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Abstract

The Earth is an integrated system that consists of sub-systems that interact and influence

each other. These interactions have an important influence on the understanding of

weather and climate of the earth system. Air-sea interactions are one such interaction

that affects the Earth’s system thus making it essential to understand the physical

processes that affect the prediction and forecast of the weather and climate. The present

state of art climate and numerical weather prediction models use bulk models which are

based on Monin-Obukhov similarity theory and Charnock’s relations to determine the

fluxes across the air-sea interface. The COARE 3.5 model is the best performing model

available, and it is seen that the model underestimates the fluxes at higher wind speeds.

Hence, to avoid any assumptions and circular dependencies, we need to build a simple

parameterization of coefficients of fluxes to determine fluxes.

Eddy Covariance, the purest form of flux calculation, is used to develop the parame-

terization. Eddy covariance relies on high-frequency 3-D winds, which, on ships, are

contaminated by platform motions. However, in the absence of reliable accelerometer

data, or a failed collocated accelerometer, calculating these motions is difficult. Here,

in this study, we studied if the ship’s motion reference data can replace external col-

located accelerometer data. We have characterized that for the anemometer mounted

on the foremast of the R/V Investigator, and there is a lag of 1.4 sec in the ship’s mo-

tion reference unit data. Hence, we can correct the wind speeds for platform motions

using the ships’ motion data after adjusting to the lag. The spectral speak due to the

platform motions observed in the measured raw data by anemometer is removed after

the corrections performed by the ship’s data. Hence, achieving the redundancy of the

external collocated accelerometer, GPS receiver, and heading sensors.

The fluxes computed from the eddy covariance technique are used to get a simple param-

eterization to estimate fluxes. Here, we have developed the coefficients of drag, latent

heat fluxes in terms of simple functions of Reynolds and bulk Richardson number, which

are physically dependent on velocity and stability of the atmospheric boundary layer.

The model proposed does not depend on any assumptions or does not have any circular

dependencies. The coefficient of sensible heat flux could not be parameterized as we

observed that there is no dependence on Reynolds number in the neutral, stable region.

The proposed model is performing better compared to that of the COARE 3.5 model at

higher wind speeds.

Gas transfer across the air-sea interface is challenging to measure, and the existing

relationships for the gas transfer velocity with wind speeds have a high variance at high

wind speeds. It is essential to measure gas transfer velocities in the Southern Ocean as
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it is least sampled with the rough environment and high surface waves. It is estimated

that the Southern Ocean is the largest sink of anthropogenic carbon dioxide, with about

40% of the total world ocean sink. Gas transfer velocities of CO2 in the Southern Ocean

are measured, and it is found that the results obtained are within the range that is

reported by the previous researchers. However, there are no sufficient data points, and

the variance in the data is high to get any conclusions from the results obtained.
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Chapter 1

Introduction

The Earth is an integrated system that consists of four main components or subsystems:

the atmosphere, hydrosphere, lithosphere, and biosphere. These subsystems interact

and are interconnected with each other. The atmosphere is the layer of gases that lies

above the surface of the Earth and is held to its surface by gravity. The hydrosphere is

the component of Earth, that consists of water in all its three phases. The lithosphere

is the part of the Earth system that is composed of rocks and minerals, which consists

of the Earth’s outer solid outer crust, the inner core, and the inner molten mantel.

The biosphere comprises of Earth’s living things, which can be found in all other three

subsystems of the Earth. Humans are a part of the biosphere, and human activities have

an important impact on all the four components of the Earth. All the Earth processes

are a result of the energy and mass flowing across and within the Earth’s systems. The

rate of movement across the subsystems is termed as flux. Energy is transferred across

and between the systems in three ways: radiation, convection, and conduction.

1.1 Air-Sea Interactions

The atmosphere and hydrosphere interact through the exchange of heat, momentum,

and mass. Oceans are a major component of the hydrosphere, and they cover over 71%

of the Earth’s surface. Oceans have a high heat holding capacity compared to that of

the atmosphere and transport heat across latitudes through ocean circulation and to the

atmosphere across the air-sea interface through sensible and latent heat (Pickard and

1
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Emery, 1961). The air-sea fluxes are governed by processes acting on the interface as

well as the boundary layer processes that influence the vertical transport. The transport

processes that govern the exchange are the molecular diffusion and turbulence, both

these aim at restoring equilibrium. In most cases, turbulent transport is more effective

compared to that of molecular diffusion. The atmospheric processes which govern most

of the air-sea exchanges are turbulent transport through the Atmospheric Boundary

Layer (ABL). The Oceanic Boundary Layer (OBL) influences air-sea fluxes through

mixing, bubble distributions, and wave breaking.

The understanding of weather and climate system of the Earth system is essential to

humankind to predict and forecast the future, thus making it vital for us to understand

the physics of these systems and how they influence each other. Understanding the

physical processes that drive the exchange of momentum, heat, water vapor, and gases

at the air-sea interface are vital as these are significant drivers of the weather and

climate as momentum and heat fluxes at the interface influence the mixing layer and

energy transport in the oceans. Over most of the oceans, latent heat flux (LHF) is

comparatively higher than the sensible heat flux (SHF). It represents the water vapor

supplied from the oceans to the atmosphere, determining the precipitation across the

globe. However, understanding of the physical processes that drive the air-sea exchange

is limited due to the lack of observed turbulent flux measurements over the ocean.

1.1.1 Boundary Layer

A boundary layer is defined as a layer near the interface where the effects of shear

are significant. Both the ABL and OBL governs Air-sea fluxes. The layers of ABL

include the interfacial or near-surface layer, surface or constant flux layer, mixed layer,

and entrainment zone. A schematic of ABL evolution with a diurnal cycle is shown

in Figure 1.1 (Stull, 2012). The ABL and OBL are similar, but the time and length

scales differ due to the density of the media. The ABL has a depth ranging from tens

of meters to several kilometers during stable and convective conditions, respectively. In

the atmosphere, turbulent fluxes of momentum and mass tend to decrease monotonically

with height throughout the depth of the boundary layer. Hence, a shallow layer above

the surface, where the fluxes do not deviate significantly from the surface values, is

defined as the constant flux layer. This layer usually extends to about 20-50 m. The
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OBL is 5-50 m thick depending on stratification and wind speeds. Processes unique to

the OBL are wave breaking and air entrainment. The sea surface sub-layer is involved

with the transport of heat, momentum, and mass across the interface. The thickness

of viscous, thermal, and diffusion molecular sub-layers at the interface is associated

with the length scales of the turbulence; typically, molecular sub-layers extend from the

surface to about 1500µm (viscous sub-layer), 500µm (thermal sub-layer), and 50µm

(diffusion sub-layer) (Csanady, 2001). The thickness of the molecular sub-layer depends

on air-sea interaction, which in turn depends on wind stress, heat, salinity, and waves.

Figure 1.1: Evolution of diurnal structure of Atmospheric Boundary Layer with local
time. (From Stull (2012))

Winds transfer energy into the water, impacting the surface by creating surface waves,

which in turn affects the atmosphere’s boundary layer. Mass is exchanged across the

air-sea interface, having implications for water vapor in the atmosphere and trace gas

concentrations in both the ocean and air (Csanady, 2001).

Mass transfer across the air-sea interface is important for the global budget of various

gases like carbon dioxide (CO2), oxygen (O2), nitrous oxide, methane, dimethylsulfide

(DMS), and volatile pollutants. Air-sea gas exchange influences air quality, weather,

and water quality. Oceans can act as a sink for anthropogenic greenhouse gases. Gas

exchange is also important in atmospheric radiative transfer - DMS acts as a precursor

to cloud condensation nuclei (CCN), which in turn affects the radiative forcing through

direct and indirect aerosol effects (Blomquist et al., 2006). In addition, the air-sea
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exchange of gases is important for the chemical composition of the ocean (Carpenter

et al., 2012).

1.1.1.1 Turbulence

Turbulence is characterized by chaotic motions that can be visualized as different sized

eddies, which are responsible for the transfer of heat, momentum, and mass. The

strengths of different scale eddies define the turbulence spectrum. The turbulence spec-

tra is divided into three regions (as shown in Figure 1.2: low-frequency range, which

is energy-containing region where turbulent energy is produced from the mean flow; an

intermediate frequency range (inertial sub-range 0.01-5 Hz) where energy is transferred

from large eddies to smaller eddies due to energy cascading, and there is no produc-

tion of turbulence, and the flow is isotropic; high-frequency range where smaller eddies

dissipate turbulent kinetic energy into heat by molecular viscosity. (Stull, 2012).

Figure 1.2: Turbulence energy spectra, including different regimes. (From Högström
et al. (1989))

Energy dissipation is more efficient at the sharpest velocity gradients, therefore, at the

smallest scales. Small eddies have a short length scale and short time scale, causing them

to respond quickly to the change in the mean flow. According to Kolmogorov theory, the

shape of the spectra depends only on the energy dissipation (ε) and the wave number
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(kn). Using the dimensional analysis, the energy spectra (E(kn)) can be expressed as:

E(k) = aε2/3k−5/3n (1.1)

Where a denotes the Kolmogorov constant equal to 0.52 (Högström, 1996).

1.2 Momentum Flux

The momentum flux or wind stress (τ) between the atmosphere and oceans is the transfer

of horizontal momentum caused by the drag on the sea surface by the wind. The drag

is of two types, the skin frictional or “skin” drag and the wave or “form” drag. The skin

friction drag arises due to the molecular interaction at the interface, and the form drag

arises due to the waves (Donelan et al., 2012).

The turbulent fluxes can be measured directly using various methods, traditionally the

“profile method” uses logarithmic profile fitting to the wind speeds to estimate the

roughness length z0 or alternatively a drag coefficient CD. More recently, the “inertial

dissipation method” is being used, this assumes a balance of the generation and dissi-

pation of the turbulent fluctuations. Similarity theory (discussed in section 1.2.2) and

the dissipation energy from the observed spectrum in the inertial subrange is used to

compute the fluxes. The most recent, state of the art, eddy covariance or eddy corre-

lation technique, is the purest form to determine fluxes in the ABL. The flux is given

as ρu′w′, where w′ denotes perturbation from mean of the vertical wind velocity, u′

denotes fluctuation from mean horizontal wind speed, and overline denotes a time aver-

age of sufficient length to capture turbulent frequencies which may vary depending on

stationarity of the data and ρ denotes the density of the air. A detailed description,

challenges faced, and corrections to be applied to the data to compute fluxes through

the eddy covariance technique are described in Chapter 2.

Accurate calculations of regional and global air-sea fluxes play an important role in the

performance of the weather and climate models. In climate and Numerical Weather

Prediction (NWP) models, these air-sea fluxes are parameterized using bulk methods,

which are modeled in terms of mean wind speed. These bulk models use Monin-Obukhov

Similarity Theory (MOST) and Charnock’s relation in predicting the momentum and

heat fluxes, which is an iterative process. However, quantifying the air-sea fluxes requires
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turbulent eddies to be explicitly resolved, which is not possible using the bulk methods.

Currently, the available flux products are highly uncertain, as they are based on the

inaccurate flux algorithms and uncertain observational quantities, which in turn limit

the ability to assess numerical models based on flux data sets.

1.2.1 Charnock’s Law

Charnock (1955) has characterized the distribution of wind speed with height over the

surface of a reservoir in the form of:

u

u∗
=

1

κ
log

gz

u∗2
+ C (1.2)

where u is the wind speed at a height z above the surface, u∗ is the friction velocity, g

is the acceleration due to gravity, κ is the von-Karman constant and C is the constant,

whose value is approximately equal to 12.5. Csanady (2001) has given an alternative

form of Charnock’s law as:

CD = (C − 2κ−1ln[u∗/
√
gz])−2 (1.3)

where, CD is the drag coefficient.

Over a roughed solid surface with a grain size of mean diameter r, the velocity distribu-

tion is given as:
U(z)

u∗
=

1

κ
log

z

r
+ 8.5 (1.4)

where r is the mean sand grain diameter. A comparison with the Charnock’s law with

the rough surface gives

r = 3.064
u2∗
g

(1.5)

The air-sea momentum transfer expressed as a function of roughness parameter z0, is

derived by substituting r and C:

U(z)

u∗
=

1

κ
log

z

z0
(1.6)
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The parameter z0 according to Charnock’s law, with constant of 12.5 is:

z0 = 0.011
u2∗
g

(1.7)

The Charnock’s Law studies the turbulent properties of the air in the constant stress

layer, where the flow depends only on the velocity and length scales; however, it is not

that simple as the air density varies due to heating, cooling or due to different percentage

of humidity in the air. To account for these, buoyancy terms are to be included.

1.2.2 Monin-Obukhov Similarity Theory

Monin and Obukhov (Stull, 2012) using Buckingham Π theorem gave the dimensionless

profiles of temperature and wind in the surface layer as a functions of non-dimensional

parameter, ζ which is defined as z/L. Where L is the Obukhov length, L = − u3∗θ

gκw′θ′
,

where u∗, the friction velocity is given as (w′u′
2
+w′v′

2
)1/4, g is acceleration due to grav-

ity, θ is the virtual temperature, θ′ is the perturbation from mean virtual temperature.

In accordance to the dimensionless parameter, ζ = z/L, the wind profile is written as:

∂U

∂z

(κz
u∗

)
= φ(z/L) (1.8)

where φ(z/L) is a function developed for different cases by different researchers over a

period of time for different stability conditions. For neutral conditions, φ(z/L) must

tend to unity. Integrating the velocity profile, we get:

u(z) =
u∗
κ

[
ln
z

z0
− ψm(ζ)

]
(1.9)

where ζ is the stability parameter and the function ψm(ζ) as follows by Businger et al.

(1971)

ψm = 2ln
(1 + x

2

)
+ ln

(1 + x2

2

)
− 2 tan−1(x) +

π

2
(1.10)

where

x = (1− 16ζ)1/4 (1.11)

for unstable conditions and

ψm = −5 ∗ ζ (1.12)
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for stable conditions.

1.3 Sensible and Latent Heat Fluxes

A complex thermodynamic interaction occurs at the air-sea interface. It receives short-

wave radiation from the sun, reflects a fraction of it, allowing the rest to pass through the

warm top surface of the ocean. The warm upper ocean interacts with the atmosphere

by emitting the long-wave radiation back to the atmosphere and the radiative transfer

across the interface. The rate of heat storage in oceans is given as

Q = QS −QL −QH −QLv (1.13)

Where Q is the net heat flux, QS is the short wave radiation absorbed, QL is the net

upward long-wave radiation, QH is the surface sensible heat flux and QLv is the latent

heat (Pickard and Emery, 1961). The incoming short wave radiation depends on solar

elevation, clouds, and aerosols and is absorbed in the top few meters, increasing the

heat content of the oceans. The albedo of oceans is less than 10%, 90% of the incoming

SW radiation is absorbed by the oceans. The short wave radiation heats up the ocean

boundary layer and the ocean radiates the heat into the atmosphere like a black body

by long-wave radiation, which is proportional to the fourth power of the sea surface

temperature. The net long-wave radiation is the amount of energy lost or gained by

the oceans, which is the difference of the long-wave radiation radiated by the surface

ocean, and the long-wave radiation absorbed from the atmosphere. Sensible heat is the

amount of infrared energy lost or gain at the surface by conduction from the air. Latent

heat is the rate of heat loss or gain by evaporation or condensation. Latent heat of

vapourization (QLv = EvLv where Ev is the rate of evaporation, and Lv is the latent

heat of vaporization) is the heat taken to evaporate water.

In turbulent flow, Reynolds fluxes of temperature and humidity are the main drivers

of heat and water vapor transport across the interface in the ABL which is similar to

that of the momentum transfer, while the difference being that heat is due to molecular

conduction or diffusion while for the momentum it is molecular (viscous) and pressure

mechanism. The heat transfer is a complex interaction of physical processes like con-

duction, wind waves, eddies, and sea spray.
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As in the case of momentum transfer, the temperature and specific humidity profiles are

given as:

θ(z)− θs =
θ∗
κ

[
ln

z

z0h
− ψh(ζ)

]
(1.14)

q(z)− qs =
q∗
κ

[
ln

z

z0q
− ψq(ζ)

]
(1.15)

where φh(ζ) and φq(ζ) are stability functions z0h z0q are roughness lengths of heat and

moisture, ζ = z/L is the stability parameter which is defined in 1.2.2, θ∗ = −w′θ′/u∗ is

the scaling temperature and q∗ = −w′q′/u∗ is the scaling specific humidity.

ψh = ψq = 2ln
(1 + x2

2

)
(1.16)

where

x = (1− 16ζ)1/4 (1.17)

for unstable conditions and

ψh = ψq = −5 ∗ ζ (1.18)

for stable conditions. The stability functions 1.10, 1.12, 1.16 and 1.18 are not the only

published literature, a few of the stability functions are given in A.1.

The role of atmospheric surface layer stability in regulating turbulent fluxes of latent

heat and sensible heat over oceans is one that is less well understood, given the complex

interaction between stability and other atmospheric variables.

Most studies use the bulk methods to estimate the fluxes to study the effect of stability

on fluxes, however quantifying air-sea fluxes requires turbulent eddies to be explicitly

resolved, which is not possible using bulk algorithms. Bulk methods use MOST and

Charnock’s relations to parameterize the fluxes in models. However, the physical inter-

pretation of MOST can be ambiguous due to self-correlation and circular dependence

(Vickers et al., 2015) as MOST employs an iterative process to predict turbulent fluxes

in terms of exchange coefficients that depend on stability functions and thus on turbu-

lent fluxes through Obukhov length. Kara et al. (2005) derived the exchange coefficients

in terms of polynomial functions of wind speed and temperature and relative humidity.

This study used COARE (Coupled Ocean-Atmosphere Response Experiment) model ex-

change coefficients to formulate the equations. Vickers et al. (2015) used aircraft based
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eddy correlation measurements to develop a formulation for friction velocity that de-

pends on wind speed and stability parameter, bulk Richardson number which does not

require MOST, while Zou et al. (2017) gave exchange coefficients as a linear function of

stability parameter Richardson number using the turbulent measurements from a plat-

form. However, there is no study to represent fluxes in terms of stability without using

turbulent quantities.

1.4 CO2 Flux

Gas transfer across the interface is due to the concentration difference in air and water.

The net flux is transferred from the phase of higher concentration to the phase of lower

concentration. The main processes through which transfer occurs is mass diffusion and

turbulence (Liss and Merlivat, 1986). As turbulence increases, the size of turbulent ed-

dies decreases, increasing the small-scale fluctuations (the dissipation scale decreases)

which thins the diffusion sublayer and increases gas transfer that is limited by the dif-

fusive boundary layer. Figure 1.3 shows the atmospheric and oceanic mass boundary

layers at the interface.

Figure 1.3: Concentration profile of a tracer gas with solubility α =3 in boundary
layers at the interface (From Liss et al. (2014))

Gas transfer velocity is modeled in terms of Schmidt number (Sc = ν/D, where ν is

kinematic viscosity (m2s−1) and D is diffusion coefficient (m2s−1)). The flux of slightly
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soluble non-reactive gases across the air-sea interface, F (kgs−1m−2) is defined as the

product of gas transfer velocity, k(m/s) and the concentration difference,

F = k(Cw − Co) (1.19)

Where Cw is the concentration of gas in a well-mixed boundary layer of water, and

Co is the concentration of gas at the interface. As per Henry’s law, in equilibrium

conditions, the concentration at the interface is equal to the product of the solubility

and concentration in air.

F = k(Cw − αCa) (1.20)

Where Ca is the concentration of gas in the air, and α is the solubility coefficient.

The concentration profile in the aqueous boundary layer depends on solubility. As the

temperature increases, solubility decreases. For a specific gas, solubility in saline water

is about 20% less than that of in freshwater (Matson and Harriss, 2009).

As the temperature of water increases, the diffusivity coefficient increases, decreasing

the Schmidt number. The relation between diffusivity coefficient and the temperature is

given as D = Ae−Ea/RT where A is a gas specific constant of proportionality, Ea is a gas

specific activation energy of diffusion, R is the ideal gas constant and T is temperature.

Figure 1.4 shows solubility, Schmidt number dependence for various gases. Transfer

resistance is inverse of the transfer velocity. The total transfer resistance is the sum of

airside ( 1
ka

) and waterside resistances ( 1
kw

)

1

kt
=

1

kw
+ α

1

ka
(1.21)

depending on the solubility of the tracer, either air-side or water-side is dominant. For

slightly soluble gases, the gas transfer is water side controlled and for highly soluble

gases, the transfer is air side controlled.
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Figure 1.4: Schmidt number/solubility diagram including various volatile tracers, mo-
mentum, and heat for a temperature range as indicated. Filled circles refer to a tem-
perature of 25oC. The regions for air-side, mixed, and waterside control to the transfer
process between gas and liquid phase are marked. At the solid lines, the transfer resis-

tance is equal in both phases (From Jähne and Haußecker (1998))

1.4.1 Processes influencing gas transfer

Figure 1.5 shows the major processes affecting the air-sea transfer of gases, which are

wave breaking, small and large scale turbulence, waves, bubbles, spray, surfactants, rain,

chemical, and biological properties. The wind generates turbulence at the air-water

interface through shear or through waves. Eddies close to the surface bring bulk water

to the surface, enhancing the gas transfer across the surface. Waves affect roughness

(the height for which the extrapolation of the log profile yields zero wind speed) and
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group speeds (velocity at which wave amplitudes travel), which are affected by wind

speeds, wind duration, fetch, the shape of the ocean basin, water depth, and atmospheric

boundary layer. Frew et al. (2004) has shown that the gas transfer velocity correlates

well with the mean square slope of waves and wind speeds.

Transfer velocity
k

Concentration
difference

Air-sea gas flux

SST

Transport

Biology

Wind

Fetch

Surfactants

Rain

Waves

Wavebreaking

Spray

Bubbles

Boundary 
layer 

dynamics

Figure 1.5: Schematic of factors affecting air-sea gas transfer of CO2 (adapted from
Wanninkhof et al. (2009))

Microbreaking is breaking of short wind waves (wavelengths of centimeters to meter and

amplitude of 0.01-0.1 m) without any visible air entrainment; they disturb the molec-

ular boundary layer, which is important in the air-sea gas exchange. Microbreaking

directly enhances heat and gas transfer, producing surface roughness that contributes

to the mean square slope of the waves. Wave breaking plays a vital role in transporting

the surface water to the turbulent domain below. Zappa et al. (2004) has used active

controlled flux technique for heat transfer and mass balance for gas transfer and found

a correlation between microbreaking coverage area and heat and gas transfer, and also

found that there is a correlation between mean square wave slope and coverage area

of microbreaking. Wave breaking occurs at moderate to high wind speeds, generating

air bubbles and spray. Air bubbles collapse, converting surface free energy to kinetic

energy that ejects a vertical jet from the center of the bubble cavity by breaking into

drops. Sea spray releases water vapor into the atmosphere and also exchanges sensible
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heat with the above lying atmosphere, thereby absorbing sensible heat to evaporate.

The re-entrant spray reduces the surface temperature. Gas transfer is correlated with

white-capping coverage area (W) in wave breaking with air entrainment process (Asher

et al., 1996). It is seen that gases with lower solubilities have a more significant bubble

enhancement compared to that of gases with higher solubilities. Zhao and Toba (2001)

has given white-capping coverage area as a function of wave age (β), wave period (Ts),

wind speed (U), friction velocity (u∗), and breaking wave parameter (RB).

W = 4.69× 10−3β1.27

W = 3.14× 10−2T 1.82
s

W = 2.98× 10−5U4.04

W = 8.59× u3.42∗
W = 3.88× 10−5R1.09

B

(1.22)

Zhao et al. (2003) gave a relationship between gas transfer velocity and breaking wave

parameter as

k = 0.13R0.63
B (1.23)

where RB is the breaking wave parameter given as RB = u2∗/ωpν, ωp is the spectral peak

angular frequency of waves, u∗ is the friction velocity, and ν is the kinematic viscosity

of air.

Gas transfer across the interface does not occur only through molecular diffusion but also

through bubbles and sea spray. Bubbles are primarily generated by the air entrainment

within breaking waves. Bubbles and wave-breaking enhances surface turbulence and

may enhance gas transfer rates (Crosswell, 2015). The vertical entrainment of bubbles

is found to be greatly influenced by the wave structures (Hwang et al., 1990). Bubble

populations on the surface are influenced by surface wave height and wind stress. It is

suggested that bubble mediated transfer is highly effective for less soluble gases like CO2

compared to that of more soluble gases like DMS. The dependence of bubble mediated

transfer of gases for more soluble gases is yet to be known. (Woolf, 1993) has proposed

that the total gas transfer is a combination of diffusional flux and bubble mediated flux.
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The net flux (F ) is given as:

F = (K0 +Kb)[C − αp(1 + δ)] (1.24)

where K0 is the transfer for direct exchange, Kb is the bubble contribution to the gas

transfer, α is solubility, p is the partial pressure of the gas in the atmosphere, C is the

concentration of gas in water, and δ denotes the equilibrium supersaturation.

Surfactants inhibit gas exchange by either forming an insoluble surfactant film, by form-

ing a condensed monolayer on the surface or by providing an additional liquid surface

that provides resistance to mass transfer (Asher and Wanninkhof (1998)). Surfactants

are important in low wind speeds as films easily disperse with the winds. Surfactants re-

duce the roughness, thereby reducing the turbulence and wave breaking. However, there

is no clear understanding of the effect of surfactants at high winds as the surfactants are

brought back to the surface by bubbles. In the intermediate wind speed regime, as the

wind speeds increase, the effect of surfactants on gas transfer decreases (Salter et al.,

2011). The influence of surfactants on gas fluxes on a global scale is unknown.

Turk et al. (2010) has shown that due to the effect of rain, the Western Equatorial

Pacific has turned to a sink from a source of carbon dioxide. Rain causes surface chem-

ical dilution reducing surface salinity, total alkalinity, and dissolved inorganic carbon,

thereby decreasing the partial pressure of carbon dioxide at the surface. Rain enhances

the turbulence and bubbles at the surface, thereby increasing gas transfer across the

interface. Takagaki and Komori (2007) have shown that mass transfer across the surface

is correlated with mean vertical momentum flux of rain, which is a function of rain rate

and velocity of the raindrop. Komori et al. (2007) has studied the effect of rain on

CO2 transfer across the air-sea interface and has shown that the total effect of rainfall

globally on transfer is less than 5%.

1.4.2 Gas transfer parameterization with wind speeds

Gas transfer parameterization is necessary to represent the exchange of gases across

the air-water interface in any model. Figure 1.6 shows global surface wind speeds for

January 2014 from ERA-Interim data (Dee et al., 2011). We can observe that the wind

speeds are higher over the oceans, especially over the Southern Ocean, North Pacific,
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and North Atlantic. There is a limited understanding of gas transfer at high wind speeds

as it is a complex case with a combination of breaking waves, bubbles, spray, and direct

transfer across the interface. Garbe et al. (2014) has compared the gas transfer velocities

obtained from field experiments using mass balance and eddy covariance methods and

has found that the magnitude of the gas transfer velocities is higher when using eddy

covariance.

Figure 1.6: Global wind speeds for January 2014 from ERA-Interim data

Table 1.1 gives the literature of parameterizations for gas transfer velocity. These gas

parameterizations proposed are based on field and laboratory experiments, ranging from

a linear relationship to quadratic, cubic, or power-law with wind speeds.
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Study Parameterization

Liss and Merlivat (1986) k = 0.17u10 for u10 ≤ 3.6ms−1

k = 2.85u10 − 9.65 for 3.6ms−1 ≤ u10 ≤ 13ms−1

k = 5.9u10 − 49.3 for u10 ≥ 13ms−1

Wanninkhof (1992) k = 0.31u210(Sc/660)−1/2 for instantaneous wind speeds

k = 0.39u210(Sc/660)−1/2 for integrated wind speeds

Wanninkhof and McGillis (1999) k = 0.0283u310(Sc/660)−1/2 for short integration time

k = (1.09u10 − 0.333u210 + 0.078u310)(Sc/660)−1/2 for

long integration time

Nightingale et al. (2000b) k = 0.222u210 + 0.333u10

Nightingale et al. (2000a) k600 = 0.24u210 + 0.061u10

Ho et al. (2006) k600 = (0.266± 0.019)u210

McGillis et al. (2001) k660 = 3.3 + 0.026u310

McGillis et al. (2004) k660 = 8.2 + 0.014u310

McNeil and D’Asaro (2007) k = 14 + 0.0002925u3.74210

Iwano et al. (2013) k = 1.02u1.2510 for u10 ≤ 33.6m/s and

k = 5.32× 10−4u3.410 for u10 ≥ 33.6m/s

Zemmelink et al. (2004) k = 0.6u210

Rutgersson et al. (2016) k = 0.074u310

Miller et al. (2009) k = 3u10 − 2.5

Butterworth and Miller (2016) k = 0.245u210n + 1.3

Table 1.1: List of gas transfer parameterizations with wind speeds taken from different
literature.
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Figure 1.7: Comparison of different wind speed relationships with transfer velocity
equations from Table 1.1

Figure 1.7 shows the variation of gas transfer velocity with the wind speed given by

various researchers. It is seen that there is high variance in the gas transfer velocities at

high wind speeds obtained by different parameterizations; hence, it is necessary to get an

optimal gas transfer parameterization at high wind speeds. However, there are very few

studies that studied gas transfer at high wind speeds. It is extremely difficult to measure

gas transfer in the real field; hence, laboratory experiments were conducted where the

environment can be controlled. Krall and Jähne (2014) had performed wind-wave tank

experiments at hurricane-strength wind speeds of about 67 m/s for hexa fluorobenzene

and 1,4-difluorobenzene using a mass balance method and found higher transfer rates

for hexa fluorobenzene compared to 1,4-difluorobenzene which is a lower soluble gas.
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1.5 Objectives and outline of thesis

Objectives of this study are: Accurate parameterization of air-sea interactions is essential

to quantify the fluxes across the interface to accurately predict the weather and climate.

The current state of art climate and weather prediction models use bulk models to

compute the fluxes; however, these bulk models, due to the self-correlation and circular

dependence, are not accurate enough. In this study, we have used the ship’s attitude and

navigation data to verify if we can use the ship’s data to correct the wind velocities for

the platform motions instead of using an external collocated accelerometer to compute

the fluxes through eddy covariance technique. This study aims to parameterize the

fluxes using a simple model that is modeled in terms of bulk meteorological quantities.

The outline of this thesis is as follows: Chapter 1 provides a brief overview of the air-

sea interface, and the processes that affect the fluxes, how these interfacial fluxes are

parameterized. Chapter 2 addresses the Eddy covariance or eddy correlation technique.

This chapter uses the accelerometer data to verify that the navigation data can be used

to correct for ship’s platform motions, to obtain the correct wind speeds to compute the

fluxes. Chapter 3 addresses the calculation of neutral coefficients of fluxes and stability

dependence of the fluxes. In this chapter, we parameterize the fluxes as a function of

the wind speeds and bulk Richardson number. Chapter 4 deals with the calculations of

carbon dioxide fluxes and the corrections that are applied to compute the fluxes. It also

deals with the calculation of gas transfer velocity and its dependence on wind speeds and

stability. The thesis concludes with a summary of key contributions from the present

study along with the suggestions for possible extensions to the current work.



Chapter 2

Eddy Covariance

This chapter discusses the Eddy Covariance method in depth. The corrections and data

processing required to calculate the fluxes using this method are discussed. Finally,

if we can use the ship’s navigation data to correct the platform motion corrections is

characterized and discussed.

The Eddy Covariance or Eddy Correlation method is used to measure flux. It is a

good estimate if the flux is constant with height. It is used in field experiments for flux

measurements in constant flux layer, which is about 20-50 m in an unstable boundary

layer (Aubinet et al., 2012). The momentum conservation equation is given by:

∂ρui
∂t

+ ~∇(~uρui) = Si (2.1)

where Si represents the source or sink term, ρ is the density of air, ∇ represents the

divergence (∂/∂x, ∂/∂y, ∂/∂z), ~u represents the velocity vector. Applying Reynold’s

decomposition to the above equation leads to

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
+
∂u′2

∂x
+
∂u′v′

∂y
+
∂u′w′

∂z
= 0 (2.2)

assuming horizontal homogeneity and steady-state conditions, we obtain

∂u′w′

∂z
= 0 (2.3)

where u′w′ is the eddy covariance term, w′ denotes variation from mean of the verti-

cal wind velocity, u′ denotes variation from mean horizontal wind speed and overline

20
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denotes a time average of sufficient length to capture turbulent frequencies which may

vary depending on the stationarity of the data. To capture the turbulent frequencies,

high-frequency measurements are required (5 Hz to 40 Hz). The typical temporal and

longitudinal length scales of the eddy covariance method is about an hour and about

100-2000 m. The equation suggests that the flux is constant with height.

For a scalar quantity, the horizontal velocity is replaced by the mixing ratio. To measure

gas fluxes, high-frequency measurements of gas concentrations along with wind speeds

are necessary, and due to this limitation, using the eddy covariance technique to esti-

mate gas fluxes is restricted to CO2, O2, and DMS. However, this technique has been

successfully tested for methanol, methane, nitrogen, nitrous oxide, ammonia, acetone

(Yang et al., 2014; Carpenter et al., 2012; Blomquist et al., 2006; McGillis et al., 2001;

Jähne and Haußecker, 1998).

Advantages: Eddy Covariance technique does not rely on assumptions about gas prop-

erties or approximations concerning the turbulent structure of the atmospheric boundary

layer.

Disadvantages: Eddy Covariance technique requires rapid, high-precision measure-

ment of atmospheric gas concentrations. The measured fluxes of gases for the co-varying

flux of water vapor and temperature (the Webb effect (Webb et al., 1980)), salt contam-

ination, and sensor separation are to be corrected for.

2.1 Eddy-Covariance - Moving Platform

The Eddy-Covariance method is mostly implemented on stable platforms over land sur-

faces. In the past two decades, Eddy Covariance has been successfully implemented on

moving platforms over oceans. The challenge is that the turbulent components of veloc-

ity are contaminated by platform motion and flow distortion around the platform. The

observed velocities require correction to obtain actual velocities and need transformation

to the Earth’s coordinate system before calculating fluxes.
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2.2 Observations

The measurements used in this study were collected from the research vessel R/V In-

vestigator during CAPRICORN-1 (Clouds, Aerosols, Precipitation, Radiation, and at-

mospherIc Composition over the southeRn oceaN) voyage. The field experiment was

conducted between 14 March 2016 and 15 April 2016 to collect in situ observations

of clouds, aerosol, precipitation, ocean properties and fluxes over the Australian sector

of the Southern Ocean (Mace and Protat, 2018). The R/V Investigator started from

Hobart, 43oS, reached 53oS before returning back to Hobart.

Figure 2.1: R/V Investigator track during the CAPRICORN voyage during 14 March
to 15 April to Australian sector of the Southern Ocean.

The National Oceanic and Atmospheric Administration, Physical Sciences Division

(NOAA PSD), has installed it’s air-sea flux system on the front bow jackstaff of the

ship, which is similar to that of the R/V Brown. The NOAA air-sea flux system consists

of:

• A Metek uSonic-3 3-D ultrasonic anemometer, which measures u, v, w components

of wind and sonic temperature at 10 Hz frequency.

• A Systron Donner motionpak unit, which measures the angular rates and linear

accelerations at 10 Hz frequency.
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• A Global Positioning System sensor, which receives Latitude, Longitude data at

1 Hz frequency

• A heading sensor, which measures the heading and roll of the ship at 10 Hz

frequency.

• An Eppley Precision Spectral Pyranometer, which measures the solar downwelling

radiative flux at 1 Hz averaged, and mean values stored at 1 min.

• Eppley Precision Infrared Radiometer, which measures Infra red downwelling ra-

diative flux at 1 Hz frequency averaged, and mean values stored at 1 min.

• Vaisala HMT335 sensor, which measures temperature and humidity at 10 Hz fre-

quency averaged, and mean values stored at 1 min.

• Vaisala PTB220 sensor, which measures pressure at 1 Hz frequency averaged, and

mean values stored at 1 min.

• Floating YSI 46040 thermistor which measures the near-skin sea surface temper-

ature at 1 Hz frequency averaged, and mean values stored at 1 min.

• ORG-815 DA optical precipitation sensor, which measures rain rate at 1 Hz fre-

quency averaged, and mean values stored at 1 min.

• LICOR 7500 Open path Gas Analyzer, which measures the concentration of carbon

dioxide and water vapor in air at 10 Hz frequency.

The flux system was installed on the foremast of the R/V Investigator. The anemometer

and LICOR measurements were made at 21 m above the sea level, and the accelerometer

was collocated with the anemometer and was placed at a distance of 0.7 m below the

anemometer. The temperature and humidity measurements were made at 19.5 m above

the sea surface, while the sea surface temperatures were measured at about 0.05 below

the surface. The pyranometer and radiometer measurements were made at 12 m above

the surface.

In this chapter, we have used the accelerometer data to correct the wind speeds which

are contaminated by the platform motions of the ship. However, in the absence of a

reliable accelerometer, it is hard to calculate the platform motions. Hence, we checked
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if the ship’s attitude and navigation data can be used to compute the platform motions,

and used them to correct the anemometer measured wind speeds. Hence in the presence

of a reliable accelerometer from the NOAA flux system, we concluded that the ship’s

attitude and navigation data could be used in the absence of an accelerometer.

The ship’s attitude data is measured by the Seapath 330 Motion Reference Unit (MRU)

(measures roll, heave, heading, pitch, vertical velocity, rotational rates) at 10 Hz fre-

quency. The navigation data from the ship has latitude, longitude, speed, depth, roll,

altitude, heave, pitch, heading measured at 1Hz frequency. The MRU was present at

a distance of 36.437 m behind, 1.385 m towards starboard side, and 22.209 m below the

anemometer.

2.3 Motion Corrections of Raw Data

Wind speeds measured on research vessels are contaminated by the linear velocities

and angular velocities of the platform. Therefore the measured wind speeds are to be

corrected for:

• Instantaneous tilt of the anemometer due to pitch, roll, and heading variations of

the platform.

• Angular velocities at the anemometer due to rotation of the platform about the

center of gravity.

• Translational velocities of the platform.

The corrected wind speeds are used to calculate the fluxes using eddy covariance. Here,

to correct the wind speeds for motion corrections, I have used the basic approach given

by Edson et al. (1998), where the rotational motion of the ship body is about its centre

of gravity, and later corrected for by when the rotations measured are not about the

centre of gravity. The equations are given by:

Vtrue = TVobs + Ω× TP + Vcg (2.4)
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where Vtrue is the true wind speed in the Earth coordinate system, Vobs is the wind

velocity in the platform reference, Ω is the angular velocity of the platform, P is the po-

sition vector of the wind sensor from the ship’s center of gravity, T is the transformation

matrix to transform from the platform frame of reference to the Earth frame and Vcg is

the linear velocity at the center of gravity (cg) of the ship with respect to the Earth.

cg

�𝑃𝑃
̅𝑆𝑆

X

Z

X

Y

Z

φ

𝜃𝜃

ψ

Figure 2.2: Schematic of the ship showing the position of sensors and axes.

When the motion measurement system is not at the center of gravity, the correction

equation is given as

Vtrue = TVobs + Ω× T (P − S) + Vcg (2.5)

where P − S is the position vector of wind vector with respect to the motion sensor.

The transformation matrix is given as:

T (φ,Θ, ψ) = A(ψ)A(Θ)(φ)

=


cos(ψ) sin(ψ) 0

− sin(ψ) cos(ψ) 0

0 0 1




cos(Θ) 0 sin(Θ)

0 1 0

− sin(Θ) 0 cos(Θ)




1 0 0

0 cos(φ) − sin(φ)

0 sin(φ) cos(φ)


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=


cos(ψ) cos(Θ) sin(ψ) cos(φ) + cos(ψ) sin(Θ) sin(φ) − sin(φ) sin(Θ) + cos(ψ) sin(Θ) cos(φ)

− sin(φ) cos(Θ) cos(ψ) cos(φ)− sin(ψ) sin(Θ) sin(φ) − sin(Θ) cos(φ) sin(ψ)− sin(φ) cos(ψ)

− sin(Θ) cos(Θ) sin(φ) cos(Θ) cos(φ)



where yaw angle ψ is positive for the ship’s bow yawed clockwise from north, roll angle

φ positive for the port side rolled up, and pitch angle Θ positive for the bow pitched

down. Figure 2.2 shows the position of the sensors relative to the centre of gravity and

the roll, pitch, and yaw angles.

The motionpak measures the linear accelerations and rotation rates. Hence we need to

calculate the Euler angles to determine the transformation matrix. The Euler angles

are calculated by integrating the angular rates and adding them on low frequency an-

gles calculated from the horizontal acceleration components of the acceleration due to

gravity, g, where, φ ≈ tan−1( ¨yp/g) and Θ ≈ tan−1( ¨xp/g). The two estimates are com-

bined using complimentary filtering, where high-pass filtered rate sensor angle estimates

are combined with low-pass filtered estimates from the accelerometers. A fourth-order

Butterworth filter is used for complimentary filtering with a cutoff period of 30 s. The

low-frequency yaw is obtained from the heading. The platform linear velocity and dis-

placement are calculated by integrating and double integrating the linear accelerations

in the Earth frame of reference. After each integration, signals are high-pass filtered to

remove the low-frequency effects. The ship attitude and navigation data have roll and

pitch angles measured, therefore requiring only yaw to be calculated. The yaw angles

are calculated in a similar way that is calculated for accelerometer data.

The data obtained from the NOAA motionpak and ship’s MRU are compared, and it

was found that the NOAA data is leading the MRU data by 1.4 seconds, although the

navigation data from NOAA package and the ship’s NTP server were matching. This

requires the lag corrections to be performed before correcting for the true winds. The

lag found may vary with the position vector of the anemometer and the ship’s motion

reference unit. Hence the found lag is only for the anemometer mounted on the front

mast of the ship..

The true wind speeds are calculated using Equation 2.4. The Figure 2.3 shows the

raw, motion-corrected vertical wind speed and the platform velocity calculated from the
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NOAA accelerometer data, while Figure 2.4 shows the raw, motion-corrected vertical

winds from NOAA and ship’s MRU data. The wind components relative to the Earth

are used to compute the wind direction. The velocities are double rotated into the

streamwise wind and single rotated counterclockwise back to Earth coordinates; then,

these winds are to be added to the linear north and west components of velocity of the

ship’s centre of gravity which is calculated from the GPS data to remove the platform

velocity. Finally, the azimuth angle is calculated, and the winds are rotated clockwise

into streamwise winds (i.e., mean V and W are zero after the rotation).

Time
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Corrected vertical wind w using NOAA accelerator data
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Figure 2.3: Time series of the measured vertical velocity from sonic anemometer
(raw), motion corrected vertical velocity from NOAA accelerometer, decorrelated vertical

wind component and platform vertical velocity computed.

Measured and motion-corrected latitudinal, lateral and vertical velocity spectra are

shown in the figures 2.5(a)-2.5(c), where the green line is the power spectra for the

measured raw winds, blue line is the power spectra for the winds that are corrected

using the ship’s MRU data and blue line is the power spectra for the winds that are

corrected using the NOAA accelerometer data. In the Figure 2.5(a), vertical velocity

spectra is shown, where a peak is visible due to the ship’s motion in the raw data spec-

tra at 0.25 Hz, and in the spectra of the corrected winds, the spectral peak is effectively

removed. The spectra of the velocity for both the accelerometer and ship’s corrected

data is the same indicating, that both can be used to correct the measured winds.
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Figure 2.4: Time series of the measured raw vertical wind speed by the anemometer
(green), corrected vertical wind using ship’s MRU data (blue), corrected vertical wind

using NOAA accelerometer data (red).

The time-averaged fluxes are calculated by using:

τ = −ρ[iu′w′ + jv′w′] (2.6)

where ρ is the density of the air, the overline represents a time average, and u′, v′, w′

are longitudinal, lateral and vertical velocity deviations from the mean. The stress τ

computed using equation 2.6 has both the longitudinal and lateral components of stress.

The vertical corrected velocity can be correlated with the scalar quantities to compute

their vertical fluxes. The sensible(H), latent (E) and gas fluxes (Fc) can be calculated

by:

H = ρcpw′θ′ (2.7)

E = ρLew′q′ (2.8)

Fc = ρw′c′ (2.9)

where θ′, q′, c′ are the perturbations in the potential temperature, specific humidity

and concentration of the gas measured respectively at high frequency. The heat and

momentum fluxes are calculated using a 10-minute averaging period.
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Figure 2.5: Velocity power spectrum of the measured raw winds, winds corrected by
ship’s MRU data, and winds corrected by NOAA accelerometer data. The black straight

line in the figure represents the expected -2/3 slope in the inertial sub-range.
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Figure 2.6: Cospectrum for the measured raw winds (green), winds corrected by ship’s
MRU data (blue) and winds corrected by NOAA accelerometer data (red).
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Figure 2.7: Time series of the Momentum, Sensible heat and latent heat fluxes com-
puted over 10 minute interval for entire CAPRICORN voyage.

Figure 2.7 shows the time-series of the eddy co-variance estimates of momentum flux,

sensible and latent heat fluxes.

With the use of the ship’s MRU and navigation data, the platform velocities of the ship

can be calculated. As the platform velocities of the ship can be calculated without the

use of an external accelerometer, the accelerometer, heading sensor, and GPS receiver

can be removed from the flux system. In this chapter, we have characterized that for

the anemometer mounted on the foremast of the R/V Investigator, and there is a lag

of 1.4 sec in the data measured by the ship’s motion reference unit. It is seen that

the spectral peaks (0.25 Hz) observed in the measured wind speeds by anemometer are
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removed, thus successfully removing the platform motions from the measured winds, to

make them useful to use in the eddy covariance.



Chapter 3

Momentum and Heat Fluxes

The turbulent fluxes computed by the eddy covariance technique after correcting the

wind speeds for motion corrections, as discussed in Chapter 2, are used in this chapter to

build a simple model to estimate the fluxes in terms of bulk non-dimensionless functions.

3.1 Turbulent Fluxes in Surface Layer

The turbulent fluxes that are calculated by the eddy covariance technique are to be

applied to a series of screening procedures. The computed fluxes are discarded if:

• The standard deviation of relative wind direction is greater than 15o.

• The standard deviation of the ship speed is higher than 0.6 m/s.

• The standard deviation of the heading is greater than 5o.

• The tilt angle is greater than 10o.

• The ship speed is more than 3.5 m/s.

• The rain rate is greater than 0 mm/hr.

• The relative wind direction with respect to the bow is not within the range of

±60o.

• The standard deviation in platform velocity is greater than 0.8.

32
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• The missing sonic data is greater than 50 in 10 min interval.

After quality control, the wind stress varies between 0.0008N/m2 to 1.04N/m2 for

calculated U wind speeds varying between 0.6m/s and 17.2m/s. The turbulent sensible

and latent heat flux varies between -25 W/m2 and 140 W/m2, -38 W/m2 and 300 W/m2

for temperature difference ranging between 6.9 ◦K and -2.7 ◦K and humidity difference

ranging between 0.0079 kg/kg and -0.0012 kg/kg. The total heat flux varies between

374 W/m2 and -7 W/m2.

Figure 3.1 shows the variation of turbulent fluxes of momentum, sensible and latent heat

fluxes with wind speeds the color bar represents the temperature difference between the

surface temperature and air temperature. It is seen that the fluxes depend on the

velocity of the winds and the temperature difference between the ocean and air. This

dependence is used to parameterize the fluxes in terms of non-dimensionless velocity and

stability functions in section 3.2.
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Figure 3.1: Computed momentum flux, sensible, and latent heat fluxes variation with
wind speed after applying all corrections. The color bar represents the temperature

difference between the ocean surface and the air temperature.
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3.1.1 Comparison of turbulent fluxes with fluxes obtained from various

bulk methods

Only the COARE bulk model parameterization has been validated against field obser-

vations in the Southern Ocean for the Southern Ocean Gas Experiment (GasEx) and

CAPRICORN (Jackson et al., 2012; Bharti et al., 2019) observations. Here, the tur-

bulent flux measurements that are computed using quality-controlled eddy covariance

data from chapter 2 are compared with the fluxes estimated by inertial dissipation (ID)

method, fluxes estimated using bulk model outputs from COARE (Coupled Ocean-

Atmosphere Response Experiment) 3.5 model (Bariteau et al., 2018), RegCM (Regional

Climate Model) and ECMWF IFS (European Centre for Medium-Range Weather Fore-

casts Integrated Forecast Systems) model. The equations and descriptions of the bulk

model representations are given in Appendix A.1. Table 3.1 summarizes the flux com-

parisons of the turbulent measurements done on the R/V Investigator with the fluxes

computed by the inertial dissipation method and bulk models using the bulk measure-

ments done on the ship.
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ID COARE 3.5 RegCM ECMWF IFS

τ (N/m2) Mean 0.2082 0.1917 0.1857 0.2015

Bias 0.0017 -0.0148 -0.0209 -0.0051

RMSE 0.067 0.075 0.0818 0.0759

r2 0.8321 0.7891 0.7496 0.7844

Uncertainty 32.157 39.1391 44.0291 37.6615

MAE 0.0469 0.0503 0.0532 0.0519

SH (W/m2) Mean 18.9298 15.1221 17.7463 16.8577

Bias -0.9308 -4.7385 -2.1143 -3.0029

RMSE 10.7734 11.7956 10.2904 10.7007

r2 0.8071 0.7687 0.8240 0.8097

Uncertainty 56.9125 78.002 57.9862 63.4768

MAE 7.4356 7.6493 6.8940 7.0146

LH (W/m2) Mean 129.4545 111.1346 122.3906 120.9502

Bias 20.3401 3.7433 14.9993 13.5590

RMSE 41.9264 33.4494 38.6847 37.8296

r2 0.6111 0.7580 0.6764 0.6905

Uncertainty 32.387 30.0981 31.6076 31.2770

MAE 30.3272 24.3747 27.8128 27.1684

Table 3.1: Error statistics for 10 minute turbulent fluxes as measured by eddy co-
variance with inertial dissipation (ID) method, COARE 3.3 model, RegCM model,
ECMWF IFS model outputs calculated using the in-situ measurements. The uncer-
tainity is calculated as RMSE ×100/Average and the negative sign indicates that the

modeled values are less than the measured values.

The mean momentum, sensible heat, and latent for 10-minute fluxes obtained by eddy

covariance estimates from the CAPRICORN voyage are 0.2066 N/m2, 18.491 W/m2 and

109.1144 W/m2 respectively. We can see that the Latent heat fluxes are more compared

to the sensible heat fluxes over the oceans. From Table 3.1, it is seen that there is a clear

high bias in the latent heat flux estimates through the ID method compared to that of

eddy covariance estimates and bulk models when the bias is calculated with respect to

the fluxes calculated by the eddy covariance. It is seen that among the bulk models,

COARE 3.5 model is performing better compared to the other models for momentum

and latent heat fluxes. For sensible heat fluxes, it is seen that the uncertainty is higher

for all the estimates. Overall, we can say that the COARE 3.5 model is performing well
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Figure 3.2: Scatter plot of wind stress, sensible heat and latent heat fluxes computed
from eddy covariance and COARE 3.5 bulk model.

for momentum and latent heat fluxes compared to other methods, while the RegCM is

performing better for the sensible heat flux. Figure 3.2 shows the scatter plot of the

fluxes obtained from the direct eddy covariance technique and the COARE 3.5 bulk

parameterization method. From the scatter plots, we can observe that at the higher

wind speeds, the Eddy covariance estimates are higher compared to that of the COARE

3.5 model. The bulk models, when applied in the climate and NWP, underestimate the

fluxes, which will affect the weather and climate.

3.1.2 Evaluation of transfer coefficients

The momentum, sensible and latent heat fluxes are parameterized in terms of bulk

meteorological variables and the transfer coefficients. Several researchers have given the

transfer coefficients for momentum as a function of wind speeds, and few of them gave

transfer coefficients of heat as a constant. So, it is important for us to calculate the
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transfer coefficients and see if the observed values are within the range of the previously

observed values. The transfer coefficients of exchange are given as

CD =
τ

ρU2
(3.1)

CH =
H

ρcp∆θ
(3.2)

CE =
E

ρLe∆q
(3.3)

where, τ , H, E are the turbulent momentum, sensible heat, and latent heat fluxes re-

spectively, ρ is the density of air, ∆θ and ∆q are the virtual temperature and specific

humidity differences between the surface and at the measurement height. Figure 3.3

shows the calculated turbulent transfer coefficients with wind speeds. The drag coeffi-

cients varied between 1.0255e-04 and 0.0051 for wind speeds 2 and 20 m/s, while sensible

heat and latent heat transfer coefficients varied between 0.005 and -0.0037, and 0.0034

and 1.3966e-04 respectively. From figures 3.3(a) - 3.3(c), it is seen that the momentum,

sensible and latent heat transfer coefficients decreased with the wind speed in the low-

speed regime, and the momentum and sensible heat transfer coefficients increased with

wind speeds over 5 m/s.

Several studies were performed over the past few decades to calculate the turbulent

transfer coefficients. The number of studies to calculate the drag coefficients are rel-

atively large compared to studies that calculated the sensible and latent heat transfer

coefficients. Studies have shown that the neutral drag coefficient is a function of wind

speed ((Smith, 1980; Wu, 1980; Large and Pond, 1981; Garratt, 1977; Petersen and Ren-

frew, 2009; Andreas et al., 2012; Bumke et al., 2014; Yelland and Taylor, 1996; Smith

et al., 1992; Geernaert et al., 1986)). Recent studies have shown that the coefficient is

reduced or is constant at wind speeds above 30 m/s ((Powell et al., 2003; Donelan et al.,

2004; Jarosz et al., 2007; Holthuijsen et al., 2012; Donelan, 2018)).

Neutral coefficients are to be computed to compare the results from the current study

to previous studies. For neutral coefficients, the data has to be separated into neutral,

unstable, and stable regimes from the entire data.
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Figure 3.3: Computed momentum, sensible and latent heat flux transfer coefficients
with wind speeds after all corrections.

Bulk Richardson number, is the dimensionless number, which is the ratio of the buoyancy

production term and the shear production term. Bulk Richardson number is given by

equation 3.4, where θv = θ(1 + 0.61q) is the virtual potential temperature at height z

and g is the acceleration due to gravity. Here, the bulk Richardson number is used to

classify the boundary layer into stable, neutral, and unstable cases. The classification

used in this study is as follows:

• Unstable - Rb < −0.002

• Neutral - −0.002 < Rb < 0.002

• Stable - Rb > 0.002

Rb =
(θv − θv0)gz

θvU2
(3.4)
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Figure 3.4: Parameterizations of CDN as a function of wind speed proposed in various
studies, black dots represent the neutral drag coefficients from the present study where
only data during near neutral conditions are used and binned over the wind speeds,

where the 10m wind speeds are calculated using the logarithmic approximation.

Figure 3.4 shows the neutral drag coefficients given by different studies; black dots are the

neutral drag coefficients calculated in the present study binned over wind speeds. The

results are very well within the range of previous studies. Figure 3.5 show the neutral

exchange coefficients of momentum, sensible and latent heat fluxes with wind speeds

at 10 m, where the wind speeds are calculated using the logarithmic approximation.

The neutral exchange coefficients of sensible and latent heat are less reported than that

compared to the drag coefficients due to lack of measurements (Drennan et al., 2007).

Most studies suggest that the neutral coefficients do not depend on wind speed and are

nearly constant with wind speed in the moderate wind speed regime (Large and Pond,

1982; DeCosmo et al., 1996; Persson et al., 2005; Cook and Renfrew, 2015; Zou et al.,

2017). Even at high wind speeds, where wave breaking and sea spray are believed to

be important in air-sea exchange, wind speed dependence is not evident (Zhang et al.,

2008; Cook and Renfrew, 2015; Petersen and Renfrew, 2009).

Experimental studies were conducted to calculate the fluxes, and the computed fluxes are

used to parameterize the fluxes in terms of the bulk meteorological values so that they

can be used in the NWP and climate models. Most parameterizations use MOST and

Charnock’s relations to calculate the transfer coefficients. These parameterizations are

iterative hence giving rise to circular dependencies. Therefore, a simple parameterization

is proposed here, which is simple and does not depend on any assumptions, which is

described in section 3.2.
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Figure 3.5: Computed momentum, sensible and latent heat flux neutral transfer coef-
ficients with wind speeds at 21 m height, after all corrections.

3.2 Parameterization of fluxes in terms of velocity and sta-

bility functions

Momentum, sensible and latent heat fluxes in numerical weather prediction and climate

models are parameterized using bulk algorithms. The momentum and heat fluxes in

these models are given by equations 3.5-3.7 where the CD, CH , CE are the dimensionless

coefficients that depend on MOST and Charnock’s relations.

τ = ρaCDU
2 (3.5)

H = ρaCHcp∆θ (3.6)
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E = ρaCELe∆q (3.7)

The physical interpretation of MOST can be ambiguous due to self-correlation and cir-

cular dependence (Vickers et al., 2015) as MOST employs an iterative process to predict

turbulent fluxes in terms of exchange coefficients that depend on stability functions and

thus on turbulent fluxes through Obukhov length. In order to avoid the iterative process,

Kara et al. (2005) has formulated the exchange coefficients obtained from the COARE

algorithm as functions of wind speed, temperature, and humidity. Vickers et al. (2015)

and Zou et al. (2017) has modeled the friction velocity and exchange coefficients as a

function of velocity and bulk Richardson number and Richardson numbers, respectively.

Zou et al. (2017) defined Richardson number, which does not depend on measurement

height and assumes that u∗, q∗, θ∗ and z0 are constant with height in the atmospheric

boundary and is given as

Ri = 3× 104αθv∗/θ (3.8)

where α is the Charnock constant, θv∗ = θ(1 + 0.61q∗).

Vickers et al. (2015), in their study, parameterized the fluxes in terms of velocity and

stability functions, where they used bulk Richardson number as the stability parameter.

The bulk Richardson number is given by equation 3.4.

Though the bulk Richardson number depends on the measurement height, it does not

require the MOST iterative process to determine the fluxes, while Richardson’s number

requires the scaling temperature, which requires the turbulent measurements hence cant

be used to determine the fluxes through the mean meteorological data. In this study,

we parameterize the fluxes using the functions of bulk Richardson number as used by

Vickers et al. (2015) and roughness Reynolds numbers to make them dimensionally

stable and non-iterative. The roughness Reynolds number used hereafter in this paper

is defined as

Re = zU/ν (3.9)

where z is the measurement height, U is the wind speed and ν is the kinematic viscosity

of the air.
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Here, following Vickers et al. (2015), we formulate the momentum, sensible and latent

heat fluxes as functions of non-dimensionless numbers as shown below.

τ = ρU2fmf (Re)hmf (Rb) (3.10)

SHF = ρcpU∆θfshf (Re)hshf (Rb) (3.11)

LHF = ρLeU∆qflhf (Re)hlhf (Rb) (3.12)

In this simple model, as stated by Vickers et al. (2015), the measured wind speed is not

adjusted based on height or stability, unlike in MOST. It also states that the model minus

measurements residuals for u∗ by measurement height are near zero for low measurement

heights. Also, these are positive for higher measurement heights, which are consistent

with an underestimate of the observed values, whereas the COARE model u∗ residuals

are near zero for low measurement heights and negative for the measurement heights

exceeding 30 m. Thus we can expect a strong height dependence in this model, and we

can use it as the COARE model yields a stronger height dependence.

To obtain function f(Re), we follow the process as followed by Vickers et al. (2015),

we examine the dependence of τ/ρU2, SHF/ρUcp∆θ, LHF/ρLeU∆q with Re in near-

neutral cases, where we considered the magnitude of Rb is less than 0.002, where h(Rb)

is expected to be unity, considering the data above above 5 m/s. The functions, f(Re)

are found by fitting the data. It is seen that for sensible heat flux, there is no dependence

of flux coefficient with the Reynolds number, hence in this study, we do not give any

parameterization for the sensible heat flux. In ideal neutral conditions, the sensible heat

flux across the interface has to be zero, however in the real world observations, there

would be values near to zero, however, the sensible heat flux coefficients does not depend

on any wind speed or temperature difference in this stability zone. Hence it would be

difficult to get a parameterization, which is a function of non-dimensionless velocity and

stability functions.

f(Re)mf = 6.481 ∗ 10−11 ∗Re + 0.0001195 (3.13)
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Figure 3.6: Stability function versus Richardson number for latent heat flux.
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Figure 3.7: Stability function versus Richardson number for momentum flux.

f(Re)lhf = 1.308 ∗ 10−11 ∗Re + 0.0007594 (3.14)

The bulk stability functions are obtained by fitting the data between the Richardson

number and bin mean-ed data of τ/ρU2/f(Re)mf and LHF/ρLeU∆qf(Re)lhf
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Figure 3.8: Scatter plot of the observed fluxes with the simple modeled fluxes and (top)
and scatter plot of the COARE modeled fluxes with the simple modeled fluxes (bottom).

h(Rb)mf = −7.526 ∗Rb + 1.029 (3.15)

h(Rb)lhf = −9.194 ∗Rb + 0.8025 (3.16)

Figures 3.7 and 3.6 show the stability function hRb
with the Richardson number, the

curve fitted represent the equations 3.15 and 3.16. To compare our simple model predic-

tions of the fluxes to the observations and the COARE 3.5 model outputs, scatter plots

are shown in figure 3.8. It is seen that the coefficient of determination, r2 is as good as

that compared to that of the COARE 3.5 model. From the scatter plot of the COARE

3.5 output and the simple model output, we can conclude that our fluxes computed at

the high winds are better in the simple model than those from the COARE 3.5 model.



Chapter 4

CO2 Fluxes

This chapter discusses how measurements of carbon dioxide are done in the atmosphere

and water and what are the corrections done to calculate the carbon dioxide fluxes. It

discusses the data processing required and how to calculate the gas transfer velocities

and convert them to a Schmidt number of 660.

4.1 Observations

An open path LICOR 7500 infrared gas analyzer is used for CO2 flux measurements.

LICOR 7500 is designed to measure high-speed CO2 and H2O concentration in ambient

air. It has a calibration range of 0-3000µmol mol−1 for CO2 and 0-60 mmol mol−1 for

H2O, with an accuracy of 1% of the measured value.

The partial pressure of CO2 in water is obtained from the underway measurements of

CO2 done on the surface seawater by using a General Oceanics/Neill system that is

equipped with a shower head equilibrator and uses a nondispersive infrared gas analyzer

(LICOR, LI7000) to quantify the CO2 in gas circulated from equilibrator headspace

and dried prior to measurement using a Nafion Dryer. The accuracy and precision of

the measurements are ±2 µatm (Moreau et al., 2017). The observations were made at

a frequency of 0.2 Hz. The measured CO2 concentrations are not quality controlled.

Hence a series of checks are performed, and unrealistic values are removed.
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4.1.1 Dilution Corrections

The open path LICOR 7500 gas analyzer measures the concentration of carbon dioxide

in the moist air. Hence, we need to correct the measured raw concentrations to account

for these dilution effects (Webb et al., 1980) before computing the fluxes. The method

we used here to correct for dilution effects is similar to the one used by Edson et al.

(2011), where the approach is to “dry” the samples numerically by applying an additional

dilution correction to estimate the mixing ratio. The mixing ratio,rc is given as,

rc =
RT

MP

χc
(1− q) (4.1)

where χc is the mass concentration of carbon dioxide, typically observed by the LICOR

7500 gas analyzer, R is the ideal gas constant, T is the temperature, P is the pressure,

M is the molecular weight of the moist air, q is the specific humidity.

4.2 Gas transfer velocity calculation

The gas transfer velocity k is given by equation 4.2

k =
Fc

∆pCO2
(4.2)

where Fc is the turbulent gas flux computed using the eddy covariance technique and

∆pCO2 is the concentration difference across the air-water interface.

The pCO2 of water obtained from the ship and the CO2 concentrations measured from

LICOR are averaged to 10-minute data. Figure 4.1 shows the measured concentration

CO2 in the air and water. However, we see that the concentration of carbon dioxide

in water is more in some places compared to that of the air. However, the literature

suggests that the Southern Ocean as the sink of carbon dioxide and the concentration

of carbon dioxide is less in water. Eddy covariance measurements to compute fluxes in

the Southern Ocean were done in the past during the SO-Gas Experiment (Edson et al.,

2011) and SOAP Experiment (Landwehr et al., 2014). It is seen from both the studies

that the concentration of carbon dioxide in water is less compared to that in the air.
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Figure 4.1: CAPRICORN time series data of CO2 (ppm) concentration in air and
water. The data is averaged over 10 minute intervals.

The gas transfer is calculated only when the difference in concentration in air and water

is chosen to be less than 40, following the previous studies.

The carbon dioxide concentrations of air and water are filtered for the rate of change

in a mean concentration greater than 5ppm per 10min. The filtered measurements are

used to calculate the concentration difference across the interface.

The turbulent fluxes of carbon dioxide are computed following the procedure followed to

calculate the fluxes of heat as that computed in the chapter 2. The streamwise and cross-

stream covariance, along with the vertical component, are calculated. The computed

fluxes are filtered for all the quality checks that are listed in Chapter 2. The fluxes are

also filtered if the streamwise and cross streamwise fluxes of the gas are greater than

0.06 ppm m/s (Blomquist et al. (2017)). The gas transfer velocity is thus computed using

equation 4.2 after all the criteria are fulfilled. The computed gas transfer velocities are

normalised to a Schmidt number of 660, which corresponds to CO2 at 25oC by using
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Figure 4.2: Measured values of gas transfer velocity from the CAPRICORN data.

equation 4.3.

k660 = k

√
ScCO2

660
(4.3)

where Sc is the Schmidt number, which is a function of sea surface temperature, Ts

((Wanninkhof, 1992)).

Sc = 2073.1− 125.62 ∗ Ts+ 3.6276 ∗ Ts2 − 0.043219 ∗ Ts3 (4.4)

4.3 Wind Speed Dependence

Several studies reported the dependency of gas transfer velocity on wind speed. These

gas parameterizations proposed were based on field and laboratory experiments, ranging

from a linear relationship to quadratic, cubic, or power-law with wind speeds.

Figure 4.2 shows the wind speed dependence on gas transfer velocity for the CAPRI-

CORN data. Very few data points are achieved after proper quality control of the data.

Hence, it would be difficult to give a proper relationship of gas transfer velocity with the



CO2 Fluxes 50

Figure 4.3: Measured values of gas transfer velocities from SO GasEx showing a
quadratic and a cubic fit.
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wind speeds. However, if we consider the single data point whose gas transfer velocity

is greater than 500 cm/hr as an outlier, remaining data points are within the observed

ranges from the previous studies. The maximum gas transfer velocity values reported

in the literature to date is during the SO-Gas Experiment. The values reported varied

between 500 and -200 cm/hr (Edson et al., 2011) for wind speeds between 0 and 20 m/s.

Figure 4.4 shows the calculated values of gas transfer velocity of carbon dioxide in the

Southern Ocean during the CAPRICORN voyage overlayed over the relationship’s given

by other researchers. The figure 4.3 shows the spread of the gas transfer velocities ob-

served during the Southern Ocean Gas Experiment obtained from the eddy covariance

estimates. The authors have given least-squares fit the data They have given a linear,

quadratic, and a cubic fit to the data. The coefficients of determination for these fits for

the individual eddy covariance estimates are 0.1, 0.112, and 0.118, respectively, while the

coefficient of determination for the equally spaced wind speed binned data is 0.789, 0.872

and 0.893 for linear, quadratic and cubic relations. It was concluded that a cubic rela-

tionship provides an accurate parameterization for the gas transfer velocity. Landwehr

et al. (2018) has given the dependence of gas transfer velocities on the friction veloc-

ity observed in the Southern Ocean Aerosol Production Experiment. The coefficient of

determination observed for a linear fit with the eddy covariance estimates and friction

velocity is 0.35. Hence from the literature, we can see that there is a vast spread in the

data measured, enhancing the need to have more observations in this region. Although

researchers have studied the dependence of gas transfer velocity with the breaking wave

parameter, mean root square of wave slope, white capping coverage area, bubble concen-

tration, wind speed dependence is more extensively studied. As the literature suggests

that the gas transfer velocities observed at high wind speeds are greater, we need to

have more observations in the high wind speed region to have a more robust and reliable

equation. A more robust and reliable equation is necessary to estimate the ocean sink

of carbon dioxide accurately.



Chapter 5

Conclusion

The Earth is an integrated system consisting of four subsystems, namely atmosphere,

hydrosphere, lithosphere, and biosphere. These subsystems interact and influence each

other. The interactions between these subsystems occur through the exchange of mass

and energy. And the rate of movement of these across the systems is termed as fluxes.

These interactions have an important influence on the understanding of weather and

climate of the earth system. Air-sea interactions are one such interaction that influences

the Earth’s environment making it important to understand the physical processes

influencing weather and climate prediction and forecasting. Thus, calculating fluxes

and understanding the physical processes that affect the fluxes across the air-sea more

important. Various studies were performed to understand the processes that affect the

fluxes, and the influence of stability on the fluxes is less studied. Various researchers

have given the fluxes in terms of bulk variables and transfer coefficients. Few studies

gave the transfer coefficients as a function of wind speeds, which are dimensionally not

stable, while a few of them gave them as a constant, and few of them used MOST

and Charnock’s relations to give the transfer coefficients. The current state-of-the-art

climate and weather prediction models use bulk models based on the MOST and the

Charnock’s relationships to determine the fluxes across the air-sea interface, which is an

iterative process. These bulk models depending on MOST, have circular dependencies.

The COARE 3.5 model is the best performing model available, and it is seen that at

higher wind speeds, the COARE model underestimates the fluxes when compared with

the measurements that obtained from the CAPRICORN experiments. Therefore, we
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need to build a simple parameterization of flux coefficients to determine fluxes to avoid

assumptions and circular dependencies and which is dimensionally stable.

Eddy Covariance is the purest form of flux calculation. The fluxes in a box can be

estimated by measuring how many parcels of air with pass through a defined volume over

a specific time. The Eddy covariance relies on high-frequency 3-D winds and the entity

of interest. The eddy flux computed is proportional to the covariance of the fluctuation

of the vertical wind from the mean and the deviation of the measured entity from the

mean. The wind speeds, when measured on ships, are contaminated by the platform

motions. However, the calculation of these motions is difficult in the absence of reliable

accelerometer data or a failed collocated accelerometer. Here we investigated in this

study whether the motion reference data of the ship can replace existing accelerometer

collocated data. We characterized that for the anemometer mounted on the R / V

Investigator’s foremast, there is a lag of 1.4 sec in the ship’s motion reference unit data.

This lag can change based on the position vector of the motion reference unit and the

anemometer; however, after characterizing the ship for different position vectors, we

can use the ship’s data to compute platform motions. Hence, we can correct the wind

speeds for platform motions using the ships’ motion data after adjusting to the lag.

The spectral speaks due to the platform motions observed in the measured raw data by

anemometer at 0.25 Hz is removed after the corrections performed by the ship’s data.

Therefore, the existing collocated accelerometer, GPS receiver, and heading sensors gain

redundancy.

Momentum, sensible, and latent heat fluxes are computed using the motion-corrected

winds by the eddy covariance method. A series of quality standards are applied to the

fluxes. The quality controlled fluxes from the voyage are used to get a simple param-

eterization to estimate fluxes. The coefficients of momentum, sensible heat, and latent

heat are calculated, and the results obtained are within the range of the observed values

by the other researchers. In this study, we have developed the coefficients of momentum

and latent heat fluxes in terms of simple functions of Reynolds and bulk Richardson

number. Reynolds and bulk Richardson number are physically dependent on velocity

and stability of the atmospheric boundary layer. The model proposed does not depend

on any assumptions or does not have any circular dependencies and is dimensionally

stable. The sensible heat flux coefficient could not be parameterized as we found that

in the neutral region, there is no dependency on the Reynolds number. The proposed
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model is performing better compared to that of the COARE 3.5 model at higher wind

speeds.

Gas transfer across the air-sea interface is challenging to measure. It is essential to

measure gas transfer velocities in the Southern Ocean as it is least sampled with the

rough environment and high surface waves. It is estimated that the Southern Ocean

is the largest sink of anthropogenic carbon dioxide, with about 40% of the total world

ocean sink. Only two studies are reported in the Southern Ocean. Studies reported

that the gas transfer velocity dependence on velocity, mean square slope of the waves,

breaking wave parameter, and white capping area. Most of the studies suggested a

high dependence on the velocity of winds. The existing relationships for the gas transfer

velocity with wind speeds vary from linear to quadratic to cubic to a power law. From the

existing parameterizations, it is seen that at the high wind speeds, there is high variance.

CO2 fluxes in the Southern Ocean are measured for the CAPRICORN voyage, using the

motion-corrected winds and the measured concentrations of CO2. After applying quality

control to the calculated fluxes, gas transfer velocities are computed, and it is found that

the results obtained are within the range that is reported by the previous researchers.

However, there are no sufficient data points, and the variance in the data is too high to

get any conclusions from the results obtained.

Measuring the gas transfer velocities at high wind speeds in the field is difficult. Hence,

we can do experiments in the laboratory over a wind-wave tank where we can simulate

the wind waves to calculate the gas transfer velocities. It is expected that the gas

transfer velocities depend on the atmospheric stability. However, no study has reported

the dependence of the gas transfer velocity on the stability of the atmosphere. Hence

we can carefully design the experiments to get the gas transfer velocities for high wind

speeds and different stability conditions.



Appendix A

Bulk Models

A.1 Introduction

The surface layer is a thin layer, which is typically about one-tenth of the Planetary

Boundary Layer (PBL) height. The variables such as wind speed and potential temper-

atures and specific humidity experience the largest vertical gradients which are given by

the surface layer similarity theory.

The surface layer fluxes are typically represented by bulk aerodynamic algorithms. These

are given by the relationships of the MOST and the Charnock’s relations. These de-

pend on the momentum, temperature, and humidity roughness lengths and the stability

functions. MOST is used in oceans as well as on land. Nevertheless, the lengths of

roughness vary across the land and oceans, while the functions of stability remain con-

stant across any surface. While surface fluxes and large environmental variables can

be directly measured, parameterization is required for roughness lengths. Because the

roughness lengths ’ functional shape (or constant value) depends on the turbulent sta-

bility functions, different groups have suggested very different equations for roughness

lengths. The surface layer schemes in the climate and weather model provide exchange

coefficients for heat and momentum to the Ocean model, and friction velocities to the

Planetary boundary layer computational modules. In essence, the Surface Layer schemes

provide the parameterization linkage for the dynamic and thermal phenomena between

ocean and atmosphere. Namely; it provides friction velocity and surface fluxes over

oceans to PBL schemes.
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A.1.1 RegCM3

Dimensionless vertical wind and scalar (temperature and humidity) gradients in the

atmospheric surface layer can be defined as (Zeng et al. (1998)):

φm =
κz

u∗

du

dz
(A.1)

φh =
κz

θv∗

dθv
dz

(A.2)

φe =
κz

q∗

dq

dz
(A.3)

where κ is the von karman constant(0.4), u is the wind speed, θv is the virtual potential

temperature, u∗ is the friction velocity, and θv∗ is the temperature scaling parameter.

Using the Monin - Obukhov similarity theory, the flux - gradient relations are:

φm = φh = 1 + 5ζ (A.4)

under stable conditions (i.e., ζ >0) and

φm = (1− 16ζ)−1/4,

φh = (1− 16ζ)−1/2
(A.5)

under unstable conditions (i.e., ζ <0). The dimensionless height ζ is defined as

ζ =
z

L
,

L =
θvu

2
∗

κgθv∗

(A.6)

is the Monin-Obukhov length. Under very unstable conditions, the flux gradients used

are:

φm = 0.7κ2/3(−ζ)1/3

φh = 0.9κ4/3(−ζ)−1/3
(A.7)

To ensure continuous functions of φm(ζ) and φh(ζ), the simplest approach is to match

A.7 with A.5 at ζm = −1.574 for φm(ζ) and ζh = −0.465 for φh(ζ). Under very stable

conditions,

φm = φh = 5 + ζ (A.8)
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which matches 1.12 at ζ = 1. The wind profiles are given as:

u(z) =
u∗
κ

([
ln
ζmL

z0
− ψm(ζm)

]
+ 1.14

[
(−ζ)1/3 − (−ζm)1/3

])
(A.9)

for ζ < ζm = -1.574;

u(z) =
u∗
κ

[
ln
z

z0
− ψm(ζ)

]
(A.10)

for ζm < ζ < 0;

u(z) =
u∗
κ

[
ln
z

z0
+ 5ζ

]
(A.11)

for0 < ζ < 1 and

u(z) =
u∗
κ

([
ln
L

z0
+ 5

]
+

[
5ln(ζ) + (ζ)− 1

])
(A.12)

for ζ > 1. The potential temperature profiles are

θ(z)− θs =
θ

κ

([
ln
ζhL

z0t
− ψh(ζh)

]
+ 0.8

[
(−ζh)1/3 − (−ζ)1/3

])
(A.13)

for ζ < ζh = -0.465;

θ(z)− θs =
θ∗
κ

[
ln

z

z0t
− ψh(ζ)

]
(A.14)

for ζh < ζ < 0;

θ(z)− θs =
θ∗
κ

[
ln

z

z0t
+ 5ζ

]
(A.15)

for0 < ζ < 1 and

θ(z)− θs =
θ∗
κ

([
ln
L

z0t
+ 5

]
+

[
5ln(ζ) + (ζ)− 1

])
(A.16)

for ζ > 1. Specific humidity profiles are same as they hold those forθ. The stability

functions ψm and ψh are given as:

ψm = 2ln
(1 + x

2

)
+ ln

(1 + x2

2

)
− 2 tan−1(x) +

π

2

ψh = 2ln
(1 + x2

2

) (A.17)

where

x = (1− 16ζ)1/4 (A.18)
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θs is the surface potential temperature and qs is the surface specific humidity over saline

seawater, qs = 0.98qsat(Ts), where Ts is the sea surface skin temperature and qsat is

the saturation specific humidity for sea water at Ts. Under stable conditions, the wind

speed u is defined as

u = max[(u2x + u2y)
1/2, 0.1] (A.19)

to avoid singularity at u=0, whereas for unstable conditions,

u = [u2x + u2y + (βw∗)
2]1/2 (A.20)

to account for the the contribution of large eddies in the convective boundary layer to

surface fluxes. ux and uy are mean wind components, and w∗ is the convective velocity

scale:

w∗ =

(
− g

θv
θv∗u∗zi

)1/3

(A.21)

where zi is the convective boundary layer height which is taken as 1000 m, whereas β

is taken as unity. Using the above equations, surface fluxes of momentum, sensible and

latent heat can be obtained as

τ = ρu2∗(u
2
x + u2y)

1/2/u (A.22)

SH = −ρCpu∗θ∗ (A.23)

LH = −ρLeu∗q∗ (A.24)

where ρ is the density of air, Cp is the specific heat of air, Le is latent heat of vaporization.

The ratio of (u2x+u2y)
1/2/u ensures the zero mean wind would result in zero wind stress.

The roughness length of momentum (z0) is given by:

z0 = a1
u2∗
g

+ a2
ν

u∗
(A.25)

the roughness length of humidity and temperature are given as:

ln
z0
z0q

= b1Re
1/4
∗ + b2

z0t = z0q

(A.26)
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where a1 = 0.013, a2 = 0.11, b1 = 2.67, b2 = −2.57 are constants for observed wind

speeds of 0.5 to 18 m/s, Re∗ = u∗z0/ν is the roughness Reynolds number, and ν is the

kinematic viscosity of air. Using z0 and z0q, neutral exchange coefficients are computed.

Cdn =

(
κ/ln

10

z0

)2

Cqn = κ2/(ln
10

z0
ln

10

z0q
)

(A.27)

A.1.2 Coupled Ocean - Atmosphere Response Experiment (COARE)

3.5

The turbulent transfer coefficients have a dependence on surface stability prescribed by

MOST. The profile functions used in the free convection conditions are given by ((Fairall

et al., 2003; Edson et al., 2013)):

y = (1−10.15ζ)1/3ψuc = 1.5log((1+y+y2)/3)−
√

3tan−1((1+2y)/
√

3)+π/
√

3 (A.28)

and

y = (1− 34.15ζ)1/3ψtc = ψqc = 1.5log((1 + y + y2)/3)−
√

3tan−1((1 + 2y)/
√

3) + π/
√

3

(A.29)

ψu =
(1− f)ψuk
fψuc

(A.30)

ψt = ψq ==
(1− f)ψtk
fψtc

(A.31)

f =
ψ2

(1 + ψ2)
(A.32)

Under stable stratification, the profile equations used are

ψu = −
[

(1 + 1 ∗ ζ) +
2

3

ζ − 14.28

exp(c)
+ 8.525

]
(A.33)

and

ψt = ψq = −
[

(1 + 1 ∗ ζ)1.5 +
2

3

ζ − 14.28

exp(c)
+ 8.525

]
(A.34)
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where c = min(50, 0.35ζ).

The momentum roughness length is given by:

z0 = a1
u2∗
g

+ a2
ν

u∗
(A.35)

where, Charnock’s constant, a1 is given as a1 = 0.0017u10N −0.005 the roughness length

of humidity and temperature are given as:

z0t = z0q = min(1.6 ∗ 10−4, 5.8 ∗ 10−5 ∗Re−0.72) (A.36)

where Re is the Reynolds Number.

A.1.3 ECMWF - IFS

The turbulent fluxes can be expressed, using MOST, in terms of the gradients of wind,

dry static energy and specific humidity, which are assumed to be proportional to univer-

sal gradient functions of a stability parameter given by A.1, A.2 and A.3. The surface

fluxes are expressed in terms of differences between parameters at level zn and surface

quantities. The transfer coefficients are expressed as:

C(D,E,H) = κ2

[
ln
( ZA
z0m

)
− ψm

]−1[
ln
( ZA
z0(m,e,h)

)
− ψ(m,e,h)

]−1
(A.37)

For unstable conditions, the stability profile functions are given as:

ψm =
π

2
− 2tan−1((1− 16ζ)1/4) + log

(1 + (1− 16ζ)1/4)2 ∗ (1 + (1− 16ζ)1/2)

8
(A.38)

ψh = ψq = 2log
(1 + (1− 16ζ)1/2)

2
(A.39)

for stable conditions,

ψm = −b(ζ − c/d)exp(−dζ)− aζ − bc/d (A.40)

ψh = ψq = −b(ζ − c/d)exp(−dζ)− (1 + 2/3aζ)1.5 − bc/d+ 1 (A.41)

where a=1, b = 2/3, c=5 and d=0.35. The momentum roughness length is given by

equation A.25 where, a1 is 0.11 and a2 is 0.4. The temperature roughness length is given
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as:

zoh = 0.4
ν

u∗
(A.42)

The humidity roughness length is given as:

zoq = 0.62
ν

u∗
(A.43)



Appendix B

Experiments

In this chapter we present the laboratory experiments we have done to check if the

facilities we have at the University of Melbourne can be used to compute the air-water

gas transfer across the interface.

B.1 Momentum Fluxes

Momentum fluxes in the wind wave tank can be computed using various methods, in

this study profile method is been used. The experiments are conducted in the Extreme

air sea interaction facility whose description is given in the section below.

B.1.1 The Extreme Air-Sea Interaction (EASI) facility

The Extreme Air-Sea Interaction (EASI) facility, situated in Mitchell Hydrodynamics lab

at The University of Melbourne is used in our current study to perform the experiments

to compute the fluxes across the air-water interface. Figure B.1 shows the schematic of

the EASI facility. The flume facility is 1.8 m wide, 60 m long with 38.5 m being exposed

to the wind and has a total height of 2 m, of which about 0.9 m is filled with water.

Computer controlled mechanical and wind waves are generated to study the waves and

air-sea interactions. The winds in the facility are generated by a 280 kW counter rotating

fan pair which produces maximum wind speeds of about 35 m/s. A honeycomb structure,

a stainless steel mesh and a contractor unit are provided at the entrance of the wind

62
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tunnel flume for flow straightening and to reduce the turbulence. A mechanical wave

generator is located at the starting end of the tank, while a sloped beach and diffuser

is provided at the other end of the flume to reduce the wave energy and minimize the

wave reflections and decrease the velocity of the air that exits the flume. The facility

has see through windows to allow optical measurements at a fetch of 22 m. The total

water volume of the tank is 97.2m3, the total surface area of still water exposed to air

is 69.3m2 and the total volume of the air is 955m3.

✲

✛

✻

✻

✲✲

✲

✛

✛

✛

✛ ✛

✲

✲

Figure B.1: Schematic of the EASI Facility located in Mitchell Hydrodynamics Labo-
ratory, The University of Melbourne. Adapted from Lee (2019)

B.1.2 Velocity Profiles

The turbulent boundary layers in the aerodynamic tubes and wind flumes have three

different sublayers at different distances from the surface of the water, the viscous sub-

layer, layer of constant fluxes and the wake. The viscous sublayer is the layer where

viscous effects are essential and is typically about 1 mm. The layer of constant fluxes is

the only layer that has a logarithmic velocity profile and the can be extrapolated to the

meteorological height H10. The wake is the outer part of the turbulent boundary layer,

where the boundary layer flow transits into the outer flow in the tube. Typically in the
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aerodynamic tubes, the layer of constant fluxes extends from the upper boundary of the

viscous layer to approximately 0.15 times the boundary layer thickness.

Experiments are conducted in the EASI facility to verify that the wind wave tank can be

used to compute the momentum transfer at the surface. The aerodynamic resistance at

the air-water interface is calculated by using the logarithmic fit to the measured velocity

profiles in the flume at a fetch distance of 21 m. Wind velocity profiles are measured

by the L-shaped Pitot tube with differential Baratron MKS pressure transducer. The

lowest measurement point was chosen such that it was very close to the crest of the

waves, which depended on the wind speed. The distance from the surface and the

lowest point of measurement was obtained using the pixel distance that is calibrated

to real space. The measurements were made with logarithmic height increments with a

sampling time of 10 minutes at each point to obtain convergence. The velocity profile

in the layer of constant fluxes is given by equation (1.6). Figure B.2 shows the wind

profiles measured over the waves in the aerodynamic flume. The solid lines indicate the

logarithmic approximation of the in the constant flux layer. The friction velocity and

roughness length z0 are calculated by using a logarithmic fit to the wind profile and the

wind speed at meteorological height, 10 m is obtained by extrapolating the fit. Figure

B.4 shows the friction velocity as a function of wind speed.

B.2 Heat Fluxes as a proxy

B.2.1 Integral Conservation method

The integral conservation method or calorimetric method is described by Jeong et al.

(2012) is used in this study to calculate enthalpy flux. In this method, the enthalpy flux

across the interface is calculated based on the heat lost by the water as air is blown over

the surface. The total moist enthalpy flux is given by

HK = −cplρl
∂TW
∂t

VW
A

(B.1)

where cpl is the specific heat capacity of liquid water (4.181 kJkg−1K−1 at 25o C ), ρl

is the density of water (997 kgm−3 at 25oC ), ∂TW
∂t is the rate of change of the bulk
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Figure B.2: Wind profiles in the aerodynamic flume over the waves for different inlet
winds; the solid line is the logarithmic approximation in the layer of constant fluxes.
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Figure B.3: Wind profiles in the aerodynamic flume measured for different inlet winds
over the waves in terms of self-similar variables.
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Figure B.4: Air friction velocity u∗ as a function of wind speed.

water temperature, VW is the total volume of water and A is the area of the air-water

interface exposed to the wind. The total heat loss is due to the sensible heat flux, latent

heat flux at the interface, flux due to spray, conduction and radiation heat flux at the

wall surface. The sensible heat flux is the heat exchanged by the bodies with different

temperatures. At the interface, heat flux from the warmer to the cooler surface takes

place till both the media reach the same temperatures. Latent heat flux is due to phase

transformation. Two common forms of latent heat are latent heat of fusion (solid to

liquid) and latent heat of vaporization (liquid to gas). If thermal gradients exist at the

walls of the wind wave tank, the heat loss may be due to conduction and radiation. If

the conduction and radiative heat losses are known, the moist enthalpy fluxes due to

interfacial fluxes and spray can be known by

HK = −cplρl
VW
A

(
∂TW
∂t
− ∂TWC

∂t

)
(B.2)

where ∂TWC
∂t represents the conduction and radiation induced cooling rate through the

side walls of the wind wave tank. The temperature decrease in the water is due to

sensible and latent heat losses through the interface, conductive and radiation losses
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through the walls of wind wave tank and the sensible heat transferred by the re-entrant

spray. The 10-m neutral enthalpy exchange coefficients (CK10N ) are calculated by:

CK10N =
HK

ρU10N (es − e10N )
(B.3)

where subscripts s and 10N denotes measurements at surface and at 10 m above the

surface in neutral conditions, e = (1−q)cpT +q(Lv+cpvT ) is the specific moist enthalpy,

Lv is the latent heat of vaporization of water, t is the temperature, cpv is the specific

heat of water vapor and q is the specific humidity (defined as the ratio of mass of water

vapor to the total mass of moist air parcel).

B.2.2 Instrumentation and setup

Temperature and specific humidity are measured during each experiment to calculate

enthalpy flux using the calorimetric method described by Jeong et al. (2012). The mean

temperatures of air and water are taken at two different fetches of 6 m and 25.1 m. The

air temperatures are measured at 25 cm above the water surface and water temperatures

are measured at 15 cm below the surface of water. The specific humidity is obtained

through absolute water content measured by Picarro Gas Analyzer at a fetch of 16 m.

Gas Analyzer works on the principle of cavity ring down spectroscopy that gives the

absolute water content and is converted to specific humidity by multiplying with the

ratio of molecular weights of water and air. The saturated value for specific humidity

is estimated from the average of the last portion of the record from the gas analyzer.

Omega thermistors with an operating range between −18◦C and 150◦C and tolerance of

±0.2 are used to measure the temperatures of air and water. Picarro CRDS instrument

is used to measure the specific humidity with an operating range between 0-7% v of H2O

and precision of 30ppm averaged over 5min.

B.2.2.1 Cavity Ring Down Spectroscopy (CRDS)

Spectroscopy is a study of the interaction of light and matter. CRDS measures the

concentration of constituents of the gas sample by measuring the decay rate of a laser

induced into a cavity formed by two or more mirrors of known reflectivity and transmis-

sion. The decay of transmitted power is exponential with time. Picarro Analyzer uses
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a three mirror cavity of length 25 cm. A photodetector is used to get the cavity decay

rate, which is inversely proportional to losses in the cavity. For an empty cavity, total

losses depend only on reflectivity and the decay time is longer for high reflective mirrors.

When a gas is introduced into the cavity, a second loss due to absorption is introduced

and the decay time decreases, this change in decay time with and without absorbers is

used to calculate the concentration of gases in the cavity (Berden and Engeln (2009)).

Experiments were run in the EASI facility to calculate moist enthalpy flux using calori-

metric method of Jeong et al. (2012) and to calculate water vapor transfer velocity by

the method followed by Ocampo-Torres et al. (1994). Experiments produce a time series

of air and water temperature data at two different stations and the % volume of H2O in

air. The temperature fluctuations at station 2 are more as the turbulence is high. The

turbulent moist enthalpy flux is calculated by using Equation B.2. In our experiments

the air-water temperature difference is less than 2o, we assume the sensible heat fluxes

through the walls of the tank as negligible. ∂TW
∂t is the total heat lost by the bulk water

due to the interfacial fluxes. This is achieved by a polynomial fit of sixth order to the

bulk water temperature.

The water vapor transfer velocity can be calculated by using

∂Q

∂t

Va
A

= kH2O(Qs −Q) (B.4)

The time series data of specific humidity in air calculated from % volume of H2O given

by gas analyzer is shown in Figure B.5. The data from gas analyzer is at a frequency

of 0.2 Hz. Figure B.6 shows a scatter plot of ∂Q/∂t with Qs −Q. The transfer velocity

is slope of the fitted straight line. Summary of experiments conducted to calculate

enthalpy flux (HK) and transfer velocity of water vapor (kH2O) are presented in Table

B.1.
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Figure B.5: Specific humidity calculated from water content from gas analyzer.
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Figure B.6: Scatter plot of ∂Q/∂t versus Qs −Q. The slope of the fitted solid line is
the mass transfer velocity of the water vapor.



Experiments 70

Run Time (s) Ta (◦C) Tw(◦C) U (m/s) kH2O (m/s) HK (W/m2)

1 3600 19.263 18.767 3.132 0.000378 11.7126

2 3600 18.959 18.693 4.270 - 7.7214

3 3600 20.957 18.644 5.287 0.000789 7.5357

4 3600 20.446 18.783 6.323 0.0010 8.5083

5 3600 21.337 18.794 7.296 0.0014 15.0112

6 3600 20.97 18.919 8.2752 0.0016 14.5320

Table B.1: Summary of Experiments.
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Figure B.7: Mass transfer velocity of H2O versus wind speed within the EASI facility.

Figure B.7 shows the mass transfer velocity of H2O versus reference wind speed within

the EASI facility. Ocampo-Torres et al. (1994) measured water vapor transfer velocity
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in a Gas Transfer Flume (32.2 m × 0.76 m × 0.85 m). The observed transfer velocities

are in the range of 0.002 m/s to 0.0499 m/s for wind speeds between 1 m/s to 15 m/s.

The transfer velocities obtained in our experimental results are between 0.000343 and

0.0017 for velocities ranging from 3 m/s to 8 m/s which are less when compared to that

obtained by Ocampo-Torres et al. (1994). This can be due to leaks in the experimental

setup. It is observed that the wind speeds at exit of flume is nearly half of that observed

at entry of flume. This shows that there are leaks through the acrylic ceiling. It is also

observed there are few leaks to the surrounding atmosphere through the recirculating

area which has to be fixed before continuing further experiments.

B.2.3 Leak Rate

The leak rate (λ) can be defined as the ratio of amount of air replaced in a given time

to the total (V̇a) volume (Va). For mass balance method ideally we need to have a

leak rate equal to zero, but it in reality it is hard to achieve. The major leak to the

system is found at the downstream of the tank and the volume flow rate at the leak is

calculated. The leak rates are found to be between 2.3*10−4 sec−1 and 1.15*10−5 sec−1.

If we consider the air side control volume and removing the exchange terms across the

interface, Equation ?? becomes

Vaċa = V̇a(c
i
a − ca) (B.5)

which can be rewritten as

ċa = λ(cia − ca) (B.6)

The solution to the above equation is

c = cia + (ca0 − cia)e−λt (B.7)

Figure B.8 shows the concentration time series for a system with different leak rates

when initial concentration is increased to 900 ppm and with a background concentration

of 450 ppm. With these leak rates, as we increase the air side concentrations to 900 ppm

there will not be significant change in the water side concentrations. In order to conduct

the air sea gas transfer experiments with air side concentrations to only 1000 ppm, the

leak rate has to be reduced. Leak rates reduction for the EASI facility is pretty hard
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Figure B.8: Air side concentration time series with different leak rates.

due to the size and built of the facility, so a relatively small Sea-Ice Wind Wave Wave

Interaction Facility is used for further experiments. A brief description of the facility is

given in the following subsection.

B.3 CO2 Fluxes

B.3.1 The Sea-Ice Wind Wave Interaction (SIWWI) Facility

The Sea-Ice Wind Wave Interaction (SIWWI) Facility, situated in Mitchell Hydrody-

namics lab of the University of Melbourne is used to check if we can calculate the carbon

dioxide fluxes at high wind speeds as we have deduced that EASI facility can not be

used due to the fact that it has higher leak rates. SIWWI facility is a 14 m long, 0.75 m

wide and 0.7 m height tank with water filled up to 0.35 m and a fetch of 6.6 m exposed

to wind. There is wave maker at the starting to generate mechanical waves and there

is a beach made of woven Nylon placed at end of the tank at 7◦ to minimize the reflec-

tions of the waves. A honeycomb structure and a stainless steel mesh are placed for flow

straightening. A counter rotating fan is used to produce the winds. The operating range
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of the fan is between 17 Hz and 33 Hz. The total volume of water is 3.675 m3 and surface

area exposed to air is 4.95 m2. The whole wind wave setup is inside a freezer room built

from 100 mm thick foam refrigeration panels with two heated, double glazed windows.

The temperature of the room can be controlled between ambient and -12◦C using three

5 kW evaporator units. Figure B.9 shows a 3D diagram of the SIWWI facility.

THE SEA-ICE-WAVE-INTERACTION (SIWI) FACILITY
JASON P. MONTY, A. TOFFOLI & A. BABANIN, THE UNIVERSITY OF MELBOURNE

L. BENNETTS, UNIVERSITY OF ADELAIDE; M. MEYLAN, UNIVERSITY OF NEWCASTLE

OBJECTIVES
EASI was designed to study air-sea interaction
with high wind velocities, high Reynolds number
surface layers and high quality inlet flow. Many
aspects of air-sea interaction can be studied in this
facility; those we initially aim to investigate in-
clude:

1. Improving our understanding of air and
water phase turbulence under a variety of
wave conditions (wind generated, mechan-
ically generated modulated waves, etc.);

2. The detailed structure of air-sea turbulence
using high-fidelity instrumentation;

3. biteme
4. biteme
5. biteme

TMP
EASI was designed to study air-sea interaction
with high wind velocities, high Reynolds number
surface layers and high quality inlet flow. Many
aspects of air-sea interaction can be studied in this
facility; those we initially aim to investigate in-
clude:

1. Improving our understanding of air and
water phase turbulence under a variety of
wave conditions (wind generated, mechan-
ically generated modulated waves, etc.);

2. biteme
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FREEZER ROOM & WAVE TANK
The freezer room is built from 100 mm thick foam
refrigeration panels with two heated, double-
glazed windows. The temperature of the room is
computer-controlled between ambient and -12◦ C
(±1◦C) via three 5kW evaporator units. Inside the
freezer room is the 14 × 0.75 × 0.6 m wave tank,
framed in wood due to its excellent corrosion re-
sistance and low coefficient of thermal expansion.
The wood used is structural LVL, marine treated
and finished in polyurethane varnish for water re-

INSIDE THE WAVE TANK
A computer controlled wavemaker and beach are
installed at either end of the wave tank. The beach
is made of woven Nylon and angled at ∼ 7◦. The
wavemaker can create waves up to frequencies
of 2 Hz and amplitudes of 100 mm. An array of
small electrical heaters are used to control the wa-
ter temperature between 0 and 20 ◦C. Ice sheets of
up to 1500 x 750 x 20 mm can be created in an ex-
ternal stainless steel tray to simulate an individ-
ual floe or the entire surface of the water can be
frozen. The water can be circulated outside the
freezer room through a filter for cleaning.

EXPERIMENT 1 — WAVE ATTENUATION WITH A SINGLE FLOE

Experiments were conducted with a single ice sheet of
dimensions 1500 × 750 × 12mm (L × W × t) moored in
the centre of the wave tank (∼ 6 m downstream of the
wavemaker). Custom capacitance wave gauges were
placed 0.5 m upstream and downstream of the floe.
Regular waves of 1 Hz were generated, corresponding
to a wavelength, λ = 1500 mm, matching the floe length,
L. The wave steepness was increased by increasing the
amplitude of the regular waves.

The spectra of wave height are shown in figure 1 and it
can be seen that the peak frequency before and after the
floe do not match for all steepness values. The ratio of
primary peaks in the spectra up– and down-stream of
the floe are shown in figure 2 where it is observed that
for low steepness the primary waves are largely trans-
mitted through the floe, while there is a slight (and in-
creasing) attenuation in these waves as the steepness in-
creases. The floe did not break at any steepness tested.

EXPERIMENT 2 — WAVE ATTENUATION WITH SMALL FLOE FIELD

Beginning with full ice cover of the tank, the ice cover
was manually broken into small pieces of nominal di-
ameter 10 – 100 mm and thickness ∼ 10 mm. Ice was re-
moved near the wavemaker to allow waves to develop.
A wave gauge was placed upstream of the loose ice
floes and another approximately 2m into the ice cover,
such that the separation between gauges was similar to
experiment 1. Regular waves of 1 Hz were generated as
above (with limited range of steepness).

The spectra of wave height are shown in figure 3 where
it is clear that the small loose floes attenuate the waves
much more than a solid ice sheet. The ratio of primary
peaks in the spectra upstream and 2 m into the ice cover
are shown in figure 2. It is observed that primary waves
are only transmitted through the ice cover for very low
steepness, with strong attenuation in these waves as the
steepness increases. The severe primary wave energy
loss is explained by the many collisions between the
small ice floes caused by the waves.

CONTACT AND COLLABORATORS
Email: montyjp@unimelb.edu.au ; alessandro.toffoli@unimelb.edu.au ; luke.bennetts@adelaide.edu.au ;
mike.meylan@newcastle.edu.au Acknowledgements: Dr Grant Skidmore, Dr John Elsnab, Jung Hoon Lee

Figure B.9: Schematic of the SIWWI Facility.

B.3.2 Measurement of Total Inorganic Carbon in water

The total Dissolved Inorganic Carbon (DIC) measured is a combination of carbonates

and carbon dioxide dissolved in water. DIC measurements are to be done using total

organic carbon (TOC) measuring instrument, SHIMADZU TOC-VCSH in which DIC is

measured by acidifying the sample with small amount of Hydrochloric acid to obtain a

pH less than 3, where all carbonates are converted to carbon dioxide and this sample is

volatilized through bubbling with Nitrogen gas and the carbon dioxide in the gas sample

is detected using NDIR. Figure B.10 shows the schematic of the DIC measurements using

TOC. The concentration in the sample is obtained through comparison with a calibration

curve equation. Figure B.11 shows a multi-point calibration curve for different known

concentrations.
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Figure B.10: Schematic diagram of DIC measurements using TOC.
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Figure B.11: Calibration curve for DIC measurements.



Bibliography 75

B.3.3 Measurements of carbon dioxide in air

Picarro CRDS instrument is used to measure the air side concentration of carbon dioxide.

A brief description of the instrument is given in the section B.2.2.1. To determine

the leaks in the SIWWI system, continuous measurements of carbon dioxide with no

water and doors of the system closed were done. It is found that the carbon dioxide

concentration in the system is was continuously being raised with in the system, while

the gradients of the rise in concentration varied with the temperature with in the system

and the air circulation speed. After a careful observation, it is found that the carbon

dioxide is released into the system through the cracks on the floor. Hence, the cracks

are to be sealed to further continue the experiments.
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