
Chapter 8
Studying the Role of Gas Bubbles
on Air-Sea Gas Transfer Using Computer
Models

Jun-Hong Liang

Abstract Oceanic gas bubbles, the building blocks of whitecaps, play important
roles in air-sea gas transfer at moderate to high wind speed when wave breaking and
bubble formation are frequent. This review focuses on the development of computer
models, usually constrained by laboratory and field observation, to improve the
qualitative and quantitative understanding of bubble-mediated air-sea gas transfer.
The construction of bubble models, the coupling of bubble models with other ocean
models, examples of their application and major findings from existing bubble
modeling studies are discussed and summarized.

8.1 Introduction

Oceanic gas bubbles, visually identified as whitecap at the ocean surface because of
their distinctly different optical property from seawater, influences the properties of
both sides of the ocean-atmosphere interface. One of the disciplines that bubbles
play an important role in is air-sea gas transfer. Air-sea gas transfer modulates
dissolved gas concentration in the ocean surface mixed layer and the cycling of
chemical elements between the ocean and the atmosphere (e.g., Hamme et al. 2019).
Air-sea gas transfer at low wind speeds (U10 < ~7 m/s) is relatively well understood
thanks to a series of theoretical (e.g., Liss and Slater 1974), laboratory (e.g.,
Broecker et al. 1978) and in situ studies (e.g., Wanninkhof et al. 1993; Asher
1997). The ocean under these wind speeds is unbroken though possibly wavy, and
gases diffuse in and out of the ocean through the ocean-atmosphere interface. The
gas transfer rate for this regime is proportional to wind speed. In contrast, air-sea
gas exchange at moderate to extreme wind speeds (U10 > ~7 m/s) is more challeng-
ing to quantify. At these wind speeds, ocean surface gravity waves break and the
breaking waves entrain air bubbles into the ocean (e.g., Monahan and Torgersen
1991; Farmer et al. 1993). Gas transfer occurs not only at the ocean surface, but also
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between gas bubbles inside the ocean surface mixed layer and the surrounding water.
The significance of gas bubbles in air-sea gas transfer generally increases with wind
speed since wave breaking occurs more frequently and turbulence that traps bubbles
becomes more energetic. Under hurricane winds, the contribution from bubbles is
dominant (D’Asaro and McNeil 2007; McNeil and D’Asaro 2007). Bubbles con-
tribute to the total air-sea gas flux for most gases in two ways (e.g., Woolf 1997):
(1) the enhancement of the total gas transfer rate and (2) surface bubble-induced
equilibrium supersaturation. Bubbles provide a pathway in addition to the ocean
surface for air-sea gas transfer; gas transfer rate is, therefore, larger with bubbles than
without bubbles. Gases can dissolve from bubbles at supersaturated conditions,
caused by the surface tension and hydrostatic pressure on bubbles. Intuitively,
gases can dissolve into water that is 200% saturated when a bubble is deeper than
10 m. When the total gas flux is zero, the surface ocean is supersaturated with surface
outgassing balanced by interior dissolution through bubbles. For polar gases such as
DMS that are more prone to stay at the bubble-water interface than the aqueous or
gas phase alone, bubbles enhance their effective solubility (Vlahos and Monahan
2009; Vlahos et al. 2011). Besides directly transferring gases through their interface,
bubbles also enhance surface transfer rate when they burst by disrupting the diffu-
sive sublayer.

Mathematically, the total air-sea gas flux F, including the contribution from
bubbles, is expressed as (e.g., Woolf 1997),

F ¼ ks þ kbð Þ SPatm 1þ Δbð Þ � Cw½ � ð8:1Þ

where ks and kb are the gas transfer rate at the ocean surface and bubble-water
interface, respectively; S is gas solubility; Patm is atmospheric pressure; Δb is bubble-
induced equilibrium supersaturation defined as the relative deviation of dissolved
gas concentration from saturation concentration due to bubbles; Cw is dissolved gas
concentration. The bubble-enhanced gas transfer rate is either explicitly or implicitly
in many widely used gas flux parameterizations (e.g., Wanninkhof et al. 2009;
Fairall et al. 2011). Bubble-induced equilibrium supersaturation Δb, however, is
not commonly included. Recently, the importance of Δb has been realized as
saturation anomaly influences the estimate of other biogeochemical processes,
such as biological production and denitrification, using dissolved gas measurements
(e.g., Emerson and Bushinsky 2016; Nicholson et al. 2016). Quantification of Δb is
very challenging as direct measurement of gas flux across bubble-water interface in
the ocean is impossible. Currently, two approaches are used to estimate Δb. The first
approach utilizes observations of the dissolved gas saturation anomaly (e.g., Stanley
et al. 2009; Vagle et al. 2010). By subtracting the contribution to the gas saturation
anomaly by processes other than bubbles, the effect by bubble-mediated gas flux is
quantified. The second approach directly calculates the gas flux through bubbles
using bubble fields. Quantitative observation of bubbles in the ocean surface bound-
ary layer is very limited (e.g., Farmer et al. 1998), and it is particularly challenging at
high wind speed when bubble-mediated gas transfer is important. The approach is
therefore achieved by using calculated bubble fields, usually constrained by the
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limited observations (e.g., Woolf and Thorpe 1991). This review focuses on the use
of a computer model that generates subsurface bubble fields to derive bubble-
mediated air-sea gas flux.

8.2 Bubble Modelling

8.2.1 Bubble Processes

A bubble model needs to simulate all important bubble processes that are reviewed
in this subsection. The majority of gas bubbles form during the breaking of surface
gravity waves, although they can also be generated by the impact of raindrops at the
ocean surface, from seafloor gas vents, and through biological processes such as
photosynthesis that releases gases. After their formation, gas bubbles rise due to their
own buoyancy. At the same time, the energetic turbulent ocean surface boundary
layer currents compete with the buoyancy of bubbles to keep them suspended in the
water column. While in the water column, gas bubbles exchange gases with the
surrounding water. They also change size when they exchange gas with the sur-
rounding water and when they move up and down in the water column leading to the
change in hydrostatic pressure. Large, fast-rising bubbles have a relatively short life
in the water column and eventually burst at the ocean surface. Small, slow-rising
bubbles are able to suspend in the water for a long period so that gases in them
completely dissolve in the water. The fate of bubbles is important for the purpose of
bubble-mediated air-sea gas transfer. Intuitively, the amount of gas dissolving from
completely dissolved bubble equals to the amount of gases in those bubbles, while
the amount gas dissolving from partially dissolved bubbles are controlled by a
number of factors such as gas solubility, gas diffusivity, and the life span of those
bubbles, in addition to the amount of gas in those bubbles. Theoretically, it can be
shown that kb is only determined by flux through the relatively large, partially
dissolved bubbles, while Δb is controlled by flux through all bubbles including
both the completely and partially dissolved bubbles (e.g., Liang et al. 2013)
(Fig. 8.1).

8.2.2 Construction of a Bubble Model

There are two types of bubble models: an Eulerian bubble concentration model and a
Lagrangian bubble model. In the Eulerian bubble concentration model, bubble
concentrations at each spatial location (computational grids) are calculated. In a
Lagrangian bubble model, a large amount of Lagrangian particles, each representing
a certain number of actual bubbles, are traced. The two types of models are
separately reviewed:

8 Studying the Role of Gas Bubbles on Air-Sea Gas Transfer Using Computer Models 109



8.2.2.1 Eulerian Model

For the accurate calculation of gas flux through bubbles, bubble concentration field
is modeled as,

∂nj x, r, tð Þ
dt

¼advectionþ diffusion

þ buoyant rising

þ gas exchange with surrounding water

þ bubble size change

þ bubble formation under breaking waves

þ bubble bursting

ð8:2Þ

where ni is the concentration density of gas i in bubbles of radius r at spatial location
x and time t. Bubble number density is diagnosed from ni using the ideal gas law.
The detailed mathematical expressions for the right-hand-side RHS terms can be
found in Equations (1) to (5) in Liang et al. (2011). The first two terms, i.e., turbulent
advection and diffusion, are based on fluid dynamical principles. The rest of the RHS
terms related to bubble physics and dynamics come from many theoretical and
experimental studies (e.g., Thorpe 1982; Lamarre and Melville 1991; Deane and
Stokes 2002). The equation requires inputs of water velocity, dissolved gas concen-
trations in the surrounding water, and other parameters related to gases such as
diffusivity and solubility.

There are here a couple of differences from bubble models used to study bubbles
in the surf zone or in a laboratory flume (e.g., Shi et al. 2010). First, gas dissolution
included in Eq. (8.2) is neglected in surf zone bubble models. It is shown in Liang

Fig. 8.1 A schematic
showing processes related to
oceanic bubbles
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et al. (2012) that gas dissolution is the dominant factor shaping the distribution of
bubbles in an oceanic surface boundary layer except very close to the surface where
breaking waves actively entrain bubbles. Secondly, the amount of individual gases
in bubbles is explicitly prognostic in Eq. (8.2) while bubble number density is
modeled in surf zone bubble models. The gas fraction in bubbles dynamically
evolves using Eq. (8.2). This is important to accurately diagnose gas flux through
bubbles. Because different gases have different solubility, the fraction of a gas
differs from the atmospheric fraction of the gases after bubble formation. It is
demonstrated in Liang et al. (2012) that the averaged fraction of O2 goes from
approximately 0.21 at the surface to about 0.15 at 15 m depth under a 10-m wind
speed of 20 m/s. Assuming a constant gas fraction based on atmospheric gas
composition would lead to an underestimate of gas flux from the less soluble gas
N2 and overestimate of gas flux for more soluble O2.

The biggest appeal of an Eulerian bubble model is the relatively straightforward
coupling with a hydrodynamic model. Equation (8.2) can be discretized and solved
in the same spatial computing grid as for the hydrodynamic model and nj is
conveniently added as an additional tracer in the model. There are a few limitations
associated with the numerical solution of an Eulerian bubble model. First, Eq. (8.2)
includes an advection term and its numerical solution cannot avoid the inherent,
spurious diffusive (smoothing) and dispersive (oscillating) errors. Secondly,
Eq. (8.2) has to be solved for different gas components in different size bins. For
example, 3 gases and 200 size bins are used in Liang et al. (2011) to simulate bubbles
under an individual breaking wave, implying that Eq. (8.2) is solved 600 times at
each spatial location x. Furthermore, when bubbles are simulated in the ocean
surface boundary layer, the vertical extent of the computing grid has to be 2 to
3 times the boundary layer depth and is usually greater than 100 m although bubbles
are only in the upper 10 or 20 m of the water column. In Liang et al. (2013), 2 gases
and 17 size bins are used and the authors were able to carry out bubble flow
simulations for about a half day. Finally, the separation of completely and partially
dissolved bubbles is ambiguous in an Eulerian bubble model because we are not able
to follow individual bubbles in an Eulerian bubble concentration model. Since the
separation is crucial in a model for gas flux through bubbles based on first principles,
the ratio of the two types of bubbles is diagnosed using the gas flux ratio in Liang
et al. (2013).

8.2.2.2 Lagrangian Bubble Model

In a Lagrangian bubble model, the location (x), gas contents (nj with subscript j
indicates gas type, e.g., j ¼ 1 for N2, and j ¼ 2 for O2), and size (r) of each
Lagrangian particle are solved,

dx
dt

¼ u ð8:3aÞ
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dnj
dt

¼ f r, z, cj, Sj,Dj

� � ð8:3bÞ

dr
dt

¼ f
dnj
dt

,w

� �
ð8:3cÞ

In Eq. (8.3b), z is the vertical location of the Lagrangian particle; cj, Sj, and Dj, is
the dissolved concentration in the surrounding water, the solubility, and the diffu-
sivity of gas j, respectively. Particle velocity (u) includes the effect of current, wave,
and its own buoyancy that is size dependent. Ideally, each Lagrangian particle
represents one gas bubble, but that is currently impossible because there are numer-
ous bubbles in the ocean and computing power is limited. In actual simulations, each
Lagrangian particle represents a large number of actual bubbles. Following the
tradition in Lagrangian modeling of atmospheric cloud droplets where a Lagrangian
particle is called a “super-droplet”, the Lagrangian particles are called
“superbubbles” in Liang et al. (2017). In Woolf and Thorpe (1991) where Langmuir
circulations are represented by steady circulation cells, 5000 superbubbles were
used. In Liang et al. (2017) where the ambient current is fully turbulent and
unsteady, 8 million superbubbles were used.

A Lagrangian bubble model has the following advantages over an Eulerian
bubble concentration model. Physically, a Lagrangian model allows straightforward
separation of completely and partially dissolved bubbles since the fate of individual
bubbles is tracked. Numerically, the Lagrangian model is a set of ordinary differen-
tial equations, whose numerical solutions are straightforward, without nonphysical
effects associated with the dispersive and diffusive errors inherent to the numerical
solutions of advection-diffusion equations in an Eulerian model. Computationally,
computing power is allocated only to locations where bubbles are abundant, while
bubble concentrations are calculated at each grid point for each size in an Eulerian
coordinate system, even at depths where bubbles seldom reach and for sizes of few
bubbles. The processor to compute a Lagrangian particle is the one that computes
turbulent flow at the location of the particle. Buoyant particles are unevenly distrib-
uted in space, particularly in wave-driven Langmuir circulations, therefore comput-
ing loads are also unevenly distributed among processors. Our experience is that this
increase in computing time due to heterogeneity is moderate and we are able to
simulate bubbly flows for a two-week period in Liang et al. (2017). However, a
Lagrangian model is less straightforward to implement in a parallel computing
framework. A large number of Lagrangian particles are required to represent a
field in the space.

8.2.2.3 Coupling with Hydrodynamic Model and Dissolved Gas Model

Bubble models require information about ambient current, temperature, and
dissolved gas concentration. In early bubble modeling studies, due to insufficient
knowledge of turbulent flows in the ocean surface boundary layer and limited
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computing power, the effect of turbulence on bubbles is either neglected (Memery
and Merlivat 1985), or by a pair of steady counter-rotating circulation cells mim-
icking Langmuir circulation (e.g., Woolf and Thorpe 1991). Dissolved gas concen-
tration is set to a constant in those studies. In the past two decades when
computation-expensive data-intensive parallelized computer models are able to
resolve water turbulence, the concurrent simulation of turbulent flow and bubble
fields becomes possible. Direct numerical simulation (DNS), where all water
motions are resolved, has been used to simulate the evolution of bubbly flows
under breaking waves in surf zones (e.g., Derakhti and Kirby 2014; Deike et al.
2016). However, DNS of the ocean surface boundary layer which is much deeper
than the surf zone is still formidable in the foreseeable future because the ocean
surface boundary layer is highly turbulent requiring a large number of grid points to
resolve motions at all scales. Large eddy simulation (LES), where the majority of the
energetic turbulent flows is simulated and the unresolved motions have little effect
on resolved motions, is the popular approach to simulate boundary layer turbulence.

In the past few years, we coupled bubble models, first an Eulerian bubble
concentration model (Liang et al. 2012) and later a Lagrangian bubble model
(Liang et al. 2017) in a paralleled LES model for ocean surface boundary layer
flows. The LES model we used is the National Center for Atmospheric Research
Large Eddy Simulation (NCAR-LES) model (e.g., McWilliams et al. 1997). It is
considered a state-of-the-art model for turbulent flows in the ocean surface boundary
layer, and has been applied to study ocean turbulent flows under a variety of surface
meteorological conditions and lateral forcing (See Sullivan and McWilliams 2010
and references therein). In a recent study (Liang et al. 2017), we demonstrated the
use of the model to reproduce the observed concurrent evolution of the hydrody-
namics, bubbles, and dissolved gases. The coupling between different models is
illustrated in Fig. 8.2.

8.3 Studying Bubble-Mediated Gas Transfer Using
a Computer Model

Four studies using numerical models to study bubble-mediated gas transfer are
reviewed in this section in chronological order.

8.3.1 The Study of Merlivat and Memery (Memery
and Merlivat 1985) (Hereafter MM85)

In MM85, bubbles are modeled as Lagrangian particles (superbubbles). In an era
without advanced knowledge of boundary layer currents, superbubbles of diameter
from 50 μm to 2000 μm are assumed to rise at their terminal velocity in quiescent
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water after their release in the ocean. Gas flux from each superbubble during its
whole life in the water column (q(r0, z0) with r0 the initial size and z0 the depth of
entrainment by breaking wave) is computed. Because the evolution of each
superbubble is deterministic, the gas flux through bubbles (Fb) is then calculated as,

Fb ¼
ZZ

S r0, z0ð Þq r0, z0ð Þdrdz ð8:4Þ

where S(r0, z0) is the bubble source function and the mean observed subsurface
bubble distribution function was used by the authors. The use of mean subsurface
bubble distribution as a bubble source function is not accurate, but was the best the
authors could do at that time. The study draws some useful qualitative conclusions
and new insights on how bubble-mediated gas transfer is influenced by gas solubil-
ity, gas diffusivity, and surfactants.

8.3.2 The Study of Woolf and Thorpe (1991) (Hearafter
WT91)

Woolf and Thorpe (1991) also utilized a Lagrangian bubble model, similar to
MM85, but made a few important improvements to the approach. In WT91, Lang-
muir circulations were included, as steady and counter-rotating circulation cells and
background turbulence were modeled as isotropic random displacement determined

Fig. 8.2 A schematic showing the coupled hydrodynamic-bubble-gas model
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by diffusivity that is assumed uniform in the water column. The mean observed
subsurface bubble distribution was used to tune the initial bubble size distribution.
Furthermore, updated formulas for bubble and gas physics were used. Since bubble
evolution is no longer deterministic due to turbulence, bubble gas flux is computed
using simulated equilibrium bubble fields (Φ(r,x) with r the bubble size and x the
bubble location) as,

Fb ¼
ZZ

dnj
dt

Φ r, xð Þdrdx ð8:5Þ

Using the simulated bubble solutions, the authors are the first to propose parame-
terization for bubble-induced supersaturation and the parameterization has been
shown to produce a reasonable agreement with dissolved gas measurements in a
global model (Liang et al. 2013). They also suggested that gas flux depends on the
saturation level of the most abundant gases including O2 and N2.

8.3.3 The Study of Liang et al. (2013) (Hearafter L13)

L13 fitted a parameterization for bubble gas flux based on simulated bubble fields in
Langmuir turbulence driven by waves in equilibrium with the wind. The bubble
fields were simulated with an Eulerian bubble concentration model (Eq. 8.2) and the
bubble-mediated gas flux (Fb) is calculated the same way as in WT91 (Eq. (8.5)).
Similar to some previous parameterization derived from observations (e.g., Stanley
et al. 2009; Nicholson et al. 2011), the parameterization by L13 separates completely
and partially dissolved bubbles indirectly through analyzing the gas flux ratio
between O2 and N2. It was also demonstrated that bubble-induced equilibrium
supersaturation (Δb) is temperature dependent and is larger at lower temperatures
because diffusive gas flux at the ocean surface that offsets gas injection through
bubbles is slower at lower temperatures. The authors also compared existing param-
eterizations that include Δb and show that huge uncertainty exists in those parame-
terizations. For example, bubble-induced supersaturation for N2 spans the range
from ~ 2% to more than 12% among different parameterizations.

The parameterizations were then tested in a global ocean transport model.
Although bubbles only stay in the upper ocean for a short period of time, they set
the near-surface dissolved gas concentration as a boundary for ocean ventilation and
have non-negligible effects in the deep ocean. For example, L13 showed that
bubbles at the near-surface ocean contribute more than 1% of the saturation level
for Argon in the abyssal ocean and are crucial for accurately simulating deep-water
gas concentration.
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8.3.4 The Study of Liang et al. (2017) (Hearafter L17)

L17 applied a coupled hydrodynamic-bubble-dissolved gas model to study the
evolution of the ocean environment and dissolved gases under a winter storm with
wind speeds up to 20 m/s at ocean station Papa, where concurrent, relatively high-
resolution (hourly or three-hourly), observations at both sides of the ocean-
atmosphere interface including wind, buoyancy fluxes, wave, temperature, salinity,
and dissolved gas concentrations are available. While the model-data comparison in
L13 is for long-term means, the model-data comparison in L17 is for a transient
synoptic event.

An instantaneous snapshot of subsurface bubble distribution (Fig. 8.3) shows that
bubbles are mixed to more than 20 m during the peak wind of 20 m/s or so. The
model reproduces the transient evolution of both observed O2 and N2 in the mixed
layer when bubbles are considered. Without bubbles, the dissolved concentrations of
both gases are underestimated. L17 also showed that sea state is an important
parameter for bubble-mediated air-sea gas transfer, consistent with some other recent
studies (e.g., Brumer et al. 2017; Deike and Melville 2018). When waves are less
developed, there are fewer but larger breaking waves, leading to deeper bubble
entrainment and larger gas fluxes through bubbles. At the same wind speed, gas flux
through bubbles when the wind is strengthening, and the wave is less developed, can
be twice as large as that when the wind is weakening.

8.4 Outlook

Computer models have improved our quantitative and qualitative understanding of
bubble-mediated air-sea gas transfer. With the many data obtained recently and in
the near future (see other chapters of this book), and the continued advancement in
supercomputers, bubble models can be further improved by more detailed simula-
tions of bubble and gas processes, such as entrainment under breaking waves and gas
dissolution that are currently highly parameterized. Furthermore, existing bubble
modeling studies are all for bubbles under the exclusive influence of boundary layer
turbulence. Bubbles have been observed to reach tens of meters (Baschek et al.
2006) and are expected to contribute to the aeration of the water column in those
scenarios that deserve more studies.

In addition to their significant role in air-sea gas transfer, bubbles also play
important roles in other disciplines in oceanography, ocean sensing and earth
science. For example, their optical and passive acoustical footprints are used to
study and quantify dynamic processes, such as breaking waves (e.g. Melville and
Matusov 2002) and turbulent mixing (e.g., Wang et al. 2016) in the upper ocean.
Active noise levels during bubble formation were used to infer strong wind speeds
(e.g., Zhao et al. 2014). In addition to gas transfer in the surface ocean, bubbles carry
gases such as methane from the seafloor through the water column to the atmosphere
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(e.g., Leifer and Patro 2002). When bubbles burst, they contribute to aerosol
production (Monahan et al. 1986) that leads to the formation of marine clouds.
Finally, artificially generated bubbles have been proposed as a geoengineering
approach to reduce night-time bottom water acidification in shallow water (Koweek
et al. 2016). The use of bubble models is expected to improve the qualitative and
quantitative understanding of these subjects.

Acknowledgement The author would like to acknowledge funding support from the National
Science Foundation through grant OCE-1521018 and OCE-1558317. Computation in this study
was carried out on high-performance supercomputing facilities at Louisiana State University and at
the National Center for Atmospheric Research.

Fig. 8.3 Time series of wind speed during the period of simulation with day 0 corresponding to the
start of Nov. 14th 2011 GMT (upper panel), and simulated bubble number density during peak wind
denoted by a red circle in the upper panel. See Liang et al. (2017) for detailed description of the
model configuration and other model results
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