as the Hinze
scale (Deane and Stokes, 2002). The Hinze scale (aH) de-
fines the radius of a bubble for which surface tension forces,
which tend to keep bubbles spherical, are balanced by dis-
torting forces associated with fluid turbulence. This scale is
of the order of 1 mm in spilling and breaking waves. Bubbles
smaller than the Hinze scale are stabilized to fragmentation
by fluid turbulence, whereas bubbles larger than this scale are
subject to a turbulent fragmentation cascade.

The power law dependence of the bubble size distribution
as a function of bubble radius is also different for bubbles
smaller and larger than the Hinze scale. Smaller bubbles have
a somewhat variable power law scaling,a−n with n taking
values between approximately 1 to 2. This variability can be
seen in measured distribution slopes for bubbles smaller than
aH in Fig. 1. The physics of bubble fragmentation and bubble
degassing drives a steeper power law dependence for bub-
bles larger than the Hinze scale with n taking values between
approximately 3 to 4 (Fig. 1). The two relevant points here
are (1) breaking waves can produce large bubbles, greater
than 1 mm radius and up to 4 mm radius (Bowyer, 2001), and
(2) the power law scaling of the generation of these bubbles is
controlled by fluid turbulence within the whitecap and differ-
entiated by the Hinze scale. In order to accurately reproduce
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nascent SSA, the laboratory bubble generation mechanism
needs to produce bubbles larger than the Hinze scale and
reproduce the power law dependence those bubbles acquire
through fragmentation in fluid turbulence. The large bubbles
are important because the film-drop and jet drop SSA pro-
duction mechanisms are scale-dependent. It is generally ac-
cepted that film drops are produced by bubbles larger than
roughly 1 mm radius (e.g., see Fig. 30 in Lewis and Schwartz,
2006), whereas jet drops are produced in quantities greater
than 1 per bubble by bubbles less than 1.5 mm radius (see
Fig. 26 in Lewis and Schwartz, 2006). Physical production
mechanisms that do not reproduce bubbles at the large end
of the spectrum will therefore preferentially enhance jet drop
over film drop production in comparison with the ratio ex-
pected from breaking waves. Exactly to what extent the SSA
production processes will be biased is complicated by the
fact that bubbles floating on the surface have a different
and surfactant-dependant shape from that of rising bubbles
(Nicolson, 1949) and, once on the surface, foam coarsens
through a process of bubble coalesce which creates films of
increasing scale (Saint-James, 2006).

3 The Marine Aerosol Reference Tank (MART)

The MART system was constructed to closely mimic the
bubble plume, foam, and aerosol generating mechanisms ac-
tive during oceanic wave breaking and to provide a portable,
controllable environment in which to explore and sample
these processes. The primary design of the system includes
a flow-controlled closed-loop seawater (or freshwater) cir-
culation system that draws from the tank bottom, a tank-top
spillway or waterfall to produce a plunging sheet that impacts
the water surface within the tank to produce a bubble plume,
and an air-tight headspace for controlled aerosol sampling
while the system is operating. Instrumentation (flow meter,
acoustic monitoring) is incorporated into the design to in-
sure plume generation consistency during long experimen-
tal runs and repeatability over separate experimental setups.
By varying the temperature of the tank contents, the water
chemistry and the characteristics of the plunging sheet (vol-
ume, angle and distance of drop, timing of the intermittency)
a wide range of experimental conditions can be realized.

The MART system (Fig. 2) was fabricated using compo-
nents that are readily available and constructed of stainless
steel, plexiglass and silicone wherever possible to minimize
chemical contaminates and facilitate cleaning. The tank was
modified from a 210 L plexiglass aquarium (AquaClear) that
was drilled to accept an o-ring sealed, 20 mm thick plexiglass
lid to provide airtight integrity. All fittings were attached
to the tank through threaded bulkheads made from 25 mm
thick plexiglass plates, tapped to accept standard stainless
steel pipe fittings (NPT-thread). In order to minimize flow
resistance and maximize pump efficiency, the circulation sys-
tem was designed with short pipe lengths and large internal
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Fig. 2. Marine Aerosol Reference Tank (MART). The 210 L plex-
iglass tank (A) is approximately 1 m in the longest dimension.
(B) The internal water distribution assembly is o-ring sealed with
central spillway slot. Inside the assembly is a secondary diffuser
tube (not visible) for evenly distributing the water along the spill-
way. (C) Flow meter. (D) Tank water sampling spigot. (E) 1/3 HP
Centrifugal pump. (F) Flow shunt control valve. (G) Timing relay
control box. (H) Tank drain and purge valves. (I) Solenoid valve.

diameter (20–25 mm) fittings. Pumping was provided by a
1/3 HP centrifugal pump (AMT Pumps) capable of pumping
more than 70 L min−1 and powered by 110 V electric mo-
tor. A valved shunt in the circulation loop allows the regu-
lation of the return flow to the tank between approximately
15 L min−1 and the maximum pumping rate, and is moni-
tored using an in-line flow meter (GPI products TM-15). The
intermittency of the tank return flow is regulated using a
solenoid valve (Parker Fluid Controls J5011) controlled by
two time-delay relays (Macromatic TR53122) adjustable be-
tween 0 and 10 s. Separate ports are available for sampling
both the atmospheric headspace and subsurface water in the
tank. All electric motor controls and the solenoid timer re-
lays are contained in a water resistant box for protection.
At present, the MART system is mounted to a wheeled alu-
minum chassis for easy portability.

Water that enters the tank is formed into a plunging sheet
that impacts the water surface to mimic the plunging jet of
water from a breaking wave crest (Fig. 3). The water exit-
ing the pump system is channeled through an o-ring sealed
plexiglass tube approximately 8 cm internal diameter that
contains a secondary internal diffuser (3 cm diameter tube
with holes spaced at regular 2 cm distances along its length)
to evenly distribute the water within. Water exits this nested
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Figure 3.

2 cm

A

Fig. 3. Side view of plunging sheet and bubble plume. Bubble A
is approximately 2.2 mm in radius, demonstrating the presence of
bubbles larger than the Hinze scale. The free-fall distance between
the exit slot of the waterfall and the water surface is approximately
10 cm, but appears shorter due to the angle at which the photograph
was taken. The width of the plunging sheet is approximately 20 cm.

tubing through an approximately 6 mm wide× 20 cm long
slot in the outer tube and plunges as an approximately 1 cm
thick sheet before impacting the surface of the water. In the
configuration described here, the water level within the tank
was kept constant to provide an approximately 10 cm drop
between the plunging sheet and surface, producing a bub-
ble plume penetrating about 25 cm beneath the surface and
bubbles in a wide range of sizes up to about 1 cm in diame-
ter. Above the rising bubble plume, a surface patch of foam
is produced, with time-evolving characteristics depending on
the water temperature, salinity and presence of surfactants in
the tank. By using filtered seawater in a 3 s flowing sheet fol-
lowed by an 8 s pause to allow plume degassing and foam
creation, a surface patch of foam cells approximately 10–
15 cm wide by 30 cm in length was created and decayed in
about 5–6 s. In addition, the length of the spillway slot can
be varied depending on the experimental requirements as can

the number of slots in the spillway. For example, a single slot
was used to examine plume and foam patch characteristics,
and a two slot configuration (with the slots at 180◦ along the
length of the spillway) has been used to maximize the gener-
ation of aerosols during a plunging event.

Before experimentation the MART system is cleaned
to minimize contamination. The internal tank surfaces are
scrubbed with 100 % percent isopropanol and then the en-
tire system is filled and the pump and spillway circulated
with a 10 % isopropanol/deionized water solution for approx-
imately 30 min. After circulation the tank is drained and then
rinsed with deionized water, and the system again circulated.
Lastly, the system is flushed with filtered freshwater (or sea-
water) and circulated while the tank water level is held con-
stant by balancing the water input and tank drain flow rates.
The MART system is considered clean when measurements
of surface tension from tank water samples are the same
as those from the filtered water supply used for experimen-
tation (approximately 72 mN m−1 measured using the Wil-
hemy plate method with a Krüss K3 tensiometer.) Although
it has been possible to sufficiently clean the MART system
with its mix of different construction materials (primarily
plexiglass and stainless steel), the design is simple enough
that an entire system could potentially be fabricated almost
entirely of stainless steel and glass should more aggressive
cleaning be required.

3.1 Bubble size distribution measurements

To examine the utility of the MART system as an oceanic
bubble plume proxy, the size distributions of bubbles within
the tank plumes were compared to those produced by sin-
tered glass filters as well as to oceanic and laboratory wave
channel distributions. The glass filters were set at a depth of
∼ 25 cm (filter surface to water surface) and dry nitrogen gas
(0.5 L min−1) was pumped through four filters, two 90 mm
diameter type E filters and two 25 mm diameter type A filters,
similar to the setup of Keene et al. (2007). The plunging sheet
peak flow rate was approximately 1 L min−1, falling through
a height of approximately 10 cm, and modulated with on/off
times of approximately 4 s on and 10 s off.

The sintered glass filter and plunging sheet bubble size dis-
tributions were obtained utilizing methods described previ-
ously by Deane and Stokes (2002). In brief, bubble plumes
were imaged a few centimeters from the side of the tank us-
ing a high-resolution digital camera (Nikon). The distribution
of bubble sizes was then obtained through computer-aided
analysis of the images. The cross-sectional area of individual
bubbles within a selected image were determined and then
transformed into equivalent spherical radii. This data com-
bined with an estimate of the imaging volume formed the
basis of the bubble size distributions presented in Fig. 4.

The reference distribution for a laboratory plunging break-
ing wave from Deane and Stokes (2002) is in absolute units
of bubbles m−3 µm−1 radius increment, which is standard

Atmos. Meas. Tech., 6, 1085–1094, 2013 www.atmos-meas-tech.net/6/1085/2013/
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Fig. 4. Intercomparison of bubble size distributions from a labora-
tory breaking wave, the plunging sheet in the MART system and
two distributions from sintered glass filters. The breaking wave dis-
tribution is in absolute units; the plunging sheet and sintered glass
filter bubble distributions have been scaled as described in the text.
The error bars on the breaking wave distribution show one std dev
from a sample of 225 images from 14 breaking events (Deane and
Stokes, 2002).

for the oceanographic literature. The absolute level of the
distributions for sintered glass filters and plunging water
were variable, depending on air flow, plunging sheet height
and roughness, among other factors. To facilitate compar-
ison with the breaking wave, the bubble size distributions
for the sintered glass filters and plunging waterfall were first
converted to probability density functions (PDFs) and then
scaled by 5.6×106. The scaling factor was determined to be
the value which brought the plunging waterfall and break-
ing wave distributions into agreement at a bubble radius of
<1 mm.

3.2 Aerosol size distributions and residence time

Particle size distributions (PSDs) were determined by a com-
mercially available TSI Scanning Mobility Particle Sizer
(SMPS) and Aerodynamic Particle Sizer (APS). The SMPS
measures particle mobility diameter (dm) by scanning volt-
ages through a TSI electrostatic classifier with differential
mobility analyzer (DMA) column (Model 3080). Sampled
particles are directed past a 508 µm impactor to remove par-
ticles too large for analysis and into the DMA column, which
separates particles by electrical mobility. The range of parti-
cle sizes which can be analyzed and the transfer function of
the DMA is dependent on the voltage applied to the central
rod and the aerosol and sheath flow rates, which were set
at 0.4 and 4.0 L min−1, respectively. Particles selected in the
DMA are injected into a condensation particle counter (TSI

Model 3010), which counts the particles over a range of size
bins.

The APS (TSI Model 3321) determines the aerodynamic
diameter (da) of particles in the 0.542 to 20 µm range by
measuring particle time-of-flight. Particles were sampled at
5.0 L min−1 (1.0 and 4.0 L min−1, aerosol and sheath flow
rates, respectively). To determineda, particles enter the inlet
of the APS and pass between two separate paths of a CW
laser split with a beamsplitter.

For both the SMPS and APS analysis, particles passed
through silica gel diffusion driers, where they were dried
to an RH of 15± 10 %. Thedm and da size distributions
recorded were merged to obtain a geometric physical diam-
eter (dp) size distribution. For the purposes of merging, par-
ticles sized by the SMPS were assumed to be of a spherical
geometry, which allows for the relation:

dm = dp (1)

Particles sized by the APS were assigned an effective density,
ρeff, of 1.8 g cm−3, a value determined experimentally, which
allows for conversion based on the relation:

dp =
da√
ρeff
ρ0

. (2)

with ρ0 equal to unit density (i.e. 1 g cm−3). Both instru-
ments had their resolution set to 32 bins per decade for con-
sistency in merging. The SMPS tends to undercount particles
at the high end of the distribution due to the cut-off from the
particle impactor, while the APS can undercount particles at
the low end due to poor scattering efficiency of the small-
est particles. As a result, particle bins in the overlapping size
region of the two methods were subsequently removed, ex-
cluding the largest and smallest bins of the SMPS and APS,
respectively (Fig. 5). Because of this, caution is required in
any detailed analysis of the overlap region between the two
measurement methods, at or around 700 nm (Fig. 5).

During MART operation, carrier gas (either N2 or syn-
thetic air) is supplied to the sealed tank at flow rates rang-
ing between 1–10 slpm depending on instrument sampling
requirements. The carrier gas flow, combined with particle
deposition within the tank determine the average lifetime of
a particle in the system prior to sampling. The e-folding time
with respect to mixing is set by the headspace volume (90 L)
and the carrier gas flow rate. For the three flow rates stud-
ied here (1, 3, and 6 slpm) the average particle lifetime with
respect to mixing are 90, 30, and 15 min, respectively. To as-
sess deposition within the tank, we arrest plunging and par-
ticle production and monitor the decay in the size dependent
number concentration. Size dependent decay rates are shown
in Fig. 6 as a function of carrier gas flow. For the decay anal-
ysis, we use an Ultra High Sensitivity Aerosol Spectrome-
ter (UHSAS) operating at 1 Hz for the submicron size dis-
tributions (Cai, 2008). The deviation in the decay from that
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Figure 5.  

Fig. 5. Probability density functions of Sea Spray Aerosol (SSA)
number distributions generated by the plunging sheet, breaking
waves in a laboratory flume and sintered glass filters. The SSA par-
ticle diameter was measured at 15± 10 % relative humidity.

determined from mixing alone is a low-bound on particle de-
position within the tank. Actual deposition rates are likely
faster when the plunging waterfall is on. As shown in Fig. 6,
particle deposition is strongly size dependent, where the ob-
served particle lifetimes span between 2 and 63 min for a car-
rier gas flow rate of 1 slpm.

Particle lifetime with respect to deposition (τDEP) is cal-
culated from the observed lifetime (τOBS) and that expected
from mixing (τMIX ) via Eq. (3) and shown in Fig. 7b.

1

τOBS
=

1

τDEP
+

1

τMIX
(3)

As expected, the in-tank deposition is strongly dependent
on particle size, where particles with diameters greater than
2 µm haveτDEP as small as 2 min, while particles in the
size window of 60–200 nm displayτDEP that is 2–3 times
τMIX (τDEP = 113–209 min). Further,τDEP is dependent on
the carrier gas flow rate, with increased deposition rates at
higher carrier gas flows.

As a result, bias in the measured size distribution is ex-
pected for particles whereτDEP is significantly smaller than
τMIX (e.g.,dp>2 µm;τDEP = 1.5 min andτMIX = 90 min for
1 slpm carrier gas flow), highlighting the importance of us-
ing size dependent, empirical corrections when determining
the size distribution of nascent SSA. Total number, surface
area, and mass concentrations are dependent on the choice of
carrier gas flow as shown in Table 1. Given fast in-tank de-
position of larger particles, enhancements in surface area and
mass (carried by the larger particles) are less pronounced at
low carrier gas flow rates than would be expected from the
observed increase in particle number.
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Figure 6 

 
 

Fig. 6. Normalized size dependent decay rates in particle number
concentration (cm−3) for three different dilution air flow condi-
tions: 1 slpm(A), 3 slpm(B), and 6 slpm(C) as measured following
the suspension of in tank plunging. The associated e-folding life-
times (τ) for each flow condition and size regime are included in
the legend alongside the expected decay rates from dilution alone.

3.3 Monitoring performance characteristics

The air entrained by the plunging waterfall was monitored
throughout the experiment by analyzing the underwater noise
radiated by newly formed bubbles within the plumes (Deane
and Stokes, 2010). The acoustic signature of the plunging
jet and forming bubble plume is characteristic of particu-
lar pump and flow conditions and by monitoring the sound
production we can ensure that these flow conditions are

Atmos. Meas. Tech., 6, 1085–1094, 2013 www.atmos-meas-tech.net/6/1085/2013/
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Table 1.Steady-state number, surface area, and mass concentrations measured as a function of the supplied synthetic air to the portable tank.
The reported value represents the mean and standard deviation (1σ). The mass concentration assumes a particle density of 1.8 g cm−3.

Flow Rate Number Concentration Surface Area Concentration Mass Concentration
(slpm) (cm−3) (µm2 cm−3) (µg m−3)

Submicron Supermicron Submicron Supermicron Submicron Supermicron

1 6288± 51 365± 10 1461± 19 2908± 137 215± 3 1747± 115
3 5006± 30 346± 14 1263± 14 2807± 215 192± 3 1734± 189
6 3698± 68 288± 10 992± 23 2232± 119 154± 4 1290± 92

repeatable over time. The acoustic measurements were con-
ducted using a hydrophone (ITC 1089d) placed a few cen-
timeters from the bubble plumes and analyzed with a Stan-
ford Research Systems SR785 Dynamic Signal Analyzer.
Acoustic reverberation within the tank makes a quantitative
analysis of the noise problematic, however, by keeping the
hydrophone position relative to the plume fixed and gener-
ating a reference acoustic spectrum at the beginning of an
experimental run, it is possible to detect changes in air en-
trainment conditions over time. In addition to the acoustic
monitoring, the flow rate of water supplied to the spillway is
measured using a digital flow meter downstream of the circu-
lation pump and any variation in flow can be adjusted using
the shunt flow valve.

In Fig. 8, the acoustic spectrum recorded at three dif-
ferent plunging sheet flow rates (0.6, 0.75 and 0.95 L s−1),
each at three different times during an experimental session
is shown. Even though the sound being generated by each
plunging sheet is from a seemingly random ensemble of ring-
ing bubbles in a turbulent flow field, the acoustic power in
certain frequency bands (e.g., 4 kHz) is relatively conserved
at each flow rate and set of tank conditions as shown by the
clustering of the red, green and blue lines in Fig. 8. By mon-
itoring the acoustic spectrum for large variations, the MART
system can be configured to replicate bubble plume produc-
tion in separate experiments (i.e., by adjusting the flow rate,
height of the plunging sheet, angle of the spillway, duty cy-
cle of the solenoid valves) and thus consistently replicate
the aerosol source; therefore, by regularly monitoring the
acoustic spectrum during a experimental session, any drift in
production mechanism attributable to changes in the bubble
plume can be noted, adjusted or compensated for.

4 Comparison of MART to other generation methods

As noted by Sellegri et al. (2006) and Fuentes et al. (2010),
a plunging water jet best replicates the bubble plumes gen-
erated by an oceanic whitecap. Comparison of the bubble
plume formed by the MART system to those generated by
air flow through sintered glass filters and to those formed in
oceanic waves and within a large laboratory wave channel
(Figs. 1 and 4) illustrates that a plunging sheet of water forms
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Figure 7  

 

 

Fig. 7. (A) Observed lifetime as calculated from the decays shown
in Fig. 6 as a function of particle size. For reference, the size inde-
pendent lifetimes due to dilution alone are shown with dashed lines.
(B) Calculated size dependent lifetime with respect to deposition
within the tank for the three air flow dilution rates.

a broader spectrum of bubble sizes than the sintered glass fil-
ters tested, including critical bubbles larger than about 1 mm
in radius. The slopes of the bubble density size spectrum in
the MART plumes are very similar to the slopes of oceanic
and laboratory breaking waves at sizes smaller and larger
than the Hinze scale (aH). The bubble plumes generated by
the sintered filters have a much narrower size spectrum and
tend not to include bubbles larger than about 800 µm radius.

By using a much larger volume tank than that used by
Fuentes et al. (2010), the bubble plumes generated by the
plunging sheet can penetrate 20 to 30 cm beneath the water
surface which is similar to the penetration depths of plumes
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Figure 8 
 

 

 

 

 

Fig. 8. Spectrum of the voltage output from a miniature hydrophone
(ITC 1089d) mounted approximately 5 cm from the end of the
plunging sheet. There are 9 spectra shown in the plot consisting
of three replicas for three different flow rates as indicated in the
legend. The variation of the spectra with frequency is a function of
both resonances within the tank and variation in the sound radiated
by the bubble plume. Despite variability within an ensemble for a
fixed flow rate, distinct differences in the spectra can be seen be-
tween flow rates.

generated by spilling breakers in the lab and ocean (Deane
and Stokes, 2002; Melville, 1996). The intermittent cycling
of the plunging jet in the MART system allows the bubble
plume and resulting surface foam patch (Fig. 3) to evolve
over time creating a bubble and aerosol source that is a closer
match to the decaying patches of foam produced by white-
caps than that provided by constant, stationary jets. The im-
portance of decaying foams (as opposed to pseudo steady
state foams, for which decay rates are matched by bubble en-
trainment rates) remains an open question, but may be impor-
tant. For example, the jet drop production mechanism may be
somewhat suppressed in steady state foams if they are more
than a single bubble layer thick because of the top layer of
foam film absorbing jet drop aerosols produced at the air-
water interface. Foams allowed to decay even if they are ini-
tially three-dimensional in structure, will eventually devolve
into two-dimensional rafts of bubbles which will not sup-
press jet drops. The MART system is currently being used
to examine these foam dynamics. By manually activating the
plunging sheet to produce isolated foam patches or changing
the TR53122 timing relay to one enabling longer delay times
between plunging, the properties of surface foam patches and
SSA production as they evolve over time are being studied.

The particle number distribution measured using the
MART system is broader and peaks at a significantly larger
diameter as compared with particle number distributions ob-
tained using sintered glass filters (Fig. 5). Though similar

to the size distribution obtained by Fuentes et al. (2010), it
is notable that the particle number distribution obtained us-
ing the MART system has less pronounced characteristics of
sub-100 nm modes, with the dominant number distribution
mode around 200 nm, broadly tailing off to both larger and
smaller sizes. Similarly, the particle number distribution gen-
erated by the plunging jet, or “weir” of Sellegri et al. (2006)
peaks at approximately 100 nm, with a secondary peak at
approximately 350 nm, similar to their medium-sized glass
frit, and without a significant contribution of super-micron
sized particles evident in the MART distribution. This re-
sult is consistent with the broad bubble size spectrum and
accurate representation of bubbles larger that 1 mm that is
achieved by MART. Particle number distributions measured
in the MART system are in strong agreement with those pre-
viously measured from breaking waves in the Scripps Institu-
tion of Oceanography Hydraulics Laboratory (Prather et al.,
2013). These measurements highlight the importance of an
accurate representation of bubble formation processes in the
creation of sea-spray aerosol in the laboratory.

5 Conclusions

In order to faithfully reproduce the aerosols created by
breaking oceanic waves any surrogate system must mimic
the complex two-phase flows, bubble plumes and surface
foam patches naturally generated during whitecap formation.
These conditions can be replicated in large seawater breaking
wave channels; however, these facilities are not readily avail-
able, and due to their large volume it is extremely difficult
to satisfactorily enclose them for high fidelity aerosol sam-
pling and to carefully control the environmental conditions
within them. Sintered glass filters (frits) sparged with air in
an enclosed tank produce controllable plumes, however the
bubbles produced are constrained to a size spectrum that is
considerably narrower than the spectrum observed in labora-
tory and open ocean breaking waves. In order to reproduce
the broad spectrum of bubbles from a breaking wave would
require injecting air through multiple frits of varying size and
varying injection rate, but even then the slopes of the bubble
distributions produced would need to reflect the change in
slope observed about the Hinze scale in natural distributions.

When creating plumes using plunging water, it is impor-
tant that the falling sheet or jet have the appropriate scale of
surface roughness before impacting the water surface in or-
der to create the correct sized voids along the air–water inter-
face (Zhu et al., 2000). The larger voids in particular are crit-
ical for producing the correct plume bubble size distribution
that includes bubbles larger than the Hinze scale. Stationary,
narrow cross-sectional area and high velocity jets may not
entrain large bubbles characteristic of whitecaps without the
correct scale of disturbances on their surface before impact-
ing the water.
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It may be important that any bubble plume creation mech-
anism provide the correct intermittency in production. Nat-
ural plumes and the resulting surface foam patches evolve
over a time scale of seconds to tens of seconds. Continuous
jets impacting the surface at a fixed location create subsur-
face flow fields unlike breaking events. Continuous sparg-
ing of air through frits or air entrainment by continuous jets
can also create three-dimensional surface foams that do not
evolve and dissipate like within natural whitecaps and then
can bias physical and chemical attributes of the aerosols cre-
ated when the bubbles rupture (submitted Science paper).

The resulting particle size distribution generated within
the MART system closely resembles that generated from
breaking waves within the SIO glass-walled wave channel.
Confining the bubble generation to a smaller headspace air
volume (<50 L) as compared to the wave channel, permits a
significant increase in particle number concentrations (from
100 to greater than 5000 particles cm−3, for the wave chan-
nel and MART system, respectively). As a result, the MART
system enables a wide array of measurements (e.g., size re-
solved hygroscopicity and heterogeneous reactivity) that are
not feasible at the low number concentrations produced in
the wave channel.

The MART system provides many benefits for the con-
trolled study of the chemistry and physics of marine bubbles,
foam and aerosols. Because the air entrainment processes are
monitored, experiments are repeatable even while environ-
mental variables, like the seawater and atmospheric chem-
istry and the physical forcing mechanisms controlling the
plume dynamics are manipulated. Furthermore, the MART
provides a standardized, easily fabricated, portable aerosol
source for studies across separate labs or for shipboard use
while at sea.
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