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Abstract

Ship borne direct eddy covariance flux measurements of momentum, heat

(latent and sensible), and the trace gas CO2, were conducted during three

open ocean experiments. The methods for data analysis and interpretation

were adapted from the literature, and reviewed carefully. Two major sources

of measurement errors were studied in detail: the air-flow distortion by the

platform superstructure and the cross-sensitivity of the CO2 signal to water

vapour. For both topics a revision of the treatment, as suggested in the

literature, was found necessary.

Air-flow distortion can lead to a tilt of the wind vector as well as accel-

eration of the wind speed. Eddy covariance measurements are additionally

affected by the platform motion. The classic approach is to first correct for

the platform motion and thereafter rotate the wind vector into the mean

flow. For moving ships, this causes an over-estimation of the tilt, because

the flow distortion-induced vertical velocity is proportional to the relative

wind speed. The overestimated tilt leads to biased flux estimates. This may

explain the common observation that flux estimates from moving ships have

lower quality than measurements taken on station. An alternative method

is presented here, where the flow distortion-induced tilt is estimated from

the wind speed measurements and applied after correcting for the platform

motion, but before removing the ship’s mean velocity. This significantly
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Abstract

reduced the flow distortion error in the direct flux measurements.

With respect to CO2, the flux measurements are affected by cross-sensitivities

to water vapour, resulting in order-of-magnitude biases. Well established

cause are (i) band-broadening and spectral overlap, and (ii) air density

fluctuations. Both can be corrected. A further bias related to humidity

fluctuations has recently been observed with the widely used CO2/H2O

open-path sensors produced by LICOR, attributed to sea salt build-up and

water films on the sensor optics. Two different approaches have been used:

Miller et al. (2010) employed a membrane drier to physically eliminate 97%

of the water vapour fluctuations in the sample air before it entered a closed-

path gas analyser. Prytherch et al. (2010a) formulated the PKT (Peter K.

Taylor) post-processing correction. Here these methods are compared using

four closed-path analysers, two of which were positioned down-stream of

membrane dryers. The CO2 fluxes from the dried analysers matched each

other and were in general agreement with common parameterisations. The

measurements from the un-dried sensors agreed only when the humidity

flux was low and exhibited order-of magnitude biases otherwise. The PKT

correction did not remove the bias. The results demonstrate the validity of

measuring CO2 fluxes at pre-dried air and disprove the PKT correction.
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1 Introduction and Motivation

The ocean and atmosphere are two fluids in constant interaction, exchanging

gases, heat, and momentum. Both the upper ocean with a length scale of

10m to some 100m and the lower atmosphere (length scale of several kilo

meter) are well mixed by turbulent motions which inhibit the establishment

of strong gradients (Liss and Slater , 1974). Turbulent motions however

need space, thus they cannot exist at the very border of the two fluids. The

transport of substances through the air-sea interface (submillimetre scale)

happens, therefore, only by molecular diffusion, which is a slow process

(Liss and Slater , 1974). This means that the air-sea interface represents

the bottleneck, which ultimately limits the exchange from one fluid to

the other. In calm conditions the sub-layers become more developed and

air-sea exchange is constrained. Surface turbulence and breaking waves

in turn lead to an erosion of the sub-layers and significantly enhance the

exchange (Soloviev and Schlüssel, 1994). The understanding of the small

scale processes in this realm is therefore important for accurate weather

and climate predictions (Brunke et al., 2003). For example, the strength

of hurricanes is controlled by the latent and sensible heat fluxes across the

air-sea interface, which supply the rising of convective cells over several

kilometres in the atmosphere. In contrast to solid surfaces, the ocean surface

friction changes with increasing wind speed due to the development of wind
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waves and swell (Charnock, 1955). The air-sea exchange rate of trace gases

like carbon dioxide is (CO2) and its dependence on parameters, like the wind

speed, is not well constrained, with parameterisation differing by over 100%

at high wind speeds (Ho et al., 2006)

The key task for the modelling of air-sea interaction is to calculate the

air-sea fluxes from the more readily-available meteorological/oceanographic

parameters (Fairall et al., 1996a). This is achieved by predicting the cor-

responding exchange rates from relevant bulk parameters e.g. wind speed,

sea state, temperature, i.e., the flux of a quantity equals its air-sea gradient

times a, potentially variable, exchange coefficient. These parametrisations

require input from combined direct flux and air-sea gradient measurements

with sufficient temporal and spatial resolutions. The most direct way to

measure air-sea fluxes is the eddy covariance (EC) method that allows for

short averaging times (10 min − 1 h) and relatively small length scales

(1− 10 km) (Edson et al., 1998).

EC requires accurate and fast (≥ 10 Hz) measurements of the vertical

wind speed to resolve all the necessary scales of turbulent motion. Turbulence

measurements on board a moving platform (e.g. a ship) require corrections

for platform motion (Edson et al., 1998) and distortion of the air flow by the

platform structure (Oost et al., 1994), which can be larger in magnitude than

the actual turbulent fluxes. For the measurement of CO2 fluxes in particular,

small fluctuations (in the order of (1− 10) ppb) need to be resolved against

a large background concentration (400 ppm). The available gas analyser

technology limits the measurements to areas of relatively large air-sea fluxes

(Rowe et al., 2011). Additionally, the measurement quality suffers from

a weakly-understood cross-sensitivity to the much larger and omnipresent

humidity flux. This cross-sensitivity can lead to biases which are an order
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of magnitude larger than the CO2 flux itself (Prytherch et al., 2010a). It

is therefore not surprising that results from direct CO2 flux measurements

exhibit large scatter and sometimes lead to gas-transfer velocities that must

be considered unrealistic (Broecker et al., 1986). However in the medium to

long term, this method will likely become the state-of-the-art for air-sea flux

measurements, in a similar fashion to atmosphere-land fluxes.

The aim of the work presented in this thesis was to improve the EC

measurement technique for the air-sea exchange of CO2, focussing on the

following aspects:

• The treatment of air-flow distortion, which is a key problem for wind

speed and direct flux measurement from large structures, such as ships

or platforms.

• The treatment of the cross-talk between CO2 and H2O signals from

the current commercially-available gas analysers.

The outline of this thesis is as follows: the scientific background and

the current state of the field are outlined in Chapter 2. Chapter 3 then

gives an overview of the conducted field experiments, and a description of

the eddy covariance instrumentation and data analysis. Chapters 4 and 5

present two articles that were written within the framework of this PhD.

The first article, presented in Chapter 4, introduces an improved treatment

of air-flow distortion for direct flux measurements on moving platforms and

was submitted to the Journal of Atmospheric and Oceanic Technology. This

method removes an error from the direct EC fluxes that is in the order of

10%. The second article, presented in Chapter 5, is published in Atmospheric

Chemistry and Physics (Landwehr et al., 2014). It discusses the water vapour

cross-sensitivity of the infra red gas analyser, which are commonly used to
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measure CO2 fluxes. This cross-sensitivity is currently the largest error

source for direct CO2 flux measurements and can even change the sign

of the measured CO2 fluxes. In Chapter 6 the work is summarised and

conclusions as well as suggestions for further work are provided.
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2 Theory and Literature Review

2.1 Introduction

This chapter summarises the theoretical and experimental background, which

is relevant to this thesis. In Section 2.2 the basic ideas of boundary-layer

theory are introduced. These concepts link the surface fluxes of momentum,

heat, humidity, and trace gases with their height profiles and thus allow

for ‘bulk parameterisations’, i.e., linking the surface flux with the air-sea

gradient via a transfer coefficient. The definition of the relevant parameters

to predict these transfer coefficients is the key to accurate modelling of

local and global transport processes across the air-sea interface. The nature

of the turbulent transport in the atmosphere and the empirical laws for

the spectral distribution of turbulent motions are presented in Section 2.3.

This is followed by an overview about different models describing air-sea

gas exchange in Section 2.4. In Section 2.5 the TOGA COARE model is

taken as an example for a bulk flux formulation of air-sea fluxes with more

easily performed bulk concentration measurements. The eddy covariance

method, which was used for the flux measurements presented in this thesis,

is described in Section 2.6.
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2.2 Flux-Profile Relationship

Monin and Obukhov (1954) proposed non-dimensional relationships between

the turbulent surface fluxes and the vertical profiles of the meteorological

quantities: vector averaged wind speed (U =
√
〈u〉2 + 〈v〉2 + 〈w〉2), temper-

ature (T ) and humidity (q). This is known as Monin-Obukhov Similarity

Theory (MOST), described with the following equations:

z

u∗

∂U

∂z
κ = Φm( z

L∗
) (2.1)

z

t∗

∂t

∂z
κ = Φt(

z

L∗
) (2.2)

z

q∗

∂q

∂z
κ = Φq(

z

L∗
) (2.3)

where z is the measurement height, u∗ = (〈w′u′〉2 + 〈w′v′〉2)1/4 is the friction

velocity, and t∗ = −〈w′T ′〉/u∗ and q∗ = −〈w′q′〉/u∗ are the MOST scaling

parameters for velocity, temperature and humidity, respectively. The angular

brackets 〈·〉 denote a time average and the prime indicates the deviation

from the mean of a quantity (χ′ = χ− 〈χ〉). The van Kármán constant (κ)

is determined empirically to be about 0.4 and appears to be the same for all

three scalars (Högström, 1996). The empirical stability functions Φm, Φt,

and Φq account for the effect of the surface buoyancy flux:

〈w′b′〉 = g

T
〈w′T ′〉+ 0.61g〈w′q′〉 (2.4)

where g ≈ 9.81 m s−2 is the gravitational acceleration. The stability func-

tions, (2.1), (2.2), and (2.3), depend only on the height above the surface
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and the stability length scale, which is defined as

L∗ = − u3
∗

κ〈w′b′〉
. (2.5)

Positive buoyancy flux (1/L∗ < 0, unstable conditions) implies convective

turbulence that reduces the steepness of the scalar profiles. If the buoyancy

flux is negative (1/L∗ > 0, stable conditions), the turbulent motion have

to work against the stratification of the atmosphere and are suppressed.

This leads to steeper mean velocity gradients. If the buoyancy flux is small

compared to the turbulent transport, the stability functions approach unity.

This is called neutral condition.

Over land, the stability functions have been determined empirically, and a

large variety can be found in the literature. The most widely used forms are

those following Dyer and Hicks (1970); Dyer (1974), which were developed

semi-empirically based on data from the Kansas experiment. For the unstable

case L∗ < 0 the stability functions take the form:

Φχ = γχ(1− αχ
z

L∗
)Nχ (2.6)

and for the stable case L∗ > 0:

Φχ = γχ + βχ
z

L∗
(2.7)

were χ substitutes any of the scalars u, q, T . Due to the large difficulties

related with making direct flux measurements, published values for coef-

ficients cover a relatively wide range. Here γu = 1, γT = 0.95, αu = 19,

αq = αT = 11.6, βu = 5.3, βT = 8, Nu = 1/4, and Nq = NT = 1/2 are used

as proposed by (Högström, 1996) for κ = 0.4. The dimensionless profiles
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of all variables are found to become proportional to (−z/L∗)1/3, for the

limit of free convection (L∗ → −∞). This is achieved by blending the Dyer

and Hicks (1970) form with another empirical functionality that fulfils this

condition (e.g Fairall et al., 1996a). Over the ocean, the data base of flux

profile measurements and suggestions for the stability function are much

more limited. Edson et al. (2004) reported coefficients for the open ocean

humidity profile that are in general agreement with the values observed over

land (αq = 13.4± 1.7).

Integration of the velocity profile leads to the form:

u(z)
u∗

+ κ−1Ψm( z
L∗

) = κ−1ln(z
r

) + C = κ−1ln( z

α · r
) (2.8)

where the length scale r and the constant C = ln(α−1)κ−1 need to be

determined empirically. The left hand side in (2.8) is the sum of the ratio of

the wind speed profile to the friction velocity and the stability correction

Ψm, which is the integrated form of Φm:

Ψm( z
L∗

) =
∫ z

z0

[
1− Φm( z

L∗
)
]
d(z/L∗)
z/L∗

(2.9)

It is general practice report wind speed measurements normalize to a standard

height of z = 10 m and neutral stability (u10N).

The value of z0 = α · r can be interpreted as the roughness length of the

sea surface. A higher value of z0 means increased drag and consequently,

a steeper wind speed profile. Charnock (1955) suggested the length scale

r = u2
∗g
−1 and determined C ≈ 12.5 or α ≈ 0.007. For low wind speeds the

air-sea interface is better described as a smooth surface, with the ratio of

the viscosity of air (νa) and u∗ as appropriate length scale. Smith (1988)
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combined rough and smooth length scales

z0 = αu2
∗

g
+ γνa

u∗
(2.10)

and suggested α = 0.011. The roughness Reynolds number for smooth flow,

γ, is widely accepted to be 0.11 (e.g Smith, 1988; Fairall et al., 1996a).

However, Andreas and Treviño (2000) suggested γ = 0.135. Yelland (1996)

determined u∗ with the inertial dissipation method (IDM), and found α

to increase with wind speed. They revised their results using corrections

for air-flow distortion and height displacement (Yelland et al., 1998), and

improvements in the IDM (Taylor , 2000), to find α = 0.011 independent of

the wind speed. Fairall et al. (2003) and Edson et al. (2013), on the other

hand, used a wind speed-dependent Charnock parameter for the COARE

bulk flux algorithm (see Sec. 2.5). In the latest version (COARE 3.5)

α = 0.017u10N[m s−1]− 0.005 is used for wind speeds below 18 m s−1, and a

constant α = 0.028 for higher wind speeds.

Equation (2.8) is classically used in the form of the neutral drag coefficient

CD10N = u2
∗u
−2
10N. This leads to the relation:

CD10N = κ2ln
(10
z0

)−2
(2.11)

From (2.10) it is apparent that the drag coefficient varies with the friction

velocity. But it is more common to report the drag coefficient as a function

of the wind speed, as u10N and u∗ are ultimately linked.
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2.3 Turbulence Spectra

The turbulent motion and transport in the atmosphere span a wide range of

length and time scales. The turbulent energy of a scalar quantity like u is

given by the integral of the power-spectrum (Fu) over all wave numbers in

direction of the mean flow (κu), or over all frequencies (n = κuU(2π)−1):

〈u′u′〉 =
∫ ∞

0
Fu(κu)dκu =

∫ ∞
0

Su(n)dn. (2.12)

Here, the second equal sign is based on Taylor’s hypothesis and Su denotes

the power-spectrum in the frequency domain.

For two quantities (e.g. w and u) the cross-covariance can be defined

Rwu(δx) = 〈w′(x)u′(x+ δx)〉 (2.13)

where δx denotes a separation in space (equivalent to a separation in time

for co-located time series measurements). The cross-spectrum can be defined

as the Fourier-transformation into wave number space that can be separated

into a real- and imaginary parts (the variances of u and w that are out of

phase):

∫ ∞
−∞

Rwu(δx)exp(−iκuδx)d(δx) = Cwu(κu)− iQwu(κu). (2.14)

The real and imaginary part are called co-spectrum and quadrature-spectrum,

respectively. The integral of Qwu(κu) is identical to zero and the integral

over Cwu(κu) returns the covariance of u and w, i.e., the vertical momentum
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flux:

∫ ∞
−∞

Cwu(κu)dκu = 2
∫ ∞

0
Cwu(κu)dκu = 〈w′u′〉 (2.15)

The co-spectrum therefore provides information about the contribution of

different size eddies to the total flux. If nCwu(n) is plotted over log(n),

the contribution of a range of frequencies to the momentum flux can be

calculated from the area under the curve.

It is common practice to plot co- and power-spectra as functions of the

dimensionless frequency

f = nz

U
. (2.16)

This makes spectra measured at different heights or wind speeds comparable.

In the frequency domain, atmospheric motions can be divided into synoptic

scales (hours to month) and microscales (minutes to fractions of seconds).

The two domains are separated by the mesoscale gap i.e. an observed

minimum of turbulence activity at the time scale of about 1 hour. The

turbulent fluxes, which are studied in this thesis reside in the microscale

domain below 1 hour. Motions beyond this time scale are treated as ’mean

flow’.

Within the microscale domain is the energy-containing or production

range for f ≤ 0.01. Here the turbulent motions are fed by the mean flow

(the large scale motions from the synoptic scale). The range (0.01 ≤ f ≤ 5)

is called the inertial subrange. Here the flow is isotropic (no mean flow

direction can be defined), no turbulence is produced, and the large eddies

are broken down into ever smaller eddies by viscous forces. However, the

kinetic energy is conserved. Beyond f ≥ 5 is the viscous subrange, where

11
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the eddies dissipate into thermal energy due to the viscous forces. When the

boundary layer can be described with by law-of-the-wall theory (assuming a

constant stress layer), the dissipation rate of turbulent kinetic energy at a

height z is given by:

ε(z) = u3
∗
κz
. (2.17)

According to Kolmogorov’s law the one-dimensional spectrum of u, in the

inertial subrange, is given by:

Fu(κu) = auε
2/3κ−5/3

u . (2.18)

Here au ≈ 0.52 is the Kolmogorov constant, according to a review of field

experiments by Högström (1996).

Assuming that an inertial subrange also exists for temperature, Corrsin

(1951) gives a similar equation for the temperature spectra FT :

FT (κu) = aT ε
−1/3NTκ

−5/3
u . (2.19)

Here NT is the dissipation rate of the temperature variance [K2 s−1] and aT is

the Kolmogorov constant for temperature (aT ≈ 0.8 according to Högström

(1996)). Spectra of other scalars like q or CO2 are found to obey the same

functionality, with their respective dissipation rates Nq and Nc and equal

Kolmogorov constants aq = ac = aT = 0.8 (Hill, 1989).

Kaimal et al. (1972) show that the power spectra can be normalized

using the dimensionless frequency and the dimensionless dissipation rates

Φε = κzεu−3
∗ , ΦNχ = κzNχu

−1
∗ χ

−2
∗ (with χ = q or T or c), that are all

12
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functions of z/L:

nSu(n)
u2
∗Φ

2/3
ε

= au
(2πκ)2/3f

−2/3 (2.20)

nSχ(n)
χ2
∗Φ
−1/3
ε ΦNχ

= aχ
(2πκ)2/3f

−2/3 (2.21)

Thus, when normalized accordingly and plotted in log-log representation,

all spectra should coincide in a −2/3 slope.

Similarly, the normalised co-spectra follow a −4/3 slope in the inertial

subrange,

nCuw(n)
u2
∗G(z/L) ∝ f−4/3 (2.22)

where G(z/L) is another empirical function (Kaimal et al., 1972). Based on

data from the Kansas experiments, Kaimal et al. (1972) provide empirical

functions for Φε, and ΦNχ and for the full shapes of the co- and power spectra

of u, v, w and T in neutral conditions over the frequency range 0.01 ≤ f ≤ 4.

The empirical Kaimal spectra for neutral conditions are plotted in Fig. 2.1

in log-log representation. For unstable conditions, the peaks of the spectra

are higher and shifted to higher frequencies and for stable conditions, large

eddies are suppressed and the spectral peaks are lower and shifted to lower

frequencies (Kaimal et al., 1972).
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Figure 2.1: Empirical curves for power- and co-spectra densities for neutral
conditions (z/L = 0). Reproduced from Kaimal et al. (1972)

2.4 Model Description of Gas Exchange at the

Air-Sea Interface

The gas transfer velocity at the air-sea interface is influenced by many

processes like turbulent mixing at the surface, wave breaking, bubble creation,

the presence of surfactant films, and possible chemical reactions of the gas

with the fluid. It also depends on gas-specific properties like the diffusivity

in air and seawater. Figure 2.2 summarises the relevant physical processes

and their interaction.
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Figure 2.2: Physical processes controlling the air-sea gas exchange. Repro-
duced from Bock et al. (1999)

2.4.1 Two-Film Model

A simple model for gas transfer across the air-water interface was developed

by Liss and Slater (1974), see Fig. 2.3 for illustration. The main bodies on

the air and water side are assumed to be well-mixed, leading to uniform

concentrations in each phase. Concentration gradients only occur in the

thin films at the boundary layer. Here the transport is given by molecular

diffusion and will be proportional to the concentration gradient:

F = kw(Cwi − Cw) = ka(Ca − Cai) (2.23)

The transfer velocities ka and kw are proportional to the diffusivity of the

gas in air (Da) and water (Dw), and inversely proportional to the thickness

of the diffusive layers at the air side (δaD), and at the water side (δwD).
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The parameters Ca and Cw are the bulk air and seawater concentrations

respectively, while Cwi and Cai are the concentrations directly at the air-sea

interface, which are linked by Henry’s Law coefficient (H):

Cai = H · Cwi (2.24)

H varies with temperature and salinity. Using (2.24) in (2.23) leads to:

F = Kw(Ca/H − Cw) = Ka(Ca −HCw) (2.25)

where 1/Kw = 1/kw + 1/(kaH) and 1/Ka = H/kw + 1/ka. The flux is given

by the bulk concentration gradient (after correction for solubility by using

Henry’s Law) and the overall transfer velocity (K) that is given as the

inverse sum of the air and water side transfer velocities. For poorly soluble

gases like O2, CO2 , CH4, and SF6 the waterside diffusion is much smaller

than on the air side and Kw can be approximated with kw.

For the smooth surface (solid boundary layer - this also applies to a calm

sea) the thickness of the viscous sub-layer (δν) is given by the ratio of the

kinematic viscosity of the medium (ν) and the friction velocity:

δwν = 11 νw
u∗w

(2.26)

where u∗w = u∗(ρaρ−1
w ) is the water side friction velocity and the constant is

taken from Chriss and Caldwell (1984).

The diffusive sub-layer is proportional to thickness of the viscous sub-layer

and also depends on the Schmidt number,

Sc = νw/Dw. (2.27)
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The dependency is generally assumed to take the form:

δwD ∝ δwν Sc
−n. (2.28)

The thin-film model predicts n = 1 and thus:

kw ∝ u∗Sc
−1 (2.29)

The conditions assumed by the thin-film model are however rarely met over

the open ocean, since buoyancy or wind-induced turbulence leads to an

erosion of the diffusive sub-layer. The Schmidt number coefficients found in

wind tunnel studies vary between 2/3 and 1/2 (Jähne et al., 1987).

Figure 2.3: Two-layer model of gas-liquid interface. Following (Liss and
Slater , 1974)
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2.4.2 Surface Renewal Model

A more realistic representation of air-sea gas transfer is given by the surface

renewal model (e.g. Higby, 1935; Danckwerts, 1951; Soloviev and Schlüssel,

1994; Soloviev, 2007). The model assumes that a diffusion- and a thermal sub-

layer (cool skin) form within the viscous sub-layer at the ocean-atmosphere

interface. Parcels of fluid at the interface are intermittently replaced with

parcels from the bulk fluid by bursting motions. From the high water side

resistance for the gas flux, Soloviev and Schlüssel (1994) concluded that for

the time between two bursts, the concentration difference across the diffusive

sub-layer can be assumed constant and equal to the bulk concentration

difference. They also assume that the net surface heat flux Qnet, defined as:

Qnet = Qlat +Qsen + (Rl↑ −Rl↓) (2.30)

can be assumed constant during this time. This follows from the fact that

Qnet is largely controlled by latent heat flux (Qlat) and the net long wave

radiation (Rl↑ − Rl↓). Therefore Qnet does not depend on the (local) tem-

perature gradient across the cool skin (∆T (t)), which controls the sensible

heat flux (Qsen). The parameters ∆T (t) and F (t) of the fluid parcel conse-

quently decay in time until a new burst occurs. The average temperature

gradient and the reciprocal of the average interfacial gas transfer velocity

ki = 〈F (t)〉∆C−1 are therefore both proportional to square root of the mean

time between the bursts (tburst):

ki ∝ t
−1/2
burstSc

−1/2 (2.31)

∆T ∝ t
1/2
burstQnet (2.32)
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Soloviev and Schlüssel (1994) describe three regimes:

tburst ∝ ( νw
Bw

)1/2 for u10N ≈ 0− 5 m s−1 (2.33)

tburst ∝
νw
u2
∗

for u10N ≈ 5− 10 m s−1 (2.34)

tburst ∝
u∗
g

for u10N ≥ 10 m s−1. (2.35)

In the first, low wind speed regime (2.33), convection, driven by the water

side buoyancy flux (Bw), governs the renewal of the surface layer. The water

side buoyancy flux is defined according to Jeffery et al. (2007):

Bw = gαTQnet

cpwρw
+ gαSQlat

Levρw
. (2.36)

Here αT and αS denote the thermal and haline expansion coefficient of sea-

water, ρw is the sea-water density, and Lev is the latent heat of vaporization.

In moderate wind speed conditions (2.34), the surface renewal is caused by

viscous surface-stress variations associated with rollers on breaking wavelets

(Csanady, 1990), and gas transfer becomes proportional to u∗. At high wind

speeds (2.35), shadowing effects and long surface wave breaking suppress

the short wavelets and therefore reduces the interfacial gas transfer velocity

(Soloviev and Schlüssel, 1994).

The onset of wave breaking does however open a new pathway of gas

exchange due to the formation of sea spray and the injection of air-bubbles

(Wanninkhof et al., 1995; Woolf , 1997) (See also Sec. 2.4.3). For less soluble

gases like CO2, this new pathway can more than offset the roll-off that is

predicted by (2.35). The surface renewal model is supported by observations

of convergence and divergence in the interfacial layer (e.g. Jähne et al., 1987),

as well as by the results of Yang et al. (2011) and Bell et al. (2013), who
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observed a sea state dependent suppression of the exchange of Dimethyl

Sulfide (DMS) at high wind speeds. DMS is more soluble than CO2 and

therefore less sensitive to bubble enhancement.

2.4.3 Bubble-Mediated Gas Transfer

Studies at sea (McGillis et al., 2001a), in wind tunnels (Broecker and

Siemens, 1984), and in a surf pool (Wanninkhof et al., 1995), have shown

large increase in gas fluxes at high wind speeds (above 10 m s−1) due to

breaking waves, whitecap production, and the injection of bubbles into the

sea surface that present an additional pathway for the flux. The flux can

be described as the sum of (i) the flux through the unbroken surface with

the transfer velocity ki and (ii) the bubble-mediated flux through the area

fraction covered by whitecaps (WCF ) with the bubble-mediated transfer

velocity kb:

kw = ki · (1−WCF ) + kb ·WCF (2.37)

Monahan and Spillane (1984) found that the white-cap fraction WCF scales

roughly with (u10N)3; parameterisations obtained by later studies however

vary over an order of magnitude (see Anguelova and Webster , 2006). This

might be partly due to the evolution of measurement techniques: while

(Monahan and Spillane, 1984) manually weighed the fraction of photographs

that was covered by whitecaps, theWCF can nowadays be determined using

automated image processing (Callaghan and White, 2009) or remote sensing

(Anguelova and Webster , 2006). It is also important to distinguish between

active breaking waves (stage A) and mature white caps (stage B), since gas

exchange is enhanced mostly by the active breaking waves (Scanlon and
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Ward, 2013). The lifetime of mature whitecaps and thus the ratio of stage A

to stage B varies with salinity, temperature, and the presence of surfactants

(Callaghan et al., 2012; Scanlon and Ward, 2013).

Gases with very low solubility in sea-water such as CO2 are expected to

experience a greater enhancement than gases with higher solubility like DMS

(Keeling, 1993). This is reflected in the different wind speed dependencies

of DMS and CO2 for wind speeds above 6 m s−1 (Blomquist et al., 2006).

Miller et al. (2009), who obtained transfer velocities from parallel direct air-

sea flux measurements of CO2 and DMS, found no significant enhancement

of k(CO2) over k(DMS) for wind speeds below 10 m s−1. Contemporaneous

measurements of the gas transfer rate of CO2 and DMS promise to provide

a better understanding of the influence of bubble mediated transport on

air-sea gas exchange at higher wind speeds.

2.4.4 Wind speed parameterisation

Over the open ocean, surface turbulence and thus the erosion of the diffusive

sub-layer is mostly driven by the surface wind speed. This led to the most

common approach, which is to parameterise transfer velocities as function

of u10N. The most widely used wind speed parameterisation was derived by

(Wanninkhof , 1992) assuming a quadratic wind speed dependence k ∝ u2
10

and using (2.25) with flux estimates from the 14C bomb invasion and global

wind speed and ∆pCO2 estimates. Gas transfer measurement by dual tracer

(3He/SF6) methods over the open ocean find a similar dependency of k660 on

the wind speed (Nightingale et al., 2000; Ho et al., 2011). Experiments using

the direct eddy covariance flux method with CO2 as tracer often predict a

stronger, cubic dependency of k660 on wind speed (Wanninkhof and McGillis,
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1999; Prytherch et al., 2010b). This observed enhancement of the gas transfer

of CO2 is attributed to bubble mediated gas transfer in the presence of

wave breaking (Wanninkhof and McGillis, 1999). At high wind speeds

(≥ 15 m s−1), where a significant part of the flux occurs, the predictions for

k660 from various published parameterisations differ by a factor of two (Ho

et al., 2006) and leave large uncertainty about the expected magnitude of the

air-sea flux. These large discrepancies could be caused by regional differences,

surface films, limited fetch, or by measurement errors. At low wind speeds

other processes such as convection can enhance the mixing and thus the

transfer rate (e.g. McGillis et al., 2004; Rutgersson and Smedman, 2010, see

also Sec. 2.4.5). Wind speed only parameterisations are attractive due to

the simplicity of their application; they neglect, however, the underlying

complexity of the processes that govern the air-sea gas exchange. Considering

the multiple parameters, which have been found to influence gas transfer, a

wind speed only parameterisation appears to be a somewhat oversimplified

approach.

2.4.5 Water Side Convection

Surface cooling and evaporation cause water side convection. In a low wind

environment this process can control the surface mixing and lead to an

increase of the mixed-layer depth. This can significantly enhance the gas

transfer (McGillis et al., 2004). Rutgersson and Smedman (2010) derive

an additional term (kc) that should be added to wind speed only transfer

velocities (ku), in order to account for water side convection:

k660 = ku + kc (2.38)
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kc is proposed to be a function of the convective velocity scale Ww which is

defined by Jeffery et al. (2007) in analogy to the atmospheric mixed layer

scaling (2.49) as a product of the mixed layer depth zml and the water-side

buoyancy flux:

Ww = (Bwzml)1/3. (2.39)

Based on measurements in the Baltic sea over a wind speed range between

2.5 and 6.5 m s−1 Rutgersson and Smedman (2010) propose for kc to take

the form:

kc = 3022Ww − kc0 (2.40)

for Ww > 0.006 ms−1 and kc = 0 cm·hr−1 otherwise; here kc0 = 20 cm·hr−1.

There is a notable difference to Soloviev (2007), who scale kc with

(Bwνw)1/4. The findings of Rutgersson and Smedman (2010) attribute rel-

evance to processes in the mixed layer, while the surface renewal model

predicts that the gas exchange rate is solely controlled by processes in the

interfacial layer.

2.4.6 Mean square slope

Surface waves have significant impact on air-sea gas exchange. The boundary

layer model predicts a Schmidt number dependency of n = 2/3 for smooth

surfaces (Deacon, 1977), while for surfaces ruffled by waves Csanady (1990)

predicts a n = 1/2 dependency. Laboratory measurements by Jähne et al.

(1987) confirm the transition in the Schmidt number dependency of the gas

transfer velocity from n = 2/3 to n = 1/2.
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Waves support the formation of local convergences and divergences that

lead to a thinning of the diffusive sub-layer (see Csanady, 1990). Further, the

wind energy is more efficiently transferred due to the increased roughness

length (wind-wave interaction). This increases surface turbulence and,

therefore, the gas transfer.

The wave field can be described by the mean square wave slope (〈S2〉),

which was found to explain field measurements of the transfer velocity of

heat much better than wind speed alone (Frew et al., 2004). Frew et al.

(2004) reported that 〈S2〉 explains 89−95% of the observed variance in kheat

measurements in coastal and offshore sites with a wide range of biological

activity, while wind speed only accounted for 75 − 77% of the observed

variance and tended to over-predict the transfer in the presence of surface

films. Bock et al. (1999) presented results from laboratory studies which

suggest that gas transfer is mainly influenced by short waves (wavelength

≤ 3 cm). Bock et al. (1999) also reported a suppression of the gas transfer

velocity by surface films of up to 60% in accordance with a suppression of

short waves. Information on wave slope can be obtained from satellite-based

instruments like altimeters and scatterometers, e.g., QuikSCAT. Recently

Goddijn-Murphy et al. (2012) published a study about the correlation between

satellite based wave height measurements and ship borne measurements of

the DMS transfer rate. They found that the correlation of kgas with 〈S2〉 can

be improved by excluding wave lengths ≥ 5 cm, confirming that gas transfer

is mostly influenced by short wind waves. While satellites appear to be a

powerful tool to obtain air-sea interaction measurements with nearly global

coverage, it should be kept in mind, that the remote sensing techniques

always require validation with ground based measurements.
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2.4.7 Turbulent Dissipation Rate and Gas Exchange

The thickness of the diffusive sub-layers and thus the gas transfer velocity

can be described in terms of the turbulent dissipation rate at the interface

ε0 = ε(z = δν) (e.g. Lorke and Peeters, 2006). The dissipation rate within

the viscous sub-layer can be regarded as constant (Lorke and Peeters, 2006).

The eddy cell model of gas transfer at the interface of two fluids, which was

presented by Lamont and Scott (1970), results in a scaling relation ship of

the form

k ∝ Scn(ε0ν)1/4. (2.41)

This dependency is assumed to hold in a much wider range of conditions,

than the parameterisation of k with u∗ (Lorke and Peeters, 2006). For

example for strong convection or in the presence of wave breaking. In these

conditions the relation of ε to u∗, given with (2.17), cannot be used to

interpolate the surface value ε0.

Lorke and Peeters (2006) derive (2.41) for interfacial gas transfer (air-

water and water-sediment), from the scaling of the viscous and diffusive

sub-layer heights and find a proportionality constant of (2π)−1.

The energy dissipation rate can be measured in the field using Doppler

velocimeters. Zappa et al. (2007) reported field measurements of kw and ε0

made over a wide range of conditions, in a coastal zone, a river estuary, a

large tidal freshwater river, and an artificial ocean (Biosphere2). The authors

find good agreement with (2.41) and derived a proportionality constant of

0.42± 0.13. This is 1% of the answer to life, the Universe, and everything

(Adams, 1979). The relationship (2.41) remains to be tested on the open
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ocean.

2.4.8 Summary of Transfer Velocity Models and Schmidt

Number Scaling

The different air-sea gas transfer models can be summarised in the form

kw ∝ u∗Sc
−n (2.42)

Thus the Schmidt number, which depends on temperature, salinity and the

molecular properties of the gas, can be used to scale kw for different physical

conditions and gases using:

kw1/kw2 = (Sc1/Sc2)−n (2.43)

with the Schmidt number dependency n. The two-film model (Sec. 2.4.1)

implies n = 1, because of kw = D/Z, while measurement results from

wind-tunnels indicate Schmidt number dependencies of n = 2/3 for smooth

surfaces as predicted by (Deacon, 1977) and n = (0.5 − 0.6) for a surface

ruffled by waves (Jähne et al., 1984), as also used by the surface renewal

model (Soloviev, 2007). Gas transfer velocities are typically normalised to a

common Schmidt number (either 600 or 660; the values for CO2 in fresh

and salt water at 20◦C, respectively). This allows comparison between the

transfer of different gases and under different physical conditions.

Wind tunnel studies show a transition from the smooth to the rough

surface regime at wind speeds of approximately 3− 4 m s−1 (Jähne et al.,

1987). For field studies at low wind speeds the transition of the Schmidt

number exponent from 2/3 to 1/2 can add additional uncertainty to the
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estimation of the scaled transfer velocity k660.

2.5 Bulk Flux Formulations

Knowledge of the sea surface turbulent fluxes (momentum, latent and sen-

sible heat, trace gases) is important for understanding air-sea interaction,

forcing of ocean and atmosphere models, as well as numerical weather pre-

diction (Brunke et al., 2003). Direct eddy covariance measurement of surface

fluxes are however limited to rare, relatively short field experiments and a

few long term measurement sites. For modelling purposes and if direct mea-

surements are not available during an experiment, it is necessary to use bulk

aerodynamic algorithms to estimate the fluxes from more easily measured

bulk meteorological variables (e.g. air and sea temperature, humidity, wind

speed, and gas concentration gradients).

These bulk algorithms are based on MOST, which links the surface fluxes

to the logarithmic profiles (see (2.1) - (2.3)). The turbulent fluxes are directly

related to the bulk measurements by defining exchange coefficients:

CD = u2
∗

SU
(2.44)

CE = u∗q∗
S(qs − qa)

(2.45)

CH = u∗t∗
S(Ts − Ta)

(2.46)

where CD, CE and CH are the exchange coefficients for momentum, moisture,

and sensible heat, respectively. The subscripts s and a mean ocean surface

and bulk air values. Temperature and gas concentrations are usually not
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measured exactly at the surface but in the bulk water body (e.g. at 5 m

depth) and the surface values are extrapolated. U is the vector average wind

speed relative to the sea surface, and

S = 〈
√

(u2 + v2)〉 =
√
〈u〉2 + 〈v〉2 + w2

g (2.47)

is the scalar average wind speed relative to the sea surface that includes the

gustiness (wind variability) parameter wg. Gustiness allows the scalar fluxes

to remain non-zero and promotes smooth variation of the scalar transfer

coefficients as the mean vector average wind speed approaches zero (Fairall

et al., 2011). The gustiness is assumed to be proportional to the convective

scaling velocity,

wg = βgW∗ (2.48)

with βg ≈ 1.25 (Fairall et al., 1996a) and,

W 3
∗ = 〈w′b′〉zi (2.49)

where 〈w′b′〉 is given by (2.4) and zi is the height of the atmospheric boundary

layer (ABL), which is often assumed to be 600 m.

Bulk algorithms differ in how the exchange coefficients are parameterised

and how waves are considered in the parameterisation of the roughness

length for momentum flux (Brunke et al., 2003).
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2.5.1 The COARE-Algorithm

One of the most reliable and widely used bulk flux algorithms is COARE 3.0

(Brunke et al., 2003). The first version of the Coupled Ocean-Atmosphere

Response Experiment flux algorithm (COARE 2.0) was published by Fairall

et al. (1996a). Inputs are the bulk measurements of wind speed, humidity,

bulk air and water temperature, rain rate Rr, down welling radiation, long

and short wave, (Rl↓, Rs ↓). The COARE algorithm approximates surface

values Ts and qs, atmospheric stability, gustiness, and the aerodynamic

roughness length (2.10) in iterations, and incorporates submodels to represent

the millimeter-scale cool skin near the interface and the diurnal warm layer

in the upper few meters of the ocean (Fairall et al., 1996b).

The first version COARE 2.0 was tuned to 1622 (50 min average) mea-

surements of surface fluxes of momentum, heat, and sensible heat on board

the R/V Moana Wave in the equatorial pacific, covering a wind speed range

from 0.5 to 10 m s−1. Version 3.0 was based on 2777 1-hour covariance

flux measurements and tested with 4439 independent measurements (Fairall

et al., 2003). The Charnock coefficient α in (2.10) was modified from a

constant value to a piecewise linear function. Fairall et al. (2003) stated

an accuracy of 5% for wind speeds of 0 to 10 m s−1 and of 10% for the

range 10 to 20 m s−1. Hare et al. (2004) added an air-sea gas transfer

parameterisation for CO2 based on the surface renewal model (Fairall et al.,

2000; Soloviev and Schlüssel, 1994), utilizing direct measurements from the

GasEx experiments (McGillis et al., 2001a,b, 2004). This was extended by

Fairall et al. (2011) for Ozone and DMS (COARE 3.1). The most recent

update, COARE 3.5, was made by Edson et al. (2013), who excluded all

ship based measurements from the determination of α in (2.10), in order to
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minimise uncertainty caused by air flow distortion.

2.6 The Eddy Covariance Method

2.6.1 Principle

The vertical flux of a scalar quantity c can be measured directly as the

covariance of the turbulent fluctuations of the vertical wind speed w and

of the scalar concentration nc. This is called eddy covariance (EC). The

principle is illustrated in Fig. 2.4.

Figure 2.4: Schematic of the transport of a quantity c by turbulent motion.
Adapted from (Burba and Anderson, 2010).

The validity of the EC method is based on several assumptions: (i) A

spacially homogeneous and temporally stationary turbulence field is required,

so that a time series measured at a single point can be used instead of the

theoretically required ensemble of simultaneous measurements. (ii) The

measurement height must be within the constant flux layer. (iii) The wind

field must be described in the stream line coordinated system, where the

average wind speed is given by U = 〈u〉 and the averages of the cross wind
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and the vertical wind speed are zero (〈v〉 = 〈w〉 = 0).

If these requirements are fulfilled, the vertical flux of the scalar (e.g. the

CO2 concentration) is the given by:

Fc = 〈w′n′c〉+ 〈w〉〈nc〉 (2.50)

where the Reynolds decomposition of the vertical wind speed w = 〈w〉+ w′

and of the scalar concentration nc = 〈nc〉 + n′c is used. The first term is

the covariance of the quantity of interest with the vertical wind speed. The

second term represents the mean flow contribution. For trace gases, this

term can be significant and needs to be accounted for (Webb et al., 1980).

Alternatively the flux can be computed from the fluctuations of the mixing

ratio in respect to the dry air density xc = ncρ
−1
d :

Fc = 〈ρd〉〈w′x′c〉. (2.51)

The density correction term in (2.50) can be of the order of 10% for moisture

fluxes. For CO2 the correction can be larger than the flux itself (Webb

et al., 1980). The effect of air density fluctuations on the direct CO2 flux

measurements is discussed in more detail in Sec. 5.1.

2.6.2 The Air-Sea CO2 Flux Package

A minimal setup for Eddy Covariance flux measurements from a moving

platform consists of the following components (Edson et al., 1998)

• 3D sonic anemometer for fast wind speed measurement

• 3D motion sensor, compass, and GPS for correction of the wind vector
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for platform motion and tilt

• Fast responding gas-analyser(s) and temperature and pressure sensors

There are two different ways for measuring the fluctuations of the H2O and

CO2 concentrations:

a) An open-path gas analyser (OP) is positioned close to the sonic

anemometer to directly measure the trace gas concentrations in the

atmosphere. This is the most direct way to measure the flux, but air

density fluctuations and sea spray lead to extremely large biases in the

flux measurement (see Sec. 2.6.8).

b) The air is sampled with a long tube and measured away from the

intake with a closed-path gas analyser (CP). This requires the usage

of a pump and can lead to degradation of the flux signal by the

attenuation of fast fluctuation through interaction with the tubing

walls. On the other hand the accuracy of the gas measurement can be

enhanced by preconditioning the sample air, mainly via attenuation of

the temperature and water vapour fluctuations.

Both approaches have their specific advantages as will be discussed in

Sec. 2.6.7.

2.6.3 Time Resolution and Averaging Time

The calculation of fluxes with (2.50) or (2.51) requires the wind speed and gas

concentration to be measured fast enough to cover high frequency turbulent

motion, and averaged over a time period long enough to include the low

frequency turbulence. To minimize aliasing, the sample frequency has to

be twice the highest frequency, which needs to be resolved. The relative
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importance of fast and small eddies compared to the large and slower ones

depends on the measurements height: the closer to the surface, the higher

the measurement frequency needs to be. On the other hand, the eddy size

is limited roughly be the measurement height, thus the contribution of large

eddies to the flux and the error made by a limited averaging time is reduced.

The optimal length of the time averaging interval is a trade-off between

making it long enough for capturing the contribution from large eddies, while

still fulfilling the requirement for stationarity. Typical averaging times range

between 10 minutes and 1 hour.

2.6.4 Spatial Sensor Separation

The wind speed and the scalar of interest (e.g. humidity or CO2 concen-

tration) are measured with two different instruments. Thus a separation of

the measurement volumes cannot be completely avoided. If the separation

is parallel to the mean wind vector, it results in a delay between the two

recorded time series for w′ and x′c and can be accounted for by shifting

the two time series to obtain the maximum covariance of the two signals.

Any separation orthogonal to the wind vector leads to a loss of small scale

correlation between the two signals. This can be accounted for by applying

corrections for the loss of high frequency fluctuations (see Section 3.2.7).

To avoid large corrections the sensors should be closely collocated, however

under careful consideration of the potential distortion of the air-flow (see

Section 2.6.6).
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2.6.5 Motion Correction

Wind measurements taken on a moving platform need to be corrected for:

1. tilt of the anemometer due to the pitch, roll, and heading variations of

the platform;

2. relative velocities at the anemometer due to rotation of the platform

about its local coordinate system axes;

3. translational velocities of the moving platform with respect to a fixed

frame of reference

Edson et al. (1998) present two methods to measure the platform motion

and correct the wind speed measurement. Miller et al. (2008) improved

the motion-correction procedure by accounting for misalignment between

anemometer and motion sensor. This is discussed in more detail in Chapter 4.

2.6.6 Air-Flow Distortion

Air-sea flux measurements require a platform, typically a vessel or buoy.

The presence of the platform superstructure and the instruments itself cause

a distortion of the wind field and lead to acceleration or deceleration of the

wind speed. This can lead to errors in the wind speed in the order of 10%,

even at well exposed measurement locations, (e.g Yelland et al., 2002; Popinet

et al., 2004). Besides the bias in the mean wind speed measurements, the

flow distortion can also lead to biased flux measurements (Wyngaard, 1981;

Oost et al., 1994). Edson et al. (1998) reported an overestimation of 15% in

the momentum flux, when they compared simultaneous measurements on

the R/V Wecoma and the research platform R/P Flip, which they assumed
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to have minimal flow distortion effect. Similar findings were reported by

Pedreros et al. (2003) for comparisons between a Vessel and an ASIS buoy.

In order to minimise the effect of flow distortion, the flux instrumentation

is usually mounted at an arm pointing out from the bow mast and flux

measurements are restricted to a wind sector where minimal flow distortion

effects are expected.

Numerical air-flow distortion models for mean wind speed and height

displacement of the air flow are reported by Yelland et al. (1998); Popinet

et al. (2004); O’Sullivan et al. (2013). Usually the direct flux measurements

themselves are only corrected for the mean tilt of the airflow. However Oost

et al. (1994) performed additional air flow distortion corrections to the direct

flux measurements similar to the corrections proposed by Wyngaard (1981).

A tilt and flow distortion correction method for fluxes based on Large Eddy

Simulation (LES) was presented by Griessbaum and Schmidt (2009), who

found corrections of 8− 15% for scalar fluxes and 27% for the momentum

flux during a study on a tower (inland). A more detailed review about

air-flow distortion is given in Sec. 4.1 and a new approach to reducing the

flow distortion error in direct flux measurements on moving platforms is

presented in Sec. 4.2.

2.6.7 LICOR Open- and Closed-Path Systems for

CO2 Flux Measurements

The gas analyser used in this thesis are broadband non-dispersive infrared

gas analysers (IRGAs) of the types LI-7500 and LI-7200 manufactured by

the company LICOR. They offer a robust sensor design and allow for open-

path (OP) configurations where the absorption path is freely ventilated (e.g.
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LI-7500) and can be situated close to the anemometer measurement volume

(see Fig. 2.5).

Licor 7500
open-path
(nCO2 , nH2O)

3RA
anemometer
(u, v, w, Tsonic)

Light source
Air inlet

Pressure sensor

Air outlet
Filter-wheel

Detector
Licor 7200
closed-path

(nCO2 , nH2O, T, P )

Figure 2.5: On the left photo of a Licor 7500 open-path gas analyser side by
side with a 3RA (Glill) sonic anemometer. On the right a drawing of a Licor
7200 closed-path gas analyser (from the Licor 7200 manual). The 7500 and
the 7200 model have the same optical setup.

The same IRGA system can also be deployed as a closed-path system

where the measurement volume is situated in a closed chamber that is venti-

lated with sample air by means of a pumping system. A clear advantage of

this system, relative to the open-path, is that the air density fluctuations

i.e. pressure, temperature, and humidity can be controlled and measured

more accurately to reduce the magnitude of the Webb-correction (e.g Rannik

et al., 1997; Miller et al., 2010). Recently, Miller et al. (2010) showed that

the application of a Nafion diffusion dryer upstream of the gas analyser

can significantly increase the quality of the CO2 flux estimate by reducing

water vapour fluctuations by 97%, and thus making corrections for den-

sity fluctuation or cross sensitivity caused by water vapour negligible (see

Sec. 2.6.8). Another advantage is that the tubing, which is used to draw the
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sample air to the instrument, can be located much closer to the anemometer

sample volume than a bulky gas analyser. Clear disadvantages are potential

loss of high frequency fluctuations and increased power and maintenance

requirements of a pumping system. The attenuation of the trace gas signal

can be minimised by appropriate selection of tubing length, diameter, and

pumping speed. Several methods to estimate the undersampling of high

frequency turbulence are reported by (Marandino et al., 2007; Blomquist

et al., 2010). Recently, fast responding cavity ring down spectrometers (CR)

for CO2 have become available (e.g. PICARRO) and are being used for

air-sea flux measurements (see Blomquist et al., 2014). Other trace gas

fluxes, such as DMS can, at present time, only be measured with closed-path

instrumentations.

2.6.8 Cross Sensitivity to Water Vapour

Over land, CO2 flux estimates obtained by open-path sensors are considered

the standard against which closed-path setups are evaluated to determine

the effects of the tubing (Leuning and King, 1992). In contrast, the use of

open-path sensors over the ocean gives gas transfer rates that are an order of

magnitude larger than those deduced with the tracer methods (e.g. Kondo

and Osamu, 2007). Prytherch et al. (2010a) argued that this discrepancy is

due to cross sensitivity to water vapour. They presented a novel correction

method, named after Peter K. Taylor (PKT), for open-path sensors. Lauvset

et al. (2011) applied the PKT correction to open-path flux measurements

made in the Greenland Sea and found the fluxes estimates comparable with

the established parameterisations. The PKT method, however, is an order

of magnitude correction without clear physical foundation - the obtained
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data sets show much larger scatter than for closed-path measurements. By

now the only comparative study of open- and closed-path EC systems at sea

was published by (Kondo and Tsukamoto, 2012), who measured CO2 and

water vapour fluxes at low wind speeds (2.5− 5.4) m s−1 in the equatorial

Pacific using a Licor 7500 open-path and a Licor 7000 closed-path sensor.

No PKT correction was applied to the data set. The authors argued that the

lenses of the open-path sensor were cleaned regularly. The CO2 flux results

for both analysers are similar to those obtained in a previous study with

an open path (Kondo and Osamu, 2007) and an order of magnitude higher

than expected from established parameterisations. Chapter 5 provides an

in-depth discussion of the cross sensitivity effect and the PKT correction

method.

2.6.9 Resolution Requirement for the CO2 Sensor

At sea, where the concentration gradients in CO2 are typically an order

of magnitude smaller than over source or sink areas on land, additional

platform motion and water vapour flux present strong noise sources. This

leads to much higher requirements for the gas sensor resolution for EC flux

measurements. Rowe et al. (2011) estimated for typical conditions over

the ocean, that for a CO2 sensor with a resolution of (0.2 − 0.3)ppm, a

partial pressure gradient of ∆pCO2 > 100ppm would be necessary to obtain

a contribution of the sensor noise of less than 10% to the flux uncertainty.

However, the air-sea gradient over most of the open ocean is smaller than

20ppm, leading to a strong need for a sensitivity improvement. In the above

estimation Rowe et al. (2011) assumed that the root mean square (RMS)

noise of the sensor is not correlated with the wind speed signal and is thus

38



Theory and Literature Review

reduced by the long time averaging in the covariance calculation. This

implies that the resolution of the analog-to-digital (A/D) conversion is the

ultimate limit of the sensors capability to resolve gas fluctuation: for the

LI-7500 sensor this is 0.003 ppm instead of the RMS of 0.11 ppm (Miller

et al., 2010).
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3 Field Experiments and Data

Analysis

This chapter provides an overview of the field work conducted within the

framework of this thesis. The three campaigns took place in very different

parts of the ocean (North Atlantic, South Pacific, and Subtropical North

Atlantic) and were guided by different research objectives (physics of air-sea

gas exchange, influence of the marine biota on aerosol production, and the

North Atlantic salinity maximum, respectively). The three experiments are

described in Sec. 3.1.

Eddy Covariance at sea is a method based on many assumptions (see

Sec. 2.6) and requires large corrections (Edson et al., 1998). The EC method

requires elaborate filtering (quality control) which is necessary in order to

avoid biased results. The reported measurements of air-sea CO2 fluxes

exhibit tremendous scatter and require significant and (partially empirical)

corrections (Prytherch et al., 2010a). Section 3.2 describes in detail the

multiple steps of the analysis involved in the EC method. This is illustrated

with examples taken from the collected data sets.
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3.1 Ship Borne Experiments

3.1.1 Knorr11 Gas-Exchange Study in the North Atlantic

The Knorr11 experiment aboard the Woods Hole Oceanographic Institution

(WHOI) R/V Knorr in the North Atlantic Ocean was specially designed

to increase the observational data base for gas transfer in a region of the

oceans where biological activity results in exceptionally large air-sea DMS

and CO2 fluxes (Bell et al., 2013). The cruise started June 24th, 2011 at

Woods Hole, Massachusetts, USA (41.53◦ N, 70.68◦ W; Fig. 3.1) and ended

in the same place on July 18th of the same year. Roughly half of the cruise

was spent in the highly productive, high latitude waters of the North Atlantic

algae bloom. Special care was taken not to miss any of the passing low-

pressure systems. This was achieved by observing storm forecasts provided

by the European Centre for Medium-Range Weather Forecasts (ECMWF)

and navigating the ship into the predicted storm tracks, ahead of time.

During this experiment, continuous measurements of air-sea gradients and

fluxes of DMS and CO2 were conducted by the teams of Professor Eric

Saltzman (UC Irvine), Dr. Scott Miller (SUNY) and Dr. Brian Ward (NUIG).

Two independent camera systems recorded sea state and whitecap-coverage.

The Air Sea Interaction Profiler (ASIP) was deployed several times during

the experiment. The ship’s crew provided continuous measurements of mean

meteorological parameters, as well as profile measurements of conductivity

temperature and density (CTD).

Figure 3.2 shows the setup used during the Knorr11 experiment. The

apparent 3D-wind speed was measured at 10 Hz with two Csat3 sonic
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Knorr11 experiment Summer 2011
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Figure 3.1: Map showing the cruise track of the Knorr11 experiment, starting
from the Woods Hole Oceanographic Institute on June 24th and returning
there in July 18th. Start and end of the cruise and selected dates under-way
are marked in black as day of the year (doy) 2011.

anemometers mounted on the bow-mast. A 3D Inertial Motion Unit (IMU)

located half a meter behind the anemometers recorded instantaneous 3D

accelerations ẍ = (ẍ, ÿ, z̈) and angular rates Ω = (Ωx,Ωy,Ωz) at the same

sample frequency. A GPS unit was used to obtain slow (1 Hz) variations

of course (COG) and position of the ship. These measurements were pro-

vided by Dr. Scott Miller. The data were recorded on a CR3000 data

logger (Campbell). The heading (HDG) was obtained from the ship’s own

navigation system.

Carbon dioxide and water vapour concentrations were recorded by two

dispersive Infra Red Gas Analysers (IRGA) situated in a laboratory van

on the foredeck, which were connected with the bow mast via a 35 meter

long tubing, 1 cm inner diameter (ID). A rotary van pump (Gast) was used

to maintain a high flow rate of 17 slpm (standard litre per minute). The
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Figure 3.2: Air-sea flux setup as deployed during the knorr11 experiment.
Wind speed and ship motion were measured at the bow mast. CO2 and
H2O concentrations, pressure and temperature were measured using closed-
path gas analysers situated in a laboratory van on the foredeck. The sample
air was collected via a 35 m long inlet tubing.

first IRGA, a LI-7200 (Licor), measured the CO2 and H2O densities in the

unchanged sample air. Here, built-in differential pressure and temperature

sensors were used for the conversion to gas mixing ratios. The second IRGA,

a LI-7500, was situated down-stream of a diffusion dryer (Nafion), in order

to improve the quality of the CO2 signal by removing the ambient water

vapour fluctuations (as per Miller et al., 2010). External pressure CPT6100

(Mensor) and temperature SEB39 (Seabird) sensors were used with this

LI-7500. All measurements were recorded at 10 Hz with an embedded Linux

computer (UC 7420 Moxa). The fast measurements at the bow mast and the

concentration measurements in the Laboratory van were later synchronized
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using an analogue sawtooth signal that was recorded by both systems.

Further, a solenoid t-valve was installed in the sample line, close to the

sample inlet, to allow for a sudden change of gas concentration (injection of

Nitrogen) at a recorded moment in time. This “puff-test” was used estimate

the travel time of the sample air from the inlet to the IRGAs.

The knorr11 experiment has so far led to the following publications (Bell

et al., 2013; Sutherland et al., 2013, 2014). An insight to the life on board

can be gained from the on-line blog, which was written in team effort by

the science crew (http://bloomcruise.blogspot.ie/).

3.1.2 Surface Ocean Aerosol Production Study (SOAP)

This experiment was conducted on board the R/V-Tangaroa from Febru-

ary to March 2012 in the South Pacific, south west of New Zealand (Fig.

3.3). Like for the Knorr11 cruise, this experiment took place during high

biological productivity. The Sub-Tropical Front that runs eastwards along

the Chatham Rise is characterised by intensive phytoplankton blooms that

provide large sinks for CO2 and sources for DMS. A preliminary survey of

the area during the PreSOAP voyage revealed that the blooms of different

phytoplankton groups have different characteristics in there DMS emissions

and CO2 consumption. In order to conduct parallel DMS/CO2 gas ex-

change measurements it is necessary to find sufficiently strong gradients

for both gases. The main objective of SOAP was to analyse the influence

of marine biota on aerosol production and size distributions as well as the

influence of aerosol abundance and size distribution to the formation of

clouds (e.g. Quinn and Bates, 2011). My research aim for this cruise was to

study sources of uncertainties in the direct eddy covariance measurements of
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the CO2 flux and particular to compare open- and closed path flux setup,

to test the PKT correction (Prytherch et al., 2010a).

SOAP experiment 2012
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Figure 3.3: Map showing the cruise track of the SOAP experiment (Febru-
ary/March 2012) west of New Zealand. The cruise started and ended in
Wellington, with a short stop in Lyttleton harbour near Christ Church.
Dates of certain ship positions are indicated as days of the year 2012 and
can be used for comparison with the time series in Figs. 5.2-5.4.

The international science team brought in a large range of complementary

measurement capabilities, e.g., Volatile Organic Compounds (VOC), atmo-

spheric halocarbons, condensation nuclei counts, cloud condensation nuclei,

direct DMS-, aerosol-, and CO2-flux measurements, near surface mixing

and turbulence, gas-concentration gradients, whitecap-coverage, and in-vitro

studies on sea water samples∗. The CO2 flux setup and measurements

during SOAP are described in detail in Section 5.2.

∗A special issue in Applied Chemistry and Physics http://www.atmos-chem-phys-
discuss.net/special_issue197.html combines all present and future publications
emerging from SOAP. More information about SOAP can also be found under
http://www.niwa.co.nz/atmosphere/research-projects/soap.
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3.1.3 SPURS-MIDAS experiment

The MIDAS experiment was an in-situ contribution to the international

Salinity Processes in the Upper ocean Regional Study (SPURS) (Fig. 3.4).

It took place on board the R/V Sarmiento de Gamboa leaving port in Las

Palmas on March 16th and returning to the Azores on April 17th 2013.
SPURS−MIDAS experiment spring 2013
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Figure 3.4: Map showing the cruise track of the SPURS-MIDAS experiment
in spring 2013. The position of the permanent mooring is indicated as a
red dot. The part of the track where the flux system was up and running
is marked in dark green. The ship left port in Las Palmas on March 16th

and arrived the Azores on April 17th. These dates and the period during
which the ship was close to the mooring are indicated as days of the year
2013. Compare also the time series in Fig. 4.2.

The majority of the time was spent within the Salinity Maximum of

the Tropical North Atlantic, and in the proximity of a permanent surface

mooring at (24.58◦ N, 38◦ E), which was deployed by WHOI. The goals
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of the SPURS experiments, which were conducted in 2012 and 2013, were

(i) to study the mechanisms of formation and permanence of the largest

ocean salinity maximum in the centre of the North Atlantic subtropical gyre,

and (ii) to validate remote sensing products for salinity information, i.e.,

Soil Moisture and Ocean Salinity (SMOS). The Air-Sea Physics Lab, NUIG

contributed by operating ASIP and with continuous EC flux measurements

of momentum, sensible and latent heat, and CO2 . For this purpose and the

NUIG flux mast was installed at the bow of the R/V Sarmiento de Gamboa.

In Chapter 4, the wind speed and momentum flux measurements from the

bow mast are compared with wind speed measurements and COARE 3.0

bulk flux estimates from the surface mooring. I also used these observations

to develop a new concept for motion-tilt correcting the 3D-wind velocity

measurements to allow direct EC flux measurements from moving platforms.

3.2 Flux Data Analysis

This section describes how the direct flux measurements are obtained from the

raw measurements of platform motion, apparent wind speed, gas concentra-

tions, pressure, and air temperature. Examples from the three experiments

are used to illustrate the magnitude of the performed corrections.

3.2.1 Motion Correction

As described in Sec. 2.6.1, it is fundamental to all flux calculations to find

the stream line coordinate system for the true wind field (u, v, w). However,

as the wind measurements are performed on a moving platform, the apparent
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wind vector um first needs to be rotated into the earth coordinate frame, i.e.,

corrected for platform tilt, on a sample by sample basis and then corrected

for the platform velocity, in order to obtain the true wind speed in a fixed

earth coordinate frame:

utrue,e = TTTepum + vship (3.1)

Here TTTep denotes the rotation from the platform coordinate system (indicated

by subscript p) into the earth reference system (indicated by e), and vship is

the platform motion relative to earth.

Equation (3.1) is implemented using the motion correction script mo-

tion.m†, written by Scott Miller. The script follows the methodology sug-

gested by Edson et al. (1998) for an IMU that is fixed to the moving platform,

but additionally allows for a mounting offset (distance and tilt) between the

motion sensor and the anemometer, (see Miller et al., 2008).

The platform-earth transformation matrix is described by three rotations

about the Euler angles,

TTTep = ΨΨΨepΘΘΘepΦΦΦep (3.2)

where the first rotation (roll φep) is about the x-axis, the second rotation

(pitch θep) is about the new y-axis, and the last rotation (yaw or heading

ψep) is about the new z-axis. In a right handed coordinate system, and here

only right handed coordinate systems are used, the explicit forms of the

†The script motion.m is available upon request at
http://asrc.albany.edu/people/faculty/miller/software.php.
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Euler angles are defined as follows:

ΨΨΨep =


cos(ψep) −sin(ψep) 0

sin(ψep) cos(ψep) 0

0 0 1

 (3.3)

ΘΘΘep =


cos(θep) 0 sin(θep)

0 1 0

−sin(θep) 0 cos(θep)

 (3.4)

ΦΦΦep =


1 0 0

0 cos(φep) −sin(φep)

0 sin(φep) cos(φep)

 (3.5)

Ideally the Euler angles could be calculated from a step by step integration

of the angular rates observed in the platform frame. In practise, however,

this approach can lead to large errors due to small drifts in the angular rate

signals (Edson et al., 1998). Alternatively, Edson et al. (1998) suggest to

use high-pass filtered integration of the angular rates in combination with

low-pass filtered heading from the ship’s gyroscope and platform orientation

calculated from the measured accelerations:

ψ = ψLF + ψHF, θ = θLF + θHF, φ = φLF + φHF (3.6)

The bias in the apparent wind velocity at the measurement location is

given by the sum of: (i) the angular velocity at the relative position of

the anemometer with respect to the motion sensor rap = xa − xp, and (ii)

the linear platform velocity. The latter in turn can be calculated from the

integral of the high-pass filtered linear accelerations and the low-pass filtered
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velocity obtained from the GPS sensor:

vship = Ω× rap + HF


∫

(TTTepẍ−


0

0

g

)

+ LF [vGPS] (3.7)

In the original script motion.m it is assumed that for vGPS, the ship’s

course always equals its heading. This is, however, not always the case; e.g.

when the ship is drifting with surface currents. Our data sets, include a

significant amount of station measurements, where the ship was pointed

into the wind, but potentially drifted sideways. Therefore, motion.m was

modified to allow for low frequent ship motion where COG 6= HDG.

Figure 3.5 shows the average of five 12-minute momentum co-spectra,

Cwu and Cwv (along- and cross-wind respectively), with the motion and tilt

correction applied. Also shown are the ‘uncorrected’ co-spectra, where only

the mean ship velocity was removed from the measured wind speed. The

uncorrected co-spectra show large concentrations of energy in the frequency

range of the ship motion [0.08 0.25] Hz; for the corrected co-spectra these

structures are removed.

The synchronisation of the wind and motion measurements is crucial to

the quality of the motion correction. During the SOAP experiment the IMU

signal was recorded in analogue and digitised by the CR3000 data logger. It

exhibited a 0− 0.2 second (0-2 sample) delay to the digitally recorded wind

speed measurements from the Csat3 anemometers. When not adjusted, the

delay leads to a residual motion peak, whose magnitude was about 5− 10%

of the uncorrected peak. To illustrate this effect the example spectra from

Fig. 3.5 are shown again in Fig. 3.6, but with artificial delays of ±1 sec. The

power spectra S2
u, S

2
v and S2

w are also shown. Curiously, the optimal delay
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Figure 3.5: Averages of five consecutive 12 min momentum co-spectra from
7.4.2013 3am-4am. Shown are spectra computed from (i) ume corrected for
mean ship velocity and wind vector tilt (blue) and (ii) fully motion and
tilt corrected (red). The sign of Cwv was inverted in order to save white
ink. The expected shape of Cwu as per (Kaimal et al., 1972) is shown for
comparison.

between the IMU signal and (u, v, w)m is not the same for the three wind

speed components. Schulz et al. (2005) also reported similar residual motion

signals in the two horizontal power spectra (S2
u and S2

v). For the SOAP

dataset the delay was optimised by searching for the maximum covariance

between w′me and v′ship,z. This provided the most successful removal of the

motion-peaks from Cwu and Cwv. For the MIDAS experiment, where both

IMU and sonic were recorded digitally, a fixed delay of 0 sec was found to

be optimal.

The power spectra exhibit large amounts of energy contained in the low

frequency part (n ≤ 0.01 for S2
u, n ≤ 0.1 for S2

v & S2
w) that are an order of

51



Field Experiments and Data Analysis

−0.03
−0.02
−0.01

0
0.01

nCo
wu
[m

2
s
−3
]

−0.02

0

0.02
nCo

wv
[m

2
s
−3
]

10
−2

10
−1

nS
u
[m

2
s
−3
]

10
−2

10
−1

nS
v
[m

2
s
−3
]

10
−3

10
−2

10
−1

10
0

10
1

10
−3

10
−2 nS

w
[m

2
s
−3
]

sample frequency [Hz]

 

 

∆t=−0.1s ∆t=0s ∆t=+0.1s kaimal

Figure 3.6: Averages of five consecutive 12 min momentum co-spectra and
wind vector power-spectra from 7.4.2013 3am-4am for motion corrections
performed with a delayed motion signal. Shown are delays of -1 sec, 0 and
+1 sec. The expected (Kaimal et al., 1972) shapes are shown as black lines.

magnitude higher than for the average spectra as per Kaimal et al. (1972).

Power spectra shown by Schulz et al. (2005) and Miller et al. (2008) exhibit

similar features. These authors, however, do not compare them with the

Kaimal shapes or discuss the increased energy levels in the power-spectra.

These high energy levels in the self-covariances do not show up in the co-

spectra which are used to calculate the momentum flux. This makes it

unlikely that low frequency ship motion could be the cause for the increased

energy levels, since the 3D-ship motions are naturally correlated. The matter

was not further investigated, since the direct flux estimates appeared to be

unaffected.
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3.2.2 Stream Line Coordinate System

After the ship motion is removed from the measured wind speed, the subse-

quently corrected wind speed (utrue,e) needs to be rotated into the stream

line coordinate system. Edson et al. (1998) adapted the double rotation

approach from land based measurements. The wind vector is first yawed

around the z-axis to achieve 〈v〉 = 0 and then pitched over the new x-axis to

maintain 〈w〉 = 0. This is symbolised by the double rotation matrix (DRDRDR):

u = DRDRDR(utrue,e) (3.8)

In Chapter 4 it will be explained that this approach can lead to biased

estimates of the stream line coordinate system and, therefore, to errors in

the direct flux measurements. Alternative methods to estimate the tilt of

the wind vector are presented there.

3.2.3 Air Density Correction

The two IRGA types (LI-7500 and LI-7200) measure the CO2 and H2O num-

ber densities nc and nv within the measurement volume. Parallel measure-

ments of air temperature T and pressure P in the sample cell were used to

calculate the gas mixing ratios on a sample-by-sample basis using:

xc = nc

(
P

RT
− nv

)−1
(3.9)

where R = 8.31 J mol−1K−1 is the ideal gas constant.

The pressure sensor provided by the LI-7500 unit does not have a sufficient

resolution, therefore a high resolution pressure sensor CPT-6100 is connected
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to the sample cell during the experiments. The LI-7200 unit is equipped

with the same low resolution pressure sensor to measure ambient air pressure,

but a high resolution differential pressure sensor is provided to measure the

pressure difference between the sample cell and ambient air. Unfortunately,

the range of the differential unit ±30 mbar is not sufficient for the pressure

drop of typically 100− 200 mbar due to the high flow rate requirement. To

overcome this, an absolute pressure unit CPT-6100 was used to measure

pressure at a reference point, on a sufficiently close pressure potential, to

which the differential sensor is connected (see Fig. 3.2). The pressure in the

Licor cell (PLI−7200) is then calculated according to:

PLI−7200 = PCPT−6100 + Pdiff (3.10)

where PCPT−6100 and Pdiff are the pressure measurements from the CPT-

6100 and the LI-7200 differential pressure sensor, respectively.

3.2.4 IRGA-Motion Sensitivity Correction

The power spectra of the gas mixing ratios xc,m and xv,m obtained from (3.9)

show typically increased energy in the frequency range of the ship motion.

This has been observed by Edson et al. (1998) and Miller et al. (2010) and

is related to (i) the inertial forces acting on the filter-wheel of gas analyser

and (ii) flexing of the structures that separate the detector from the light

source. The wheel is positioned between the broad-band IR light source and

the measurement volume. It carries four different narrow band filters, which

pass wavelength ranges of strong CO2 and H2O absorptions and close by

reference ranges with weak absorption. The center wavelengths of the band

filters for the LI-7200 and LI-7500 are listed in Table 3.1.
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Table 3.1: Center wavelengths of the optical filter as per LI-840A Man-
ual (ftp://ftp.licor.com/perm/env/LI-840A/Manual/LI-840A_Manual.pdf).
These are the same for the LI-7500 and LI-7200 utilized in this thesis (Frank
Griessbaum, personal communication).

Center Wavelength Symbol Description
4.26 µm Ac strong absorption band for CO2
3.95 µm Ac0 reference for CO2
2.595 µm Av strong absorption band for H2O
2.35 µm Av0 reference for H2O

The wheel rotates at a frequency of 140 Hz and the ratios of the absorp-

tances Ac/Ac0 and Av/Av0 are used to determine the gas concentrations.

Due to the inertial forcing by the platform motion the wheel rotates slightly

faster or slower, which leads to variations in the ratios that are correlated

with the platform motion. The bias signal in the gas concentrations can be

of the order of 1 ppm, depending on the individual instrument (see Miller

et al., 2010).

During the Knorr11 experiment, the bias in the CO2 fluxes measured

by the LI-7200 was on the order of 1%. The bias in the LI-7500, which

has a less rigid construction, was in the order of the CO2 flux signal and

sometimes changed the sign of the flux. Miller et al. (2010) suggested to

remove the bias signal by decorrelating xc,m and xv,m with the acceleration

and rate signal from the IMU:

xc = xc,m −


Ax

Ay

Az

 · ẍ +


Bx

By

Bz

 ·Ω (3.11)

where the coefficients of A and B are determined by linear regression. This

approach was adapted for the analysis of the three data sets.
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3.2.5 Cross-Covariance and Flux Calculation

The momentum flux vector is directly computed from the covariance of u, v

and w

τ = −ρa (i〈w′u′〉+ j〈w′v′〉) (3.12)

For the trace gas fluxes the delay of the time series from the different

instruments needs to be accounted for. This delay is caused by the travel

time of the sample air in the intake tubing and by potential time delays in

the signal recording, in case these are not corrected by the synchronisation.

In a first step, the cross-covariance Rwxc(δt) is calculated in analogy to

(2.13) for time delays δt ∈ [0 ∆tmax]. The maximal tested delay (∆tmax)

was chosen after calculating the expected travel time from the flow rate

and the volume of the tubing. Based on the observed distribution of the

maxima of Rwxc(δt), and results from the puff-tests, a window of ‘credible’

time delays ∆tc was chosen and maxima of Rwxc(δt) were accepted when

they were within this range. The flux was calculated as

Fc = na〈w′(t)x′c(t−∆tc)〉. (3.13)

For intervals where no ∆tc could be defined from the maximum cross-

covariance, or where it lays outside of the ‘credible-delay’ interval, ∆tc was

interpolated linearly from the nearest intervals.

The latent heat flux was calculated from:

Qlat = ρaLev〈w′(t)x′v(t−∆tv)〉 (3.14)
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where Lev is the latent heat of evaporation.

The sensible heat flux was calculated from the sonic temperature and a

correction term (Burns et al., 2012) involving the latent heat flux:

Qsen = ρaρcp (〈w′Tsonic〉 − 0.51TQlat/(ρaLev)) (3.15)

where ρcp is the specific heat capacity of air.

3.2.6 Scalar Co-Spectra Example

Figure 3.7 shows normalised co-spectra (i) of temperature, measured by the

3D-sonic (open path), (ii) water vapour, measured by CP-IRGAs before and

downstream of a membrane dryer (see Fig 3.2 for the experimental setup),

and (iii) CO2 , measured downstream of the dryer. The dry H2O spectrum

was normalised using the flux measured by the un-dried IRGA. The diffusion

dryer removed 97% of the flux signal. Also shown is the expected shape of the

scalar co-spectrum, computed following Kaimal et al. (1972). The spectra

are averages of 10 flux intervals of 25 min length, recorded within 6 hours

during the SOAP experiment on February 22nd/23rd 2012 (see Chapter 5).

The wind speed, heat, and CO2 fluxes were steady (u10N = 14 m s−1,

Qlat = −50 W m−2, Qsen = −49 W m−2, and Fc = −7.8 mol m−2 s−1,

respectively) and the ship was on station vship = 0.5m s−1 and pointed into

the wind (relative wind direction −24◦ ≤ α ≤ 13◦). The large noise in the

high frequency part of Cwxc , when compared to the other spectra, is due to

the low sensor resolution.
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Figure 3.7: Normalised co-spectra of the sonic temperature (red), water
vapour (blue), and CO2 (green). The water vapour spectrum from a dried
and un-dried CP IRGA are show. The dry spectrum was normalised against
the flux measured by the un-dried IRGA. The spectra are averages of 10
consecutive 25 min flux measurements recorded during the SOAP experiment.

3.2.7 Frequency Corrections

In some of the analysed records large features in the low frequency part of

the frequency-weighted co-spectra (n ≤ 10−2 Hz) were observed. Possible

explanations are: (i) these features are artefacts of large eddies, which are

insufficiently sampled in the 12 min to 25 min long averaging intervals

(Marandino et al., 2007); (ii) a passing front which violates the assumed

stationarity, or (iii) manoeuvring of the ship can create turbulences and

recirculation at the measurement location that are not sufficiently removed

by the motion correction (see Edson et al., 1998). It will be shown in

58



Field Experiments and Data Analysis

Chapter 4 that an incorrect estimation of the stream line coordinate system

can reflect large signals into the low frequency part of the spectra.

The common practice to reject flux estimates if the co-spectra exhibit

large structures in the low frequency range (e.g. Marandino et al., 2007; Bell

et al., 2013), was adopted. The exact cut-off criteria vary from experiment

to experiment.

If closed-path analysers are used to sample air, high frequency fluctuations

can be attenuated and, therefore, flux information can be lost (Lenschow and

Raupach, 1991). Here the empirical ogive correction method which was also

employed by Marandino et al. (2007); Miller et al. (2010), is used to estimate

the loss in the CO2 and H2O flux signals. Under typical measurement

conditions (z ≈ 10 masl, U ≤ 20 m s−1), a measurement frequency of 20 Hz

allows the resolution of eddies up to f = 5 (compare with Fig. 2.1). Therefore,

the open-path measurement of CwT is assumed to be un-attenuated and

can be used to estimated high frequency attenuations in the CO2 and

H2O co-spectra. This is based on MOST i.e. the covariance-spectra of all

scalars are of similar shape.

The flux loss in Cwxc and Cwxv was estimated by comparing the ogive,

which is defined as the cumulative sum (integral) of the co-spectra

Ogwx(nm) =
 m∑
j=0

Cwx(nj)∆nj

 , (3.16)

with the ogive of CwT . Figure 3.8 shows the normalised ogives of the measured

temperature, CO2, and water vapour flux, which were calculated from the

co-spectra shown in Fig. 3.7. The frequency n50%, where the normalised

ogive of the temperature flux reaches 50% of the total flux value is indicated

and compared with the flux fractions reached by Cwxc and Cwxv at this
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Figure 3.8: Normalized ogive of the sonic temperature (red), water vapour
(blue), and CO2 (green) co-spectra, which are shown in Fig. 3.7. The
frequency n50%, where the normalised ogive of the temperature flux reaches
50% and the observed flux fractions of CO2 and H2O at this frequency are
indicated with dashed lines.

Assuming that the heat flux is fully resolved, and that the spectra should

have similar shapes, the frequency loss correction (or gain) can be calculated

from the integral of the co-spectra up to, e.g., n50%:

g50% =
n50%∑
j=0

Cwx(nj)∆nj

 /0.5. (3.17)

For the gain to be estimated correctly it is also necessary that the frequency

nX% is selected so that Cwx is not attenuated for frequencies below nX%.

This can be found by calculating gains using (3.17) for different frequencies
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nX%. The results for this example are summarised in Table 3.2. Here it can

be seen that the CO2 spectrum appears un-attenuated up to n80% = 0.5Hz

and the gain estimated from n50% is gCO2 = 1.06. For the H2O spectrum

the attenuation starts at lower frequencies, here n20% = 0.027Hz was used

to estimate gH2O = 1.66. In order to illustrate the attenuation of the high

frequency fluctuations, the spectra from Fig. 3.7 are replotted in Fig. 3.9

with the corrected fluxes being used for the normalisation. The application

of the gain factors reconciles the spectra in the low frequencies range. This

shows, that the spectra are indeed of similar shape (at least in the low

frequency domain) and that the attenuation of Cwxv starts approximately

at n = 0.03Hz, while Cwxc is un-attenuated up to approximately 0.5Hz.
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Figure 3.9: Same as in Fig. 3.7, but with gains applied to the normalisation
of the CO2 and water vapour co-spectra.
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Table 3.2: Probing frequencies and estimated gain factors for the CO2 and
H2O co-spectra examples (see Fig. 3.8).

n20% n30% n40% n50% n60% n70% n80%

n [10−2 Hz] 2.7 4.8 8.6 13.4 19.3 32.1 50.8
gCO2 1.08 1.05 1.08 1.06 1.05 1.09 1.09
gH2O 1.66 1.57 1.50 1.38 1.27 1.21 1.15

3.2.8 Calculation of Gas Transfer Velocity

The gas transfer velocity of CO2 was calculated from the direct CO2 flux

measurements and the air-sea partial pressure gradient ∆pCO2

[
mol mol−1

]
using the following formula:

k = na〈w′x′c〉(K0CO2∆pCO2)−1 (3.18)

where K0CO2
[
mol m−3 atm−1

]
is the solubility of CO2 in sea water that was

calculated following Weiss (1974) as a function of the sea surface temperature

and the sea surface salinity. The transfer velocities were normalised to a

common Schmidt number of 660 using (2.43).
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4 Development of a New Motion

and Flow Distortion Correction

Algorithm

Preface

This chapter is an adopted version of a paper currently under review:

Landwehr, S., N. O’Sullivan, and B. Ward,(2014). Direct Flux Mea-

surements from Mobile Platforms at Sea: Motion and Air Flow Distortion

Corrections Revisited. J. Atmos. Oceanic. Technol., submitted.

The right to share and adapt this work is freely available under the Creative

Commons Attribution 3.0 License. The data analysis, the interpretation

and synthesis of results, the production of figures and the writing were done

exclusively by the author of this thesis. Dr. Ward contributed by supervising,

assisting and reviewing the work and by providing the infrastructure (ship

time, computer time, travel costs, etc.) required to carry out this research

project. Mr. O’Sullivan provided ideas and discussions about air flow

distortion.
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4.1 Introduction

Wind speed plays an important role in all air-sea exchange processes. How-

ever, accurate measurement of the in-situ wind speed over the ocean are

complicated by the fact that the large structures of ships and the meteorolog-

ical instrumentation itself obstruct the air flow and thus lead to distortions

in the wind field. Even at well exposed measurement positions, this can lead

to errors in the wind speed by about 10% (e.g Yelland et al., 2002; Popinet

et al., 2004). Acceleration of the air flow was found to be mainly a function

of the measurement location and the relative wind direction (Popinet et al.,

2004), with some evidence for a dependence on the relative wind speed

(O’Sullivan et al., 2013).

In addition to the acceleration, the relative wind vector is tilted and

displaced when the stream lines circumvent the obstacle (Yelland et al., 1998).

The tilt of the wind vector is especially relevant for direct flux measurements

(Wilczak et al., 2001; Griessbaum and Schmidt, 2009). Knowledge of the

displacement ∆z is required for the correct normalization of the wind speed,

measured at height z, to the standard height of 10 m above sea level (masl)

and neutral stability. The displacement is even more important for the

estimation of the momentum flux using the Inertial Dissipation Method

(IDM), where the third power of the estimate of the friction velocity u∗

is proportional to the effective measurement height z̃ = z −∆z (Yelland,

1996).

Direct flux measurements on moving platforms require accurate quantifi-

cation and correction for the effects of platform motion and distortion of

the air flow.
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The vertical fluxes of a quantity x can be directly measured as the

covariance with the vertical component (w) of the wind speed u = (u, v, w)

in the mean stream line coordinate system:

Fx = 〈wx〉 (4.1)

The eddy covariance (EC) method exploits (4.1) to measure the vertical flux

of momentum, heat and trace gases, e.g., the friction velocity u∗ is defined

as∗:

u∗ =
(
〈uw〉2 + 〈vw〉2

)1/4
(4.2)

Before (4.1) can be applied, the coordinate system needs to be rotated into

the local mean stream line coordinate system. This is typically achieved by

a double rotation (DR) that aligns the coordinate system with the mean

flow by rotating it first in the horizontal plane x − y to achieve 〈v〉 = 0

and then in the new x′ − z′ plane to obtain 〈w〉 = 0, for a given averaging

interval of typically 10 to 30 minutes.

The DR method leaves one remaining degree of freedom, the orientation

in the resulting y′′ − z′′ plane. McMillen (1988) suggested that the angle

about which the coordinate system needs to be rolled around the new x′′

can be defined by requiring 〈vw〉 = 0. This results in a triple rotation (TR),

where the coordinate system is first yawed, then pitched and finally rolled.

The underlying assumption for the TR method is that the cross-wind surface

stress is zero. This might not always be valid over the open ocean when

wind and swell direction are not aligned. Further more sampling errors in

∗It is often assumed that the cross-wind stress can be neglected (〈vw〉 = 0). This leads
to the also common definition u∗ =

√
−〈uw〉.
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the 10 to 30 minute measurements of 〈vw〉 can lead to erratic corrections

with the TR method (Wilczak et al., 2001).

Wilczak et al. (2001) found that the limited averaging time and small

measurement errors in the three wind speed components can lead to large

errors in the tilt corrections using the DR or TR method and proposed an

alternative method, ‘Planar Fit’ (PF), to derive pitch and roll angles of the

wind vector which force 〈w〉 = 0 for a large ensemble average (indicated by

the overbar). Each sample interval then requires only a single rotation (SR)

in the new x′ − y′ plane to force 〈v〉 = 0.

It has to be stressed here that the fluxes determined from (4.1) are highly

sensitive to the correct choice of the coordinate system (Deacon, 1969), i.e.,

the tilt of the air flow due to large structures needs to be accounted for. For

small tilt errors, the fractional bias in the turbulence fluxes is proportional

to the tilt and can vary with stability and boundary layer depth that define

the ratios of u∗ and 〈u2〉, 〈v2〉, or 〈w2〉 (Wilczak et al., 2001).

Wyngaard (1981) showed that the effect of small nearby structures (e.g. the

turbulence probe itself) are not sufficiently corrected by the tilt corrections

and presented a set of equations to correct flow distortion in the turbulence

quantities arising from objects of size (a ≤ 10 · z). Modern sensor design and

calibration tries to minimize the distortion effects of the turbulence probe

itself. The corrections, which were proposed by Wyngaard (1981), have been

applied by Oost et al. (1994) and Edson et al. (1991) to correct momentum

flux measurements for the effect of a horizontal mounting pole nearby a 3D

sonic anemometer. This involved measurements of the tilt of the wind vector

made with the sonic anemometer in two different positions (upright and

pointing down wards). Oost et al. (1994) and Edson et al. (1991) showed

that applying the Wyngaard (1981) correction reconciled the u∗ values from
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the up and down measurements.

Oost et al. (1994) expanded the approach of Wyngaard (1981) to multiple

objects but reported also that the corrections would over-estimate the air-

flow distortion by objects that are, in size, comparable to the measurement

height, i.e. the measurement platform. We are not aware that the corrections

proposed by Wyngaard (1981) and Oost et al. (1994) have found wider

application in other open ocean flux measurements. There appears to be

general consensus in the meteorological community to minimize turbulent

flow distortion by identifying optimal sensor locations, rather than applying

empirical corrections to a complex problem. Thus generally only mean wind

speed and tilt corrections are applied to the measurements.

On moving platforms the wind speed measurements are additionally biased

by the changing sensor orientation (pitch and roll of the platform) and the

relative velocity at the probe location. Anctil et al. (1993) reported direct

flux measurements from a discus buoy and presented an equation for the

true motion corrected wind speed using fast measurements of the tilt and

acceleration of the platform. This approach was expanded to ships under

way by Edson et al. (1998), who also presented methods to calculate the

tilt angles using the angular rate and acceleration measurements from a

strapped-down motion sensor. An addition to Edson et al. (1998) was made

by Miller et al. (2008) to explicitly account for misalignments between the

anemometer and the motion sensor. The true wind speed in the earth

reference frame is computed as the sum:

utrue,e = ume + vship (4.3)

where (ume = TTTepum) is the measured wind speed rotated from the platform
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coordinate system (denoted by subscript p) into the earth reference system

(denoted by e) and vship is the platform motion contamination (for the explicit

formulas of vship and TTTep see Edson et al. (1998) and Miller et al. (2008)). In

order to rotate the wind vector into the local stream line coordinate system

for the computation of fluxes, Anctil et al. (1993) applied a double rotation

to utrue,e:

u = DRDRDR(ume + vship) (4.4)

Note that Anctil et al. (1993) applied (4.4) to EC measurements from a

moored buoy, hence 〈vship〉 = 0. Equation (4.4) has become the baseline for

all direct flux measurements from mobile platforms including ships under

way.

Edson et al. (1998) compared momentum flux measurements on-board

two different research vessels, the Iselin and the Wecoma, with simulta-

neous measurements on (a) the research platform FLIP and (b) a small

autonomous catamaran. In both cases the along-wind stress component

(−〈uw〉) measured on-board the ships was approximately 15% higher than

the measurements from either FLIP or the catamaran. The difference

was attributed to air-flow distortion biases in the ship’s eddy covariance

(EC) measurements, with the assumption that the measurements taken on

R/P FLIP and the catamaran were free from air-flow distortion (Edson et al.,

1998). For R/V Iselin, Edson et al. (1998) reported tilts in the true wind

vector of approximately 3◦ to 5◦ for bow-on and beam-on wind directions,

respectively.

Pedreros et al. (2003) supported these results reporting that −〈uw〉

measured on-board the R/V L’Atalante was on average 18% higher than
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direct flux measurements made from an ASIS buoy, for a maximum distance

of 5 km. However, this number is based on a linear regression to the direct

flux measurements from the ship and from the ASIS buoy, which had a

relatively large intercept (see Fig. 7a in Pedreros et al. (2003)). Assuming no

intercept, the average over-estimation becomes approximately 30%. Pedreros

et al. (2003) also reported a 30% systematic over-estimation of the neutral

drag coefficient (CD10N = −〈uw〉u−2
10N) by the ship’s EC measurements,

when compared to the EC measurements from the ASIS buoy and ship-

borne IDM estimates (see Fig. 11 in Pedreros et al. (2003)), This include all

measurements made during the experiment. Pedreros et al. (2003) argued

that the difference between the direct measurement on the ship and the

buoy might be caused by different fetches encountered by the ASIS buoy and

the ship during the course of the experiment. However, the IDM results for

CD10N from the ship agree with the measurement of CD10N from the buoy (see

Fig. 11 in Pedreros et al. (2003)). I therefore assume that the over-estimation

of −〈uw〉 by the EC measurements on-board the R/V L’Atalante was on

average +30% and was due to flow distortion on the ship. Pedreros et al.

(2003) also reported an over-estimation of the sensible heat flux 〈uT 〉 by

9(±9)% when compared to direct measurements from the ASIS buoy.

Pedreros et al. (2003) restricted the dataset to relative wind directions less

than ±30◦ and 〈ume〉 〈vship〉−1 ≥ 2 and corrected the measured wind speeds

for mean air-flow distortion. The corrections for acceleration, relative wind

direction, and tilt are reported in Dupuis et al. (2003): the average vertical

tilt of the wind vector was 7◦ and decreased slightly with increasing relative

wind direction. The direct fluxes were calculated using (4.4) and no attempt

was made for a flow distortion correction on the fluxes.

The apparent bias in the direct flux measurements motivated Edson et al.
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(2013) to exclude ship-borne EC momentum flux measurements from the

recent update to the COARE bulk flux algorithm (version 3.5). However,

earlier versions of COARE (Fairall et al., 2000, 2003) did include ship-

borne EC momentum flux measurements. For u10N = 5 m s−1 the bulk u∗

values from COARE 3.0 are 10% higher than for newest version COARE 3.5

and for u10N = 10 m s−1 COARE 3.0 predicts 2.5% higher u∗ values than

COARE 3.5. The ratio decreases approximately linear over the wind speed

range u10N = 5− 10 m s−1. Direct EC flux measurements of trace gases from

buoys are rare, mainly due to the usually higher power and maintenance

requirements and therefore ship-borne flux measurements are still the main

input to bulk flux formulations for gas exchange (Fairall et al., 2011).

Here mean wind speed and direct flux measurement taken on board the

R/V Saramiento de Gamboa during the MIDAS-SPURS field campaign

in March/April 2013 are analysed and compared to the mean wind speed

measurements and bulk flux estimates from a moored buoy. The wind speed

and direction measurements from the buoy are used to estimate a mean flow

distortion correction for the wind speed measurements taken on the bow

mast of the research vessel. The wind vector tilts are estimated using an

adaptation of the planar fit method and are used in a new way to correct

the wind speed measurements for ship-motion and air-flow distortion, prior

to the direct flux calculations.

The new approach to air-flow distortion and motion correction is pre-

sented in section 4.2, followed by the description of the experiment and the

methods used to correct the mean wind speeds for acceleration and tilt of

the streamlines (section 4.3). The results obtained using the classic approach

(4.4) and our new method are compared in section 4.4. The conclusions are

provided in section 4.5.

70



Development of a New Motion and Flow Distortion Correction Algorithm

4.2 Theory

4.2.1 Parameterisation of the Wind Vector Distortion

Before the measured 3D wind speed can be used to calculate mean wind

speed and direct fluxes it has to be corrected for air-flow distortion and

ship motion. The effect of air-flow distortion on the mean wind speed

measurement can be described with a flow distortion transformation matrix.

AAA(α) = a(α)ΨΨΨ(α)ΘΘΘ(α)ΦΦΦ(α) (4.5)

where a is the acceleration of the wind speed, α is the relative wind direction,

and ΨΨΨ,ΘΘΘ,ΦΦΦ are the rotations of the wind vector by the Euler angles ψ, θ, φ.

Although the relative wind direction fluctuates over time, one can assume

that when the variations of α are small, the effect of flow distortion can be

approximated by AAA(〈α〉). This means that AAA becomes essentially a function

of the relative horizontal wind direction, as the average undisturbed vertical

wind speed is close to zero over the open ocean. Increased motion (heave,

pitching, rolling or yawing) of the platform can potentially create large

deviations from the expected mean flow distortion.

The relation between the measured 3D wind speed average and the average

of the true wind vector can now be described with the following equation:

〈ume〉 = AAA(α)(〈utrue,e − vship〉) (4.6)

It is important to note that it is the relative wind vector 〈utrue,e−vship〉 and

not 〈utrue,e〉 which is transformed by A.
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4.2.2 Height displacement of the air flow

There are several reports of significant height displacements of the air flow

by several meters and the wind speed measured at height z might originate

from z̃ = z −∆z. Yelland et al. (2002) found that the magnitude of the

displacement varies with the relative wind direction and that variations with

the relative wind speed could be neglected. In order to make wind speed

measurements comparable, they need to be normalized to a height of 10 masl

and neutral stability. Therefore it is necessary to know the original height

of the measured wind speed. Assuming a universal logarithmic profile one

can express the wind speed at height z̃ as:

u(z̃) = u(z)− u∗
κ

[
ln(z

z̃
)− ψu(

z

L∗
) + ψu(

z̃

L∗
)
]

= u(z)
[
1 + u(z)−1 · f(z, z̃, L∗)

]
(4.7)

In (4.7) the correction function was defined as:

f(z, z̃, L∗) = −u∗
κ

[
ln(z

z̃
)− ψu(

z

L∗
) + ψu(

z̃

L∗
)
]

(4.8)

For neutral stability (i.e. L∗ → ∞) and typical z = O(10 m) it can be

estimated that |f(z, z̃,∞)| ≈ |u∗ · κ−1 · ln(z z̃−1)| � u(z). For unstable con-

ditions ( z
L∗
→ −∞): u(z)−1 · f(z, z̃, L∗)→ 0. However, for stable conditions[

−ψu( z
L∗

) + ψu( z̃
L∗

)
]
has the same sign as ln(z z̃−1) and [u(z)−1 · f(z, z̃, L∗)]

can potentially become the order of 1.
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For a ship under way, the measured wind speed at height z is given by:

ume(z) = a(α)|u(z̃)− vship|

= a(α)|u(z) · {1 + u(z)−1f(z, z̃, L∗)} − vship|

= a(α)
[
u2 − 2(u · vship) + v2

ship + f 2 + 2f
u

(u2 − u · vship)
]1/2

= a(α)
[
|u− vship|2 ·

(
f 2

u2 · c2(u,vship) + 2f
u
· c1(u,vship)

)]1/2

≈ a(α)|u− vship|{1 + c1(u,vship)f
u

+ [c2(u,vship)− c1(u,vship)2] f
2

2u2} (4.9)

Here the notation was simplified using u ≡ u(z) and f ≡ f(z, z̃, L∗) and the

ratios:

c1(u,vship) ≡ u2 − u · vship · cos(αtrue)
|u− vship|2

(4.10)

c2(u,vship) ≡ u2

|u− vship|2
(4.11)

were defined, which depend on the true wind speed, the ship velocity, and

the true relative wind direction αtrue, which is given as the difference between

the true wind direction and the ships heading:

αtrue ≡ acos
(

(−u) · vship

u · vship

)
(4.12)

This gives αtrue = 0◦ for bow-on winds and αtrue ± 180◦ for winds from the

stern. The measured relative wind direction α is defined analogues to (4.12)

with ume replacing u. Both |c1| and |c2| are ≤ 1 for |αtrue| ≤ 90◦. For the

last step in (4.9) the approximation
√

1 + x ≈ 1 + 0.5x− 0.25x2 was used.

The flow distorted wind speed measurements at two different heights z1
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and z2 can be related to each other by expressing u(z̃1) and u(z̃2) based on

the wind speed at height z:

ume(z1)
ume(z2) ≈

a1(α)
a2(α) {1 + xa} (4.13)

with xa ≡ c1(u(z), vship, αtrue) ·
f(z̃1, z̃2, L∗)

u(z)

where 1/(1+x) ≈ 1−x was used, and the terms involving (f(z, z̃, L∗)·u(z)−1)2

and higher were omitted.

Equations (4.9) and (4.13) show that for the estimation of the wind speed

acceleration a(α), the ship speed and atmospheric stability need to be taken

into account. Further, an estimate of the height displacement ∆z is required

to normalize the flow distortion and ship motion-corrected true wind speed

(relative to the surface current usc) for height and stability.

u10N = |AAA(α)−1ume(z) + vship − usc| −
u∗
κ

[
ln( z̃10)− ψu(

z̃

L∗
)
]

(4.14)

If the hight displacement is unknown (4.9) and (4.13) can be used to

estimate the uncertainty arising from a potential ∆z.

4.2.3 Motion Correction and Rotation into the mean flow

I found that rotating the wind vector after the motion correction (i.e. using

(4.4)) leads to an over-estimation of the wind vector tilt and can cause

potentially large errors in the computed fluxes if the ship’s mean velocity is

not zero.

I suggest here that the tilt of the wind vector, which is mainly caused by

air-flow distortion, needs to be removed before the wind vector is corrected

for the mean ship velocity. The derived true wind vector should only be
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rotated within the horizontal plane.

I observed that applying the rotations ΦΦΦ(α), ΘΘΘ(α) and ΨΨΨ(α) before cor-

recting the measured wind vector for pitch, roll, yaw and heave of the ship

leads to a less efficient removal of the platform motion signal from the co-

and power spectra. Our interpretation is that the velocity signal caused by

this fast platform motion is imprinted on the measurements of the already

distorted wind vector and therefore needs to be removed before rotating the

wind vector. Our modified version of (4.4)) becomes:

u = SRSRSR
(
A′A′A′(α)−1(ume + v′ship) + 〈vship〉

)
(4.15)

where the ship motion is separated into the mean horizontal velocity 〈vship〉

and the fluctuating part v′ship (pitch, roll, yaw and heave) with 〈v′ship〉 = 0.

The transformation A′A′A′ denotes a modification to (4.5): the relative wind

vector is not divided by a(α), but [(1− a(α)−1) · 〈ume〉] is subtracted. Thus

(4.5) becomes

A′A′A′−1x ≡ ΨΨΨ−1ΘΘΘ−1ΦΦΦ−1x− 〈ΨΨΨ−1ΘΘΘ−1ΦΦΦ−1x(1− a−1)〉 (4.16)

Note that if transformation AAA were used in (4.15), the covariance moment

〈uw〉 would be scaled with the correction for the mean wind speed accelera-

tion (a−2) †. There is, however, no evidence in literature nor in our results

that the acceleration of the mean wind speed reflects equally on the turbulent

quantities. Also note that after the motion and tilt correction in (4.15), only

a single rotation over the z-axis is applied to the true wind vector in order

to align it with the local stream line (thereby forcing 〈v〉 = 0).

†This follows form the distributivity of the multiplication with a scalar over the addition
a · (x + y) = a · x + a · y
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If the flow distortion correction A′A′A′−1 is not available, e.g., if there is not

enough data from one wind direction sector to perform a planar fit, the wind

speed measurements should be corrected in the following way:

u = SRSRSR
(
SRSRSR−1DRDRDR(ume + v′ship) + 〈vship〉

)
(4.17)

Equation (4.15) describes: (i) rotation of the measured wind speeds into

earth frame and correction for v′ship; (ii) double rotation to achieve first

〈v〉 = 0 and then 〈w〉 = 0; (iii) reversal of the rotation around the z-axis,

indicated by SRSRSR−1; (iv) correction for 〈vship〉; (v) a final rotation around the

z-axis to achieve 〈v〉 = 0.

For on-station measurements, equation (4.17) is equivalent to (4.4), but

avoids the over-estimation of the wind vector tilt if the mean platform

velocity is > 0. Unlike (4.15), equation (4.17) cannot account for potential

roll or yaw of the relative wind vector and can therefore lead to biased flux

estimates. The flow distortion-induced yaw of the wind vector becomes

relevant only when the platform is moving and the vector addition of vship

and ume leads to a incorrect estimate of the true wind direction. This bias

in αtrue has no effect on the scalar fluxes or u∗ (if defined as in (4.2)). It

does however lead to incorrect estimates of the wind stress angle

ατ = atan( 〈vw〉
〈uw〉

). (4.18)

The roll and pitch of the wind vector are relevant for all fluxes. Further,

the planar fit reduces the effect of calibration errors and the under-sampling

of large eddies, as discussed by Wilczak et al. (2001). Therefore, (4.15) is

superior to (4.17), even if mean acceleration a and yaw bias ψ are unknown,

and should be applied when possible.
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4.3 Methods

The measurements presented here were taken on-board the R/V Saramiento

de Gamboa during the SPURS-MIDAS cruise (Las Palmas de Gran Canaria

16th March – Ponta Delgada, Azores 17th April, 2013). Relative wind speed

and direction were measured on the bow mast of the ship at two different

heights z1 = 10 masl and z2 = 15 masl with a R3A 3D sonic anemometer

(Gill) and a 2D vane anemometer Wind Monitor-MA (Young), respectively.

Fig. 4.1 shows a photograph of the bow of the ship, on which the positions

of the two anemometers are indicated. Note that the 3D sonic was located

approximately 1.5 m in front of a large tower with a cross section of 0.75 m.

An inertial motion unit NAV440 (Moog-Xbow) recorded 3D acceleration

and angular rates. The unit was installed 1.16 m behind and 0.82 m below

the R3A. This position vector was accounted for in the motion correction

following Edson et al. (1998). A differential GPS system VS-100 (Hemisphere

GPS) recorded the ship’s heading and course and provided a universal time

stamp. Mean meteorological data (downwelling long- and shortwave, air

temperature, relative humidity, atmospheric pressure and the relative wind

speed at z2) were recorded at 0.1 Hz and averaged to 12min. The wind speed

(um, vm, wm), speed of sound temperature (Tsonic), and ship motion were

recorded at a frequency of 20 Hz. They were used to calculate true wind

speed and the covariance moments. The details of the motion correction

procedures are described in section (4.3.4). The direct comparison of the

ship’s heading and the heading recorded by the VS-100 revealed a yaw of 5◦

in the orientation of the flux mast in respect to the center-line of the ship.

All measurements were corrected for this tilt offset prior to further analysis.
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Figure 4.1: Photograph of the bow of the R/V Saramiento de Gamboa with
indications of the positions of the 3D sonic and the 2D vane anemometers.
Also shown is an illustration of the over-estimation of the pitch of the relative
wind vector by the classic motion-tilt correction (4.4). The relative wind
vector u− vship is tilted by the angle θ due to the presence of the ship and
measured as ume with vertical component w. Applying the double rotation
after the correction for vship gives θDR which overestimates the tilt.

A buoy, the WHOI station 41061 ‡, was moored in September 2012 at

the measurement site (24.5811◦N, 38◦W) and provided mean meteorological

measurements with 1 minute resolution. EC flux measurements were also

performed on the buoy, but the data is not available at the current time.

The wind speed and direction measurement from the buoy are used as a

free stream reference to estimate the effects of mean air-flow distortion in

the ship borne measurements. Figure 4.2 shows a time series of wind speed,

direction, and friction velocity measured on-board the ship and by the buoy

‡More information about the mooring on station 41061 can be found under
http://www.ndbc.noaa.gov/station_page.php?station=41061
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(the buoy u∗ is computed with the COARE 3.0 bulk flux algorithm). Also

shown are the ships speed, the distance to the buoy, and the significant wave

height measured on the buoy.
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Figure 4.2: Time series of (a) normalized wind speed and significant wave
height; (b) friction velocity; (c) measured relative wind direction and ship
speed; (d) true wind direction and distance between ship and buoy position.
The buoy values are COARE 3.0 bulk flux results calculated from 1 minute
measurements on the mooring, which were averaged to 12 minutes and
interpolated on the bow mast time series using the GPS time stamps. Bow
mast u10N, true wind direction and u∗ are calculated using (4.14) and (4.15),
respectively. The shaded areas mark periods that were selected for the
estimation of the yaw and acceleration bias in the measured relative wind
direction and speed on the bow mast. These periods are also used for the
comparison of the direct measurements of u∗ on the bow mast with the
COARE 3.0 estimates from the buoy.
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4.3.1 Quality Control

The 12 minute time series of u was used to calculate average values and

the direct fluxes 〈wu〉, 〈wv〉 and 〈wTsonic〉; the same was done for 4 minute

averaging periods.

For mean variables like u10N and 〈ume〉, intervals were rejected when one

of the following empirical criteria was fulfilled:

• Measured relative wind direction:

|〈α〉12min| ≥ 150◦.

• Variation of the three sub interval wind directions:

|〈α〉4min,i − 〈α〉4min,j| ≥ 20◦, (with i, j = [1, 2, 3]).

• Variation of the ship velocity:√
σ(vship,x)2 + σ(vship,y)2 + σ(vship,z)2 ≥ 1 m s−1,

where σ(vship,x) = 〈vship,x(i+ 1)− vship,x(i)〉 is the average difference

between two consecutive measurements.

• The vector average of the instantaneous course/heading vector was

smaller than 0.95 (1 indicates a perfectly stable course).

• Measured average relative wind speed to low:

〈ume〉 ≤ 2.5 m s−1

In order to reduce the loss of sample intervals due to maneuvering of the ship,

the 12 minute intervals were defined every 4 minutes, thus three intervals

were overlapping. If more than one of three contiguous (overlapping) intervals

passed the quality control, only the first interval was accepted. Of 1515

independent 12 minute intervals, 964 passed the first quality control.
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For the direct fluxes, the following additional rejection criteria were applied:

• Measured relative wind direction:

|〈α〉12min| ≥ 90◦.

• Variation of the three sub interval wind directions:

|〈α〉4min,i − 〈α〉4min,j| ≥ 15◦.

• The cross-correlation 〈wme(t)vship,z(t+ ∆t)〉 suggested a shift of

∆t > 1 sample of the time series.

612 intervals passed these additional criteria.

Periods with relatively constant conditions and short distances between

the buoy and the ship (≤ 100km) were used for the estimation of the wind

speed acceleration and yaw bias, as well as for the comparison of the direct

flux measurements with the bulk flux estimates from the buoy. These periods

are marked as shaded areas in Fig. 4.2. For these tasks, intervals were

additionally rejected when criteria for the ship’s mean variables were fulfilled

(see above) or on of the following:

• Ship speed minimum: vship ≤ 3 m s−1.

• Difference between ship’s course and heading: |COG− HDG| ≥ 10◦.

• Stability (at buoy and ship): L∗ ≥ −30 m.

The first two criteria were implemented to reduce the uncertainty in the wind

direction measurement. The third criterion accounts for the uncertainty

arising from large wind profile corrections for L∗ ≈ z. These controls were

passed by a total of 560 12-minute intervals, of which 185 passed the criteria

for direct fluxes (see above). Note that for these intervals, the significant

wave height was always below 3.1 m and thus below the height of the wind

speed is measured at the buoy (3.3 masl).
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4.3.2 Estimation of the wind vector pitch and roll

The pitch and roll of the wind vector were estimated from the 3D relative

wind speed measurement at the bow mast using a method similar to the

anemometer tilt correction algorithm, planar fit (PF), presented by Wilczak

et al. (2001). The underlying hypothesis is that, over the ocean, the time

average of the vertical wind speed component is close to zero. An observed

non-zero vertical wind speed can be caused by (a) a tilt of the anemometer

(i.e., the platform), (b) a tilt of the wind vector due to flow distortion, or (c)

measurement errors.

In this experiment, the anemometer was mounted collinearly with the

motion sensor. However, even after accounting for the platform tilt by using

the apparent wind speed measurements ume, the mean vertical wind speed

was non-zero and increased with growing relative wind speed. Therefore,

it is assume that the observed non-zero vertical component of the average

apparent wind speed is caused by flow distortion.

The method presented here is an adaptation of the PF for the situation

where the structure of the wind field cannot be described with a single set

of tilt angles. In the case of ship borne measurements the flow distortion

pattern will likely vary with the relative wind direction. To account for this,

the PF method is applied on wind direction sectors. A sector planar fit

was also used by Yuan et al. (2010) to account for air flow patterns over

forestry. In Yuan et al. (2010) the roll and pitch angles are defined in a

fixed coordinate frame. Here the pitch and roll angles are defined relative

to the average relative wind direction. This has the advantage that (i) a

direct comparison with the pitch estimate from the DR method is possible

and that (ii) the effect on the EC fluxes can be estimated using small angle
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approximations (see Wilczak et al., 2001).

To determine the tilt angles φ(α) and θ(α), the apparent wind speed

measurements ume were averaged over 12 minute intervals and sorted into

bins based on the average relative wind direction tan−1(〈vme〉/〈ume〉). From

the members of each bin a mean relative wind direction was computed and

each individual averaged wind vector was rotated into this ensemble mean

flow.

〈umr〉 = R〈ume〉 (4.19)

The wind vector pitch and roll in the stream line coordinate system was

then derived from a linear regression to the measured vertical wind speed

with the horizontal wind speed components:

〈wme〉 = c3 + b1 · 〈umr〉+ b2 · 〈vmr〉 (4.20)

The mean pitch θ and roll φ of the relative wind vector for each sector are

given by:

θ = tan−1 (b1) (4.21)

φ = tan−1 (−b2) (4.22)

The result of the regression and the residual c3 are shown in Fig. 4.3. An

asymmetry between port and starboard winds can be seen. This could

be caused by a slight misalignment of the bow mast to the ship, which

was estimated to 5◦. I acknowledge that the definition of a roll angle in a

radial coordinate system is questionable, as 〈vmr〉 will vanish for sufficiently

small wind direction bins. However, I found that including φ in the analysis
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did significantly improve the results when compared to using 〈wme〉 =

c3 + b1 · (〈ume〉2 + 〈vme〉2)0.5. In order to distinguish the above described

variation of the PF method from others, it will be dubbed radial planer fit

method (rPF) henceforth.
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Figure 4.3: Pitch and roll angles (θ and φ respectively) and the vertical
wind speed residual c3, determined by the linear regression (4.20) over 15◦
wind direction bins, are plotted as functions of the measured relative wind
direction. The shading shows the 95% confidence intervals of the regression.

In Fig. 4.4 the pitch angles estimated using (4.4) (θDR) and (4.17) (θDRx)

are plotted as a functions of the relative wind direction. Also shown are

the results from the rPF method (θrPF), respectively. The pitch estimates

from the classical DR method show a strong dependence on the relative

wind direction and on the ratio vshipu
−1
me. Highest values of θDR are reached

when the ship steams into the wind. The estimates from the DRx method

show much less variability and agree well with the estimates from the rPF
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method, however, predicting on average slightly higher pitch values than the

rPF method especially at low wind speeds. This is because the DRx method

does not account for c3.
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Figure 4.4: Wind vector pitch at the 3D sonic calculated using the classic DR
(◦) and using the alternative method DRx (�) as function of the measured
relative wind direction and the ratio of ship velocity and measured wind
speed. The results for pitch and roll from the rPF method (see Fig. 4.3) are
shown for comparison (black and blue lines).

The apparent over-estimation of the wind vector tilt by the DR correction

method is illustrated in Fig. 4.1 for the example of the ship steaming into

the wind (α = 0). The relative wind speed is pitched upwards by the angle

θ, which leads to a measured average vertical velocity 〈w〉 > 0. Deriving the

pitch angle from 〈w〉 > 0 and the corrected horizontal wind speed 〈utrue〉 as

done in (4.4) gives θDR > θ.
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4.3.3 Estimation of Yaw Bias and Acceleration

While pitch and roll angle can be estimated directly from the 3D wind speed

measurement on-board the ship, the estimation of the yaw angle ψ and the

acceleration of the mean wind speed a requires a free stream reference. Here

the wind speed and surface current measurements form the moored buoy

were utilized.

The wind speed measurements on the mooring were made at a height of

3.3 masl and corrected to a standard height and neutral stability using the

bulk flux parameterisation COARE3.0 (Fairall et al., 2003). The u10N values

were converted to u(z)freestream using the local stability at the location of

the R/V Saramiento de Gamboa, derived from the direct flux measurements

and the measurement height of the bow mast sonic z = 10 masl. In order to

calculate the length scale L∗, use was made of the approximation

〈wT 〉+ 0.61T 〈wq〉 ≈ 〈wTsonic〉 = 〈wT 〉+ 0.51T 〈wq〉.

The free stream wind vector relative to earth at the location of the ship

was calculated, assuming the same surface currents as measured by the buoy.

The expected relative wind vector was calculated as

〈uexp〉 = (〈u(z)freestream − vship〉) (4.23)

and used to estimate the acceleration of the relative wind speed and the

yaw bias as functions of the measured relative wind direction. Note that the

speed of the surface current measured at the buoy location was on average

0.2 m s−1 with a maximum value of 0.4 m s−1.
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Figure 4.5: Ratio of the measured relative wind speed and the expected
relative wind speed, calculated from the buoy wind speed and the ship
velocity using (4.23) as function of the measured relative wind direction.
The uplift was assumed to be zero (∆z = 0). Individual measurements and
averages that were taken over 15◦ relative wind direction bins are shown as
black dots and red line, respectively. The blue dashed line shows the bin
average values for an assumed uplift ∆z = 4 m. The error bars show the
standard deviation of the mean.

Figure 4.5 shows the ratio um/uexp of the relative wind speed measured

at the bow mast and the expected relative wind speed calculated from the

buoy. The ratio is given by the acceleration/deceleration a1 of the wind

speed when the streamlines circumvent the ship superstructure and by a

potential uplift of the streamlines by the height difference ∆z. For this study

it was assumed z̃1 = z1 i.e. ∆z1 = 0 and thus a1 = um(z1)/uexp(z1). For

∆z1 > 0 this could cause an underestimation of a1 that will increase with

the relative wind direction. To estimate the uncertainty in a1 caused by the

unknown height displacement (4.9) was used to calculate ã1 for a constant
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∆z1(α) = 4 m (dashed blue line in Fig. 4.5). Even for the relatively large

∆z = 4 m, the average difference of +3% acceleration is small compared to

the large uncertainty in a1 due to the variability in the wind field.

The relative wind direction measurements and expected values are com-

pared in Fig. 4.6. Positive relative wind directions are overestimated and

negative relative wind directions are underestimated, i.e., the magnitude of

the measured relative wind direction is always higher than expected. This

means that the approaching air is deflected away from the ships structure.

The magnitude of the bias increases with increasing relative wind direc-

tion but starts to decrease beyond ±90◦; these data exhibit an asymmetric

behavior similar to θ and φ (see Fig. 4.3).
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Figure 4.6: Expected relative wind direction calculated from the buoy wind
speed and the ship velocity using (4.23) as function of the measured relative
wind direction. Individual measurements and averages that were taken
over 15◦ relative wind direction bins are shown as black dots and red line,
respectively. The error bars show the standard deviation of the mean.
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4.3.4 Correction for Platform Motion and Air Flow

Distortion

The ship motion, platform tilt Tep, and the velocity bias vship were calculated

for sub-intervals of 12 minutes using the motion correction script from Miller

et al. (2008). The code was modified to allow for differences in the ship’s

heading and the actual course. The velocity bias was separated in a mean

and fluctuating part as outlined in section 4.2.

The average relative wind direction was calculated from the apparent

wind vector. The tilt angles φ, θ, ψ, and the acceleration a1 were derived

by linearly interpolating the results from the two nearest wind direction

bins. Time series of true wind speed in the local stream line coordinate

system were computed (i) using (4.4), (ii) using (4.15) and (iii) using (4.17).

The covariances calculated with (4.4), (4.15) and (4.17) will be labelled

standard Double Rotation method (DR), radial planar fit method (rPF) and

alternative Double Rotation method (DRx), respectively.

4.4 Discussion of Results

4.4.1 Intercomparison of the Bow Mast Wind Speed

Measurements

Figure 4.7 shows the observed ratio of the wind speeds recorded by the 3D

sonic anemometer at height z1 and the 2D vane anemometer at z2, which

was expected to experience less air-flow distortion due the more exposed

89



Development of a New Motion and Flow Distortion Correction Algorithm

measurement location. The observed ratio does not only depend on the

mean relative wind direction, but also on the true wind speed, the platform

velocity and the local stability, which are combined in the factor xa (see

(4.13)). Note that the approximation is only valid for |αtrue| ≤ 90◦ and

near-neutral or unstable conditions. The color scale in Fig. 4.7 indicates the

magnitude of the correction factor xa assuming z̃1 = z1 and z̃2 = z2. Also

shown are bin averages of a1a
−1
2 calculated with (4.13) by (i) ignoring xa,

(ii) assuming ∆z = 0 m, and (iii) assuming ∆z = 4 m. Note the similar

shape of a1(α)a2(α)−1 and a1(α) in Fig. 4.5.
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−1
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90



Development of a New Motion and Flow Distortion Correction Algorithm

4.4.2 Intercomparison of the Bow Mast Fluxes to the

Buoy

In Fig. 4.8 the ratio of u∗ measured on the ship and the bulk estimates

from the buoy using COARE 3.0 is plotted as function of the relative wind

direction. Ratios are shown for EC fluxes calculated with DR, DRx and

the rPF tilt correction. The direct u∗, calculated with DR, overestimates

the bulk flux estimates from the mooring by 46%; this ratio varies with the

relative wind direction, with the largest values occurring at the wind sectors

±(20◦ − 60◦). The values calculated using DRx are on average 20% higher

than the estimates from the buoy and 5% for rPF respectively. From the

three ratios the one with rPF shows the least variation with the relative

wind direction. Note that at u10N = 5 m s−1 the u∗ values computed with

COARE 3.0 are 10% higher than for newest version COARE 3.5 and for

u10N = 10 m s−1 the difference is 2.5%. For this comparison, the data were

restricted to the selected time periods marked in Fig. 4.2.

4.4.3 Drag Coefficient and Stress Angle

To demonstrate the effect of the choice of the motion-tilt correction on the

measurement of the momentum flux from moving platforms scatter plots

of u∗ and the square roots of the cross-wind component of the momentum

flux calculated with (4.4) and (4.15) and u10N are shown in Fig. 4.9 and

Fig. 4.10.

The direct measurements of u∗ calculated with (4.4) show a strong depen-

dence on the relative wind direction and a weak correlation with u10N (see

Fig. 4.9a). When compared to the COARE 3.5 bulk flux formulation (Edson

91



Development of a New Motion and Flow Distortion Correction Algorithm

et al., 2013) the EC u∗ values appear largely overestimated. The magnitude

of this effect increases with decreasing wind speed as the ratio of ume and

utrue, and thus the tilt bias, increases (see Fig. 4.4). In contrast the use of

(4.15) leads to a significantly better correlation between u∗ and u10N (see

Fig. 4.9b). The u∗ values are mostly higher than the COARE 3.5 results.

The results for the square root of the cross-wind stress of the momentum

flux are shown in Fig. 4.10. Over land, the cross-wind stress is expected to be

zero. Wind-wave interactions have been proposed as explanation for observed

−90 −60 −30 0 30 60 90

0.6

0.8

1

1.2

1.4

1.6

1.8

2

u
*
(
E
C
)
/
u
*
(
u
1
0
N
−
b
u
o
y
)
 
[
C
3
.
0
]

rel. wind dir. measured (°)

 

 

(rPF) (DR) DRx

Figure 4.8: Ratio of the EC measurements of u∗ on-board the
R/V Saramiento de Gamboa and the COARE 3.0 bulk flux estimates from
the mooring as a function of the measured relative wind direction measured
on the ship. Individual 12 min measurements are shown as scatter and
average values as lines. Results from the rPF method (4.15) are shown as
(blue � and —) and results using (DR) as (black � and −−), and (DRx) as
(red ◦ and −−), respectively. For this comparison, the data were restricted
to the selected time periods marked in Fig. 4.2.
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Figure 4.9: Direct measurements of u∗ as a function of u10N and the measured
relative wind direction: panel (a) shows results obtained using the standard
motion correction and rotation into the stream (4.4), and panel (b) shows
the results using the rPF method (4.15). Individual measurements (12 min)
are shown as (◦) and bin averages over 30◦ wind direction and 2 m s−1 wind
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deviation). The COARE3.0 and COARE3.5 bulk flux predictions calculated
from u10N are shown as green and black line, respectively.

non-zero stress angle (e.g Rieder et al., 1994). Tilt- and motion-corrected

open ocean cross-wind stress measurements on R/P-FLIP presented by

Miller et al. (2008) are on average close to zero and show no correlation

with the along-wind stress. Edson et al. (1998) and Pedreros et al. (2003)

presented evidence that ship-borne direct measurements overestimate the

cross-wind stress when compared to small platforms (a catamaran and an

ASIS buoy), which they attributed to air-flow distortion. The results using

(4.4) in Fig. 4.10a show a strong dependence of the average cross-wind stress

on the relative wind direction, with the highest magnitudes at wind direction
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Figure 4.10: Same as fig. (4.9) but for the sign-preserving square root of the
cross-wind stress component −〈vw〉〈vw〉−0.5. Note positive values indicate
downward cross-wind momentum flux.

from ±(30 to 60◦). The application of (4.15) results in much smaller average

cross-wind stress estimates (Fig. 4.10b). The observed strong correlation of

the cross-wind stress with wind speed for −90◦ to − 30◦ appears mostly

unchanged by the choice of the tilt correction, but the absolute values

of 〈wv〉 are changed. Note that the positive sign in Fig. 4.10 denotes a

downward momentum flux. The wind stress angle for the rPF results was

calculated with (4.18) and is plotted in Fig 4.11 as a function of the relative

wind direction and u10N. Large stress angles up to ±90◦ are found for low

wind speeds. This might be caused by wind-wave interaction, or simply

by the fact that the wind direction estimate is not very accurate for low

wind speeds. For u10N > 6 m s−1 a bin average was calculated for 15◦ wind

direction sectors.
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Figure 4.11: Measured stress angle ατ (using rPF results) as a function of
the measured relative wind direction and u10N. The bin averages (shown as
black line) are taken for u10N ≥ 6 m s−1 over 15◦ wind direction bins. Error
bars indicated standard deviation from the mean.

I could not identify a physical reason for the high cross-wind stress values

at −90◦ to − 30◦ relative wind direction. Inaccuracies in the estimated wind

direction (see Fig. 4.6), which would great interference between along-wind

and cross-wind stress, or flow distortion could be possible explanations.

In order to compare the performance of the different corrections for different

relative wind directions, the wind speed dependence of u∗ is removed (on

average) by calculating the ratio of the measured EC u∗ and the COARE 3.5

bulk flux prediction for u∗ using the flow distortion-corrected wind speed

u∗(u10N)[C3.5]. These ratios are plotted in Fig. 4.12 as a function of the

relative wind direction and the wind speed. Also shown are the bin averages

of the ratios over the wind speed range (6− 10) m s−1.
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Figure 4.12: Ratio of the u∗ measured with EC and the COARE 3.5 bulk
flux prediction using u10N as a function of the relative wind direction and
the wind speed. The ratios are presented as bin-averaged values over 15◦
wind direction and 1 m s−1 wind speed bins (minimum 6 measurements per
bin). Also shown are 15◦ wind direction bins for 6 m s−1 ≤ u10N ≤ 10 m s−1

(minimum 12 measurements per bin). The errorbars indicate the standard
deviation. Panel (a),(b), and (c) show the results using DR, DRx, and rPF
respectively.

These are replotted in Fig. 4.13 together with the result for using the rPF

method but ignoring the roll angle (rPFφ=0). The ratios obtained from the

DR method show large variations with the relative wind direction and also

with the wind speed, note that the ship was under way with vship ≈ 5 m s−1

for most of the measurements. Highest values are reached at ±(20 to 60◦),

but even for bow on wind direction u∗ is overestimated by ∼ 25% when

compared to the COARE 3.5 bulk flux prediction. The results form the

DRx method show no clear dependence on the wind speed but qualitatively

the same dependence on the relative wind direction as the DR results. For
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rPF the variation of the ratio with the wind direction is further reduced.

But elevated values for |α| ≥ 30◦ indicated that rPF does not completely

eliminate the effects of air-flow distortion on the EC flux estimates. However

a significant improvement is obvious when compared to DR and DRx. Also

shown in Fig. 4.13 is the effect of ignoring the roll offset (φ) in the rPF

correction. The u∗ values for rPF(φ = 0) are very similar to the DRx results.

In fact the difference between the rPF(φ = 0) and DRx results arises from

the differences in θDRx and θrPF (see Fig. 4.4). The rPF method accounts

for the residual vertical wind speed measured by the 3D sonic anemometer

(see Fig. 4.3) while DRx does not, which leads to higher estimates for θ.
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for setting the roll angle to zero in the rPF correction method (rPFφ=0).
Each bin average is based on a minimum of 12 individual measurements.
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Note that a ratio of 1 in Figures 4.8, 4.12 and 4.13 does not necessarily

imply that the flux measurements are free from air-flow distortion. The

variation of u∗(rPF) with the relative wind direction implies, however, that

the presented EC flux measurements are significantly biased by air-flow

distortion, which cannot be fully accounted for by the tilt correction. It

is likely that obstruction of the air flow by the tower on the bow of the

R/V-Saramiento de Gamboa did contribute substantially to the observed

flow distortion bias in the EC flux measurements.

4.4.4 Errors in the Direct Fluxes due to the Standard

Motion Correction

In this section the results for u∗, and 〈wTsonic〉, obtained using DR and DRx

are directly compared with the results obtained by using the rPF method.

This is put in context with previous reports about direct comparisons of EC

fluxes from ships and buoys.

In Fig. 4.14 the ratios of the u∗ values computed with DR, DRx, and

rPFφ=0 and the values computed with rPF are plotted as function of the

relative wind direction. The ratios are presented as bin averages over the

same 15◦ wind direction bins as used in Fig. 4.3. This allows to study the

part of the flow distortion bias in u∗ that is caused by the biased estimation

of the wind vector tilts if the DR or DRx methods are used. Note that DR

and DRx give identical results for station measurements. Figure 4.15 shows

the ratios obtained for the scalar flux 〈wTsonic〉.

The bias in u∗ is caused by a combination of the pitch and roll offset.

This can be seen by comparing the ratio u∗(DRx)/u∗(rPF) with the ratio

u∗(rPFφ=0)/u∗(rPF) that depends only on the roll offset. This shows that
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Figure 4.14: Ratios of u∗ computed with DR, DRx, and rPFφ=0 and u∗
computed with rPF as function of the relative wind direction. The data is
presented as bin averages with the standard deviation indicated as shaded
area or error bars. Used are the same 15◦ wind direction bins as in Fig. 4.3.

for the DRx results the bias caused by ignoring the roll is comparable to the

bias caused by the slightly overestimated pitch (see Fig. 4.4). The large over-

estimation of the pitch for the under way measurements in the DR method

(see Fig. 4.4) leads to much higher values for the ratio u∗(DR)/u∗(rPF)

when compared to u∗(DRx)/u∗(rPF). Due the the contribution of the roll,

the ratio u∗(DR)/u∗(rPF) reaches a maximum of 2 for negative and 1.5 for

positive relative wind directions.

For the scalar example 〈wTsonic〉 the roll offset has almost no effect

(〈wTsonic〉(rPFφ=0)/〈wTsonic〉(rPF)≈ 1) and the ratio 〈wTsonic〉(DR)/〈wTsonic〉(rPF)

has one distinct maximum for the bow on wind direction. The DRx method
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Figure 4.15: Same as Fig. 4.14 but for the ratios of the sonic sensible heat
flux 〈wTsonic〉.

leads to flux values that are 1− 3% higher than the results obtained with

the rPF method.

Edson et al. (1998) observed an over-estimation of u∗ by 8% for α ≤ 120◦

and also reported a wind vector tilt angle of (3◦ − 5◦). The tilt angles

observed in this study ranged from 6◦ to 9◦, a simple scaling of Edson

et al. (1998) results would thus lead to 16% over-estimation in u∗. This

falls somewhere between our observations for the DR and the DRx method.

Unfortunately Edson et al. (1998) provide no details about the ratio of wind

speed and ship velocity during there experiments. Pedreros et al. (2003)

observed a 30% over-estimation in 〈wu〉 (which equates to 14% for u∗) and

9%; in 〈wTsonic〉, for a relative wind direction range restricted to α ≤ 30◦
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and with the restriction 〈ume〉〈vship〉−1 ≥ 2. The tilt angle in this study was

7◦ (Dupuis et al., 2003). Restricting the data set in the same way, average

differences between rPF and DR of 26% for u∗ and ∼ 14% for 〈wTsonic〉 were

obtain. Note that the narrow restriction of the relative wind direction in

(Pedreros et al., 2003) increased the ratio of the average over-estimation of

the scalar flux 〈wTsonic〉 and u∗. This simple comparison shows that the flow

distortion effects in direct fluxes, which were reported by Edson et al. (1998)

and Pedreros et al. (2003), are likely explained by the over-estimation of

the pitch angle and the neglecting of the roll and yaw of the relative wind

vector.

4.4.5 Effect of the Tilt on the Covariance Spectra

The effect of the overestimated wind vector pitch on the measurement of tur-

bulent fluxes was studied using the covariance spectra. Figures 4.16 and 4.17

show the average covariance spectra Cwu, Cwv and CwTsonic for a 4 hours and

48 minute time period from April 7th 2013 (02:24 to 07:12 UTC) with a

steady wind speed (u10N = 7.1± 0.4 m s−1) and near neutral atmospheric

conditions (z/L ≈ −0.15). The ship was travelling with a constant velocity

of (vship = 5.1 ± 0.1 m s−1) and a constant relative direction to the wind

field (α = 25.6 ± 3◦). The Euler angles tilts due to flow distortion were

estimated to (φ = 2◦), (θ = 8◦) and (ψ = −12◦). The DR of utrue resulted

in a pitch estimate θDR = 15◦, almost twice the value estimated by the rPF

method and in a true wind direction bias ∆ψ = −25◦.

The covariance spectra computed from (u, v, w,) estimated using (4.15)

have similar shape as expected (Kaimal et al., 1972). The spectra computed

using (4.4), however, exhibit increased energy levels at low frequencies. For
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frequencies above 1 Hz, nCwTsonic remains unchanged, while nCwu is reduced

and nCwv increased slightly in magnitude.

Similar to the calculations by Wilczak et al. (2001), Kaimal model spectra

for the tilted coordinate system (∆φ = φ, ∆θ = θDR−θ, and∆ψ = αtrue,DR−

αtrue,rPF) were calculated using small angle approximation and assuming

Cwv = Cuv = CvTsonic = 0 and cos(∆φ) = 1:

(Cwu)tilt ≈ Cwucos(∆θ)cos(∆ψ) + 0.5(Sw − Su)sin(2∆θ) (4.24)

(Cwv)tilt ≈ −Cwusin(∆ψ) + 0.5(Sw − Sv)sin(2∆φ) (4.25)

(CwTsonic)tilt ≈ CwTsoniccos(∆θ)− CuTsonicsin(∆θ) (4.26)

The results are shown as grey lines in Figs. 4.16 and 4.17. Using the Kaimal

spectra ignores the high energy levels, which were found in Su, Sv at low

frequencies (see Fig. 3.6), and can therefore explain only a part of the changes

in co-spectral energy at this range.

Based on (4.24) and (4.25) the behaviour of (Cwu)tilt and (Cwv)tilt above

1 Hz can be explained with the isotropy Su ≈ Sv ≈ Sw. In this frequency

range θ becomes irrelevant and error is solely given by the yaw bias, leading

to parts of Cwu being misinterpreted as Cwv.
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Figure 4.16: Average of 24 12 minute frequency weighted co-spectra from
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direction was (α = 25.6± 3◦). Shown are nCwu and nCwv, calculated using
(4.15) with flow distortion Euler angles (φ = 2◦), (θ = 8◦) and (ψ = −12◦).
Co-spectra calculated using (4.4), whit estimated pitch (θDR = 15◦), are
shown in blue. The black line shows the Kaimal spectrum and the grey lines
show the expected Kaimal spectra for the tilted (DR) coordinate system
estimated using (4.24) and (4.25).
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Figure 4.17: Same as Fig. 4.16 but for the covariance of the vertical wind
speed and the speed of sound temperature fluctuations.
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4.5 Conclusions for the Motion-Tilt Correction

I showed that the commonly used motion correction procedure (4.4) leads

to an incorrect estimation of the wind vector tilt, which is reflected in an

over-estimation of the direct fluxes. This bias is caused mainly by errors

in the pitch of the wind vector, when (4.4) is applied to measurements

from a ship under way. This is because 〈w〉 scales with the relative wind

speed ume and not with utrue. Additionally, (4.4) does not account for a

roll of the wind vector. This is relevant for both under way and station

measurements. Air-flow distortion can also lead to a biased measurement

of the wind direction. Typically the magnitude of the measured relative

wind direction is higher than the true relative wind direction. This can lead

to errors in the stress angle, however the yaw of the wind vector has no

effect on scalar fluxes and on the estimation of u∗ with (4.2). For the typical

measurement situation of a research vessel heading into the wind, covariance

moments calculated with (4.4) will overestimate the vertical flux; the sign

of the cross-wind stress bias does, however, depend on the relative wind

direction. I could also show that predominantly the low frequency part of

the covariance spectra is affected by the tilt of the coordinated system.

In this study, the bias caused by the motion correction procedure (4.4)

was in the range of 0 − 50% for u∗ and 0 − 25% for 〈wTsonic〉 for a wind

direction range of ±90◦. The effect for other air-sea gas exchange studies

will depend on the magnitude of the wind vector tilt, the ratio of true and

relative wind speed, and, to some extent, on the atmospheric stability and

the height of the boundary layer (Wilczak et al., 2001). I suggest that this

is the main cause for the observed over-estimation of air-sea fluxes, when
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measured on research vessels (e.g. Edson et al., 1998; Pedreros et al., 2003).

I presented a different approach to correct for ship motion and wind

vector tilt (4.15), and have shown that it can successfully reduce air-flow

distortion bias in the direct flux measurements. The required pitch and

roll of the relative wind vector can be derived from the measured wind

speeds using the rPF method (4.20) based on wind direction sectors. The

estimation of yaw bias and acceleration of the mean wind speed does, however,

require an independent free stream measurement or alternatively the use of

computational fluid dynamics models (O’Sullivan et al., 2014).

With (4.17) I also presented an alternative to (4.4) which avoids the large

over-estimation of the wind vector pitch for under way measurements. It

does not account for a potential roll or yaw of the wind vector due to air-flow

distortion and is subject to random measurement errors caused by relatively

short averaging periods and statistical errors due to imperfections in the

anemometer calibration. I suggest the rPF method to be used instead of

the DR and DRx approach.

The technique presented here could be used to extend the number of

high quality flux measurements available for air-sea interaction studies. For

example, Fairall et al. (1996a) restricted covariance data not only by relative

wind direction within 30◦ of the bow, but also by the pitch of the wind

vector (estimated from the DR method) less than 10◦. This essentially

removes under way measurements at relative low wind speeds. A reanalysis

of previous EC datasets could be a straightforward solution to provide more

data to improve the COARE algorithm.

These findings are most relevant for ship-borne direct flux measurements

and derived bulk parameterizations of air-sea exchange processes, but also

apply, to a lesser extent, to stationary flux measurements when air-flow
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distortion cannot be avoided.

Two MATLAB scripts that derive the pitch and roll angle via the rPF

method and to apply it to the wind speed measurements, are made available

at http://airsea.nuigalway.ie/scripts.
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5 Analysis of the PKT correction

for direct CO2 fluxes

Preface

This chapter is an adapted version of the article:

Landwehr, S., S. D. Miller, M. J. Smith, E. S. Saltzman, and B. Ward,

(2014). Analysis of the PKT correction for direct CO2 flux measurements

over the ocean. Atmos. Chem. Phys., 14, 3361 - 3372.

The primary goals of Landwehr et al. (2014) were (i) to demonstrate the

non-validity of PKT correction as presented by Prytherch et al. (2010a),

and (ii) to show that the (Miller et al., 2010)-method of measuring CO2 at

dry air can be used to obtain high quality direct CO2 flux measurement.

We were motivated to publish these results in order to highlight the issues

associated with open-path measurements.

The right to share and adapt this work is freely available under the

Creative Commons Attribution 3.0 License. The data analysis, the inter-

pretation and synthesis of results, the production of figures and the writing

were done exclusively by the author of this thesis. Dr. Ward contributed

by supervising, assisting and reviewing the work and by providing the in-
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frastructure (computer time, travel costs, additional instrumentation, etc.)

required to carry out this research project. Dr. Miller provided the Eddy

Covariance Flux setup and supported the data-analysis. Data collection

was done by the author. Dr. Smith contributed measurements of mean

meteorological parameters and the calculation of bulk fluxes. Dr. Saltzman

provided assisting and reviewing of the publication.

5.1 Introduction

Direct measurements of air–sea CO2 flux contribute to the understanding of

the Earth climate system and can be used to study the fundamental physics

of air–sea gas exchange. When direct flux measurements are combined with

the measurement of the partial pressure gradient of CO2 across the air–water

interface, ∆pCO2, the gas transfer velocity k can be derived as follows (e.g.

Wanninkhof , 1992):

k = Fc

K0CO2∆pCO2
(5.1)

where K0CO2 is the solubility of CO2 in sea water and Fc is the vertical CO2

flux. The ability to parameterise k is essential for modelling global air–sea

CO2 fluxes based on ∆pCO2 climatologies (Takahashi et al., 2002), and for

increasing our understanding of the global oceanic uptake of CO2 (Ward

et al., 2004).

In the eddy covariance (EC) method, the turbulent flux is directly calcu-

lated from the covariance of the fluctuations in the vertical wind speed (w′)
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and fluctuations in the CO2 mixing ratio in dry air (x′c):

Fc = 〈nd〉 〈w′x′c〉 (5.2)

where nd is the dry air density (here 〈 〉 indicates a time average over a time

interval tI and the primes denote deviations from the mean). The w′ and

x′c parameters need to be sampled fast enough to resolve the smallest flux-

carrying eddies (typically 10Hz), and the averaging interval needs to be long

enough to include large scale motions that contribute to the vertical flux,

but short enough to ensure stationarity of the relevant parameters during

the interval (typically tI are between 15–60min) (Kaimal et al., 1972). The

EC method thus allows the study of gas transfer with much higher time

resolution than both dual tracer experiments (e.g Nightingale et al., 2000;

Ho et al., 2006) and measurements of the 14C concentration in sea water

(e.g Wanninkhof , 1992; Sweeney et al., 2007).

Commonly-used broadband infrared gas analysers (IRGA), such as LICOR

LI7500 and LI7200, measure the CO2 concentration nc (number of molecules

per volume), from which the mixing ratio needs to be calculated. Therefore,

simultaneous measurements of temperature T , pressure P , and water vapour

concentration nv are necessary to calculate the dry air density nd = (P/RT−

nv) and the CO2 mixing ratio xc = ncn
−1
d (Webb et al., 1980). Equation (5.2)

can be written as the sum of the flux measured by the IRGA and a bias

flux, caused by the fluctuations of the dry air density, i.e.:

Fc = 〈n′cw′〉︸ ︷︷ ︸
FIRGA

+

〈xc〉 ·
[
〈n′vw′〉+ 〈nd + nv〉

〈nd〉
·
(
〈T ′w′〉
〈T 〉

− 〈P
′w′〉
〈P 〉

)]
︸ ︷︷ ︸

Fq + FT + FP

(5.3)
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For CO2, the bias terms due to the water vapour, temperature and pres-

sure fluctuations in the sample volume (Fq, FT and FP, respectively) can

easily exceed the vertical flux by an order of magnitude because the fluc-

tuations x′c are small compared to the background 〈xc〉 (Webb et al., 1980).

Equations (5.3) and (5.2) are fully equivalent.

EC is considered a standard method over land, but the application over

the open ocean has proved to be more challenging. In the case of ship-based

studies, the wind speed measurement needs to be carefully corrected for

platform motion (e.g Edson et al., 1998; Miller et al., 2008). Over land, the

pressure term in Eq. (5.3) can be ignored, but at sea the platform motion-

induced pressure fluctuations can introduce a further bias flux as they may

correlate with residuals of ship motion signal in the motion-corrected wind

speed (Miller et al., 2010). CO2 fluxes over the ocean are typically much

smaller than over land, and with currently available sensor technology (e.g.

Licor 7500/7200 have a resolution of 0.11 ppm at 10 Hz sample rate) , a

relatively high air–sea gradients ∆pCO2 ≥ 40 µatm is required to keep the

uncertainty in the flux signal due to sensor resolution below 10% (Rowe

et al., 2011).

For EC, the trace gas measurement has to be carried out on the same air

sample as the wind speed measurement. This can be done directly using

an open-path (OP) IRGA, which is located close to the sonic anemometer

(Kondo and Osamu, 2007; Yelland et al., 2009; Prytherch et al., 2010b).

Alternatively, air can be pumped to a distant closed-path (CP) IRGA, at

a sufficiently high flow rate (e.g.McGillis et al., 2001a). This allows deliberate

pre-conditioning of the air sample, such as removal of the temperature and

water vapour fluctuations and the application of in-line particle filters to

avoid the deposition of salt or dust particles on the sensor lenses. McGillis
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et al. (2001a) were the first to carry out EC measurements of the air–sea

CO2 flux, which were in general agreement with common bulk flux formulae.

Miller et al. (2010) developed a CP system where 97% of the water vapour

flux signal is removed by passing the air flow through a membrane dryer.

This significantly lowered the magnitude of the air density correction term

in Eq. (5.3).

Attenuation of the fluctuations within the sample tube of CP systems can

lead to an underestimation of the turbulent transport carried by the small

high frequency eddies (Leuning and King, 1992). To minimise this effect

the flow must be kept fully turbulent (with a Reynolds number Re & 2100).

This requires flow rates of about 100 slpm. Therefore, CP systems have

higher power and maintenance requirements than OP systems.

In the oceanic environment, the lenses of OP IRGAs are prone to the

build-up of salt particles, and flushing with fresh water is necessary to avoid

degradation of the signal. The LI7500 has also been deployed with a shroud

and a very high airflow (570 slpm) (Edson et al., 2011). This deployment

mode is a hybrid of the OP and CP mode as the contamination with sea

spray is reduced with minimal loss of high frequency fluctuations. Even

when the air density correction Eq. (5.3) has been applied carefully, reported

CO2 flux values based on OP and shrouded OP EC systems over the open

ocean are typically an order of magnitude higher than expected based on

generally accepted bulk flux parameterisations (Kondo and Osamu, 2007;

Prytherch et al., 2010a; Lauvset et al., 2011; Edson et al., 2011).

The exact reason for the additional bias is still unclear. Kohsiek (2000)

suggested that the build-up of water films on the sensor lenses could lead to

a biased CO2 measurement xcm with dependency on the relative humidity

(RH). This will cause a bias in the CO2 flux measurement Fcm, which
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scales with the latent heat flux because the fluctuations of the water vapour

concentration in the sample volume will lead to artificial fluctuations in xcm.

Removing this artificial cross-correlation is difficult because there is a natural

correlation between the fluctuations of the two scalars xc and xv, which

are both transported by the same turbulent eddies. Attempting to remove

the artificial dependency xcm(RH) with regressions or polynomial fits can

thus lead also to the removal of the turbulence-driven variations of xc and,

therefore, of the CO2 flux signal itself. Prytherch et al. (2010a) suggested

that the accumulation of salt particles on the lens of the LI7500 OP IRGA

could modulate the magnitude of the bias. Edson et al. (2011) reported that

the accumulation of salt particles on their shrouded and regularly cleaned

IRGAs was unlikely and suggested that a more suitable explanation was

provided by the contamination of the optics with small particles from the

ship’s engines combined with organic deposits from sea spray. Prytherch

et al. (2010a) went further and presented a correction method (called the

Peter K. Taylor – PKT – method), which has since been used in several

publications to correct OP CO2 fluxes (e.g. McVeigh, 2009; Prytherch et al.,

2010b; Lauvset et al., 2011; Edson et al., 2011; Huang et al., 2012; Ikawa

et al., 2013). The PKT correction assumes that the true fluctuations of the

CO2 mixing ratio (x′c) can be calculated from the measured fluctuations

(x′cm) by subtracting a bias term that is proportional to the fluctuations of

the H2O mixing ratio (x′v):

xc = xcm − µxv (5.4)

here the cross talk coefficient (µ) is a variable factor that is determined

iteratively. Edson et al. (2011) advanced this method by allowing µ to
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depend on the frequency ω of the fluctuations:

Cwxc(ω) = Cwxcm(ω)− µ(ω)Cwxv(ω) (5.5)

Here Cxy(ω) stands for the co-spectrum of two quantities x and y. The

spectral crosstalk coefficient is given by:

µ(ω) = Cxvxcm(ω)
Sxvxv(ω) −

Cxvxc(ω)
Sxvxv(ω) (5.6)

where Sxx(ω) stands for the variance spectrum of x. Edson et al. (2011)

determine the crosstalk coefficient µ by assuming that the ratio of the

true and measured covariance of the CO2 and H2O mixing ratios can be

approximated by a constant value (Γ):

µ(ω) = (1− Cxvxc(ω)
Cxvxcm(ω))Cxvxcm(ω)

Sxvxv(ω) ≈ ΓCxvxcm(ω)
Sxvxv(ω) (5.7)

Edson et al. (2011) estimated Γ ≈ 0.88 by tuning their results to fit the PKT

correction on average and used (5.5) to correct direct flux measurements from

the Southern Ocean Gas Exchange Experiment. The derived gas transfer

velocities support a cubic relation ship of k660 with u10N.

Huang et al. (2012) reported that the PKT correction did bring some of

their CO2 flux measurements closer to the bulk flux estimate, but found that

for small water vapour fluxes the PKT method overcorrected the CO2 flux

and, in some cases, even resulted is a reversal of the flux direction. Ikawa

et al. (2013) reported that the PKT correction resulted in increased scatter

when applied to coastal tower-based CO2 flux measurements, and decided

not to apply the correction. Blomquist et al. (2014) applied the spectral

correction (5.5). Using CO2 fluxes, measured with an LI-7200 at dry air
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as reference, they found two different Γ values for two different open-path

gas analysers (Γ = 0.93 and Γ = 1.1)∗. Blomquist et al. (2014) suggest,

that CO2 fluxes measured at dry air have superior quality over open-path

measurements, but might not be suitable for autonomous deployments, e.g.

on buoys. A selection of the publications mentioned above are also listed

in Table 5.1 together with a brief description of the deployed IRGAs and

findings relevant to this contribution.

Here direct CO2 flux measurements performed during the Surface Ocean

Aerosol Production (SOAP) experiment in the Southern Ocean are presented,

where the SUNY Albany Air/Sea Flux system (Miller et al., 2010), consisting

of dried and un-dried CP IRGAs was deployed. In order to rule out that the

failure of an individual IRGA would suggest differences between the dried

and un-dried deployment, the number of IRGAs was doubled using sensors

from NUIG.

We show that even EC measurements using CP IRGAs can be affected

by a large humidity bias when the sampled air is neither dried nor filtered.

We applied the PKT method (which does not include any OP-specific

assumptions) to the un-dried CP data as a test of its ability to remove the

observed humidity flux-related bias in broadband non-dispersive infrared

(NDIR) sensors.

We further analyse and discuss four particular issues regarding the pre-

sented flux measurements: (i) the PKT correction method (Prytherch et al.,

2010a), (ii) the effect of air-flow distortion to the direct fluxes, (iii) potential

bias in the dry CO2 fluxes due to residual water vapour fluctuations down

stream of the diffusion dryer, and (iv) the potential underestimation of the

fluxes due the attenuation of high frequency fluctuations in the tubing.
∗It should be noted that a 10% error in a correction factor, which can easily be 10 times
larger than the signal, still leads to a 100% error in the corrected value.

115



Analysis of the PKT correction for direct CO2 fluxes

Table
5.1:Publications

addressing
the

bias
in

N
D
IR

C
O

2
m
easurem

ents
that

is
related

to
relative

hum
idity.

Publication
C
onfiguration

N
otes

K
ohsiek

(2000)
two

custom
-m

ade
N
D
IR

sensors
Laboratory

tests
show

dependency
ofthe

C
O

2
signalon

R
H

for
R
H
≥

50%
.
A
uthor

suggests
water-film

s
on

the
sensor

optics
as

cause
M
cG

illis
etal.(2001a)

LI-6262
closed-path

first
air–sea

EC
C

O
2
fluxes

consistent
w
ith

bulk
form

ula
w
ith

in-line
particle

filter
K
ondo

and
O
sam

u
(2007)

LI-7500
open-path

m
easured

C
O

2
fluxes

order
ofm

agnitude
higher

than
bulk

form
ula

M
iller

etal.(2010)
LI-7500

converted
to

closed-path,
reduced

W
ebb

correction
dried

air-stream
C

O
2
fluxes

consistent
w
ith

bulk
form

ula
Prytherch

etal.(2010a)
LI-7500

open-path
+
PK

T
suggest

water
film

s
caused

by
salt

particles
as

cause;
apply

an
order

ofm
agnitude

correction
Prytherch

etal.(2010b)
LI-7500

open-path
+
PK

T
transfer

velocity
m
easurem

ents
at

high
w
ind

speeds;
apply

order
ofm

agnitude
correction

Lauvsetetal.(2011)
LI-7500

open-path
+
PK

T
order

ofm
agnitude

correction
Edson

etal.(2011)
LI-7500

shrouded
+
PK

T
suggest

sm
allparticles

on
sensor

lenses
as

cause;
and

spectralm
ethod

order
ofm

agnitude
correction

K
ondo

and
Tsukam

oto
(2012)

LI-7500
open-path

and
m
easured

C
O

2
fluxes

from
both

sensors
LI-7000

closed
path

are
an

order
ofm

agnitude
higher

than
bulk

form
ula

H
uang

etal.(2012)
LI-7500

open-path
on

buoy
find

PK
T

results
not

plausible
Ikawa

etal.(2013)
LI-7500

open-path
on

coastaltower
find

PK
T

results
not

plausible
Blom

quistetal.(2014)
LI-7500

open-path,
PK

T
,spectralm

ethod
and

dry
fluxes

LI-7200
and

PIC
A
R
RO

closed-path
suggest

drying
is

better
than

correcting
T
his

study
LI-7500

M
iller

etal.(2010)
dry

C
O

2
fluxes

consistent
w
ith

bulk
form

ula;
com

pared
to

LI-7200
closed

path
+
PK

T
un-dried

C
O

2
fluxes

biased
low

;disproves
PK

T
correction

116



Analysis of the PKT correction for direct CO2 fluxes

5.2 Experiment and methods

The SOAP field campaign was conducted from February to March 2012 on

the R/V Tangaroa. The EC system described here consisted of two Csat3

sonic anemometers attached to the bow mast (12.6m a.s.l.), which provide

high frequency measurements of the three components of the wind vector

(u, v and w) and the speed of sound temperature (Tsonic), as well as four

IRGAs of the type LI7200 (×2) and LI7500 (×2), which were located inside

the container laboratory on the bow deck and connected to the sample

volume on the mast with a stainless steel tube (ID= 1 cm; L = 20 m). The

inlet tube was heated to avoid condensation on the walls, which would lead

to an underestimation of the EC latent heat flux. Although the tubing

had an inbuilt self-regulated heating resistor (Parker SL-522-B0849A), the

temperature in the tubing was not measured continuously. However the

LICOR temperature sensors recorded temperatures ranging from 23◦C to

36◦C at an outside air temperature ranging from 8◦C to 16◦C. A pump

(Gast model 1423) delivered a continuous air stream from the mast at

100 slpm (Re ≈ 7500), where Re is computed as Re = Q·2R
ν·πR2 , using a

flow rate Q [ms−1], the inner radius of the tubing R [m] and the kinematic

viscosity of air ν ≈ 7.1 · 10−6m2s−1. Figure 5.1 shows a schematic of the flux

system.

A part of the main flow (17 slpm; ID= 6mm; L = 2 m; Re ≈ 2100)

was directed to the two LI7200s CP IRGAs (wetA, wetB) connected in

sequence. Up to this point the air was not filtered. The air stream was

subsequently divided and passed to two LI7500s, which were connected

in parallel. The 7500 OP units were converted to CP and each one was
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Figure 5.1: Schematic of the Eddy Covariance setup for the SOAP experi-
ment on the R/V Tangoroa. The sample air line is colour-coded in blue and
the colour is changed to red downstream of the membrane dryers to indicate
that the air is dried at this point.

positioned downstream of a Nafion membrane dryer (PD-200T) to remove

fast water vapour fluctuations as shown by Miller et al. (2010). They are

described as (dryA and dryB) in the following text.

Zero air was injected periodically (every 6 h) into the sample inlet to

measure the delay of the signal in the IRGAs. Pressure and temperature in

each IRGA sample volume were also measured with external sensors (Mensor

CPT6100 and a thermocouple, respectively). An inertial motion unit (IMU

– Systron Donner MotionPak II) provided high frequency acceleration and

rate data, and a GPS compass and the ship’s gyrocompass were used to

completely describe the ship’s motion. These data allowed the wind speed

measurements from the Csat3 to be corrected for platform motion following

Miller et al. (2008). All measurements were performed at 10 Hz.
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5.2.1 Data analysis and flux calculations

The fluxes of momentum u∗ and the sonic sensible heat Hsonic were calculated

from the Csat3 data after motion correction (Miller et al., 2008) and rotation

of the wind vector into the mean flow (McMillen, 1988). The latent heat

flux Qlat was calculated from the covariance of the vertical wind speed w

with the water vapour mixing ratio xv from wetA and wetB after correction

for the time delay. Hsonic was corrected with the latent heat flux to derive

the sensible heat flux Hs, following (Burns et al., 2012). The measured CO2

density was converted to a mixing ratio (as described in Sect. 5.1) and ship

motion contaminations of the signal due to flexing of the sensor or inertial

forces on the filter wheel were removed using a linear regression with the

acceleration and rate signal (as in Miller et al., 2010).

All flux calculations were performed over 25min intervals. These intervals

were divided into five 5min sub-intervals and were excluded if any of the

mean wind direction within the sub-intervals exceeded ±100◦ to the bow

to minimise flow distortion effects. Flux intervals were also excluded when

spikes were present in the wind speed or IRGA measurements. The remaining

intervals were checked for signs of non-stationarity in the CO2 co-spectra

of the dryA and dryB, and the same criteria as in Bell et al. (2013) were

applied. It has to be noted here, that the co-spectra of CO2 and H2O are

similar. Therefore a cross-contamination of the CO2 signal with H2O cannot

be clearly identified by spectral analysis. A total of 327 from the 1039

available intervals passed the quality control for dryA as well as for dryB

and were used for the analysis presented here. For wetA and wetB, only

273 and 269 intervals, respectively, passed because these analysers had been

removed from the setup for about one day. Flux measurements from wetA
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and wetB passed both for 267 intervals, because spikes had compromised

the data from the two sensors during different intervals.

The PKT correction, as presented by Prytherch et al. (2010a), was applied

to the mixing ratios measured by the two analysers wetA and wetB. This

method includes an iteration in which the correct flux value is approximated.

The termination criteria for the iteration was chosen according to Prytherch

et al. (2010a), to be |F (j)
c − F (j−1)

c | ≤ 0.04 mol m−2 yr−1 . Prytherch et al.

(2010a) also suggested a rejection of the PKT results if the iteration did not

converge within 10 steps or if F (j)
c exceeded ±400 mol m−2 yr−1 (which was

considered unrealistically high). Thus the application of the PKT correction

to the measurements from the un-dried IRGA lead to a further reduction

of the data set. For wetA, the PKT correction rejected 102 of the 273

intervals and for wetB 89 of 269, respectively. Flux measurements and PKT

results passed for both sensors for 161 of the intervals. The fluxes calculated

from measured xcm and the PKT-corrected xPKT were evaluated against the

unbiased measurements of the dried IRGAs.

5.3 Results

Figure 5.2 shows an overview of the conditions encountered during the SOAP

experiment from 16 February to 5 March 2012 (doy 47–65). The wind speed

range was between 0–15m s−1 (25min average) and peaked at 20m s−1 on

doy 61. Unfortunately, the uninterruptible power supply of the EC system

was flooded during this storm event, leading to a 12 h gap in the record. The

ship was steered into the wind as much as possible, except during survey
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periods or deployments of instruments.
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Figure 5.2: Overview of conditions encountered during the SOAP experiment.
Shaded areas mark low latent heat fluxes (Qlat ≤ 7 W m−2). The wind speed
measurement was taken on the ship’s main deck and is corrected for air-
flow-distortion (Popinet et al., 2004) and normalised to standard conditions
(10m height and neutral stability). This wind speed was used to calculated
the bulk fluxes with the TOGA COARE 3.0 algorithm. All direct EC fluxes
are measured at the bow mast using the Csat3 sonic anemometer and the
IRGA in the science container on the fore-deck.

The air temperature was mostly colder than the water temperature (mea-

sured by the ship’s thermosalinograph) except for a period between doy 51

and 55, when a warm air mass led to negative turbulent heat fluxes. The

air-water pCO2 difference ranged between −40µatm and −120µatm. These

large ∆pCO2 values were easily within the 40µatm criterion for EC flux

measurements with the LICOR IRGAs (Rowe et al., 2011).
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5.3.1 Primary CO2 flux results

The CO2 flux measurements from the four CP IRGAs (without PKT correc-

tion) are plotted in Fig. 5.3 (top and middle). The CO2 flux estimates from

the dry gas analysers were in general agreement with each other and Sweeney

et al. (2007), which is an updated version of the widely-used parameterisation

from Wanninkhof (1992), while the flux measurements from the un-dried

gas analysers exhibited large scatter.
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Figure 5.3: Time series of the direct CO2 fluxes and the flux calculated
with the parameterisation of Sweeney et al. (2007), plotted on logarithmic
scale with sign. Values between ±2 mol m−2 yr−1 are plotted on linear scale.
Shaded areas mark low latent heat fluxes (Qlat ≤ 7 W m−2). Top: fluxes
from dryA and dryB parallel measurements are linked with vertical lines;
middle: fluxes from wetA and wetB; bottom: fluxes from wetA and wetB
after the PKT correction has been applied to the CO2 measurements and
the results from Eq. (5.11), which are overlaid with the PKT results.
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The LICOR IRGAs measure CO2 density and the measured flux signal

FIRGA must be corrected for the air-density flux bias terms (Fq, FT, and FP)

to obtain the correct CO2 flux signal Fc. The flux bias terms at different

measurement positions are shown in Fig. 5.4. For the un-dried IRGA Fq
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Figure 5.4: Time series of the bias fluxes in Eq. 5.3, caused by air density
fluctuations (Webb et al., 1980). Top: Bias flux caused by humidity fluctua-
tions Fq upstream of the dryer wet and downstream dry and the CO2 flux
Fc as measured by the IRGA dry (there are only small differences between
A and B). Bottom: Bias flux caused by temperature fluctuations FT as
measured by the bow mast sonic and as measured by the CP-IRGAs, and
the bias flux caused by pressure fluctuations FP.

exceeded Fc by an order of magnitude (Fig. 5.4 top). For the whole data

set, the average magnitude of the latent heat flux from the un-dried IRGAs

was 36 W m−2, in contrast the average magnitude of the latent heat flux

downstream of the dryer was 2.4 W m−2. The application of the diffusion

dryer therefore reduced Fq in average by 93%. This is comparable to (Miller
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et al., 2010), who found a reduction by 97%. A similar effective reduction

was found for FT (Fig. 5.4 bottom), when compared with the open-path

measurement by the sonic anemometer. The reduction of FT is due to heat

exchange of the sample air with the 20 m long inlet tubing and does not

depend upon the drying. FP (Fig. 5.4 bottom) is much smaller than Fq and

FT, but of the same magnitude as Fc. FP cannot be reduced physically and

needs to be measured accurately (Miller et al., 2010).

The flux measurement of all four CP-IRGAs, as presented in Fig. 5.3,

have been corrected for the air-density bias fluxes by calculating the CO2

mixing ratio. However, even after this correction was applied, the un-dried

IRGA CO2 fluxes showed erratic behaviour. The difference in the CO2 flux

measurements from the un-dried and dried IRGAs is plotted in Fig. 5.5.

The variance of the flux data from wetA and wetB increased proportionally

with the latent heat flux and became an order of magnitude larger than

that from dryA or dryB. There was no apparent correlation between the

differences in the CO2 fluxes ∆F and the bias fluxes caused by the pressure

and temperature fluctuations (FT, and FP).

It has to be pointed out that the primary flux measurements from the

two un-dried sensors agreed with the measurements from the dried IRGAs

during periods with very low latent heat flux (Qlat ≤ 7 W m−2). These

periods are marked as shaded areas in Figs. 5.2 and 5.3. The limit of

7W m−2 was chosen so that the envelope of the bias was approximately

two times the scatter observed at Qlat ≈ 0 W m−2. Figure 5.6 shows scatter

plots of the flux measurements from wetA and wetB against those from

dryB for (Qlat ≤ 7 W m−2) and of dryA against dryB for the whole data set.

A linear regression of the dryA vs. dryB for the full dataset gave a slope of

(1.09± 0.01) with a R2 = 0.96. For wetA and wetB regression was performed
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Figure 5.5: Difference between the CO2 flux calculated from the measured
signals xcm from the un-dried gas analysers to the flux from dryB as a function
of the EC latent heat flux measurement from the un-dried gas analysers.
Different scales are used for the two sub-plots.

over the restricted data set (Qlat ≤ 7 W m−2) and gave slopes of (0.88± 0.15)

with R2 = 0.36 and (0.93± 0.06) with R2 = 0.78, respectively.

Figures 5.7 and 5.8 (left side) show scatter plots of the primary flux

measurements of wetA and wetB against dryB for the full data set. The

magnitude of the latent heat flux is used as colour code. Linear regression

gave a slope of (−0.17± 0.8) for wetA vs. dryB and (+0.7± 0.2) for wetB

vs. dryB, respectively, both with very low R2 values. On average, the effect

of the bias was to reduce the CO2 flux, even changing the sign.
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Figure 5.6: Scatter plot of the CO2 flux measurements (without PKT correc-
tion) from wetA, wetB and dryA against those from dryB. For wetA and wetB,
only measurements with Qlat ≤ 7Wm−2 are used. Linear fit coefficients
with standard deviation and the R2 value are shown in the legend.

5.3.2 Application of the PKT Correction

The PKT correction, as presented by (Prytherch et al., 2010a), was applied

to the xcm measured by the two un-dried analysers and the results were

evaluated against the unbiased measurements of the dried IRGAs. Figure 5.3

(bottom) shows the PKT-corrected fluxes (FPKT
c ) as well as the results from

Eq. (5.11), which is derived in Sect. 5.4 and presents a simplified version of

the PKT correction that also provides an output when the PKT correction

does not converge. The results of Eq. (5.11) are not used in the evaluation

of the PKT correction results, i.e. intervals that were rejected by the PKT

correction are excluded from the analysis.
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Scatter plots in Figs. 5.7 and 5.8 show the correlation between the flux

measurements form the un-dried IRGAs and the fluxes from dryB before (left)

and after the application of the PKT correction to the un-dried measurements

(right). For low latent heat flux, the PKT correction increases the scatter of
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Figure 5.7: Scatter plot of the CO2 flux measurements from wetA against
those from dryB before (left) and after the PKT correction was applied
to the wetA measurements (right). Bin averages of 15 bins with an equal
number of data points are shown as black circles, with error bars indicating
the standard deviation from the bin average. A linear regression to the data
is shown as a solid black line and the 1 : 1 agreement is indicated with a grey
dashed line. Only intervals for which the PKT correction provided a result
for both, wetA and wetB, were used for this plot.

the initially well-correlated measurements and also rejects a large part of

the results. For wetA, the PKT correction reduces the large range of scatter,

but does not improve the correlation with the dryB fluxes. For wetB, which

shows a weaker bias, the PKT correction even reduces the correlation with

the dryB flux estimates from (0.7± 0.2) to (0.4± 0.2).
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The average raw flux estimates from the four CP IRGAs and with PKT

correction for the two un-dried IRGAs are shown in Table 5.2.

Table 5.2: Average CO2 fluxes in [mol m−2 yr−1 ] for the complete experi-
ment, and for subsets (Subset 1 [−7W m−2≤Qlat≤+7 W m−2]; Subset 2
[−35W m−2≤Qlat≤−7 W m−2]; Subset 3 [+7 W m−2≤Qlat≤ 340W m−2])
based on the EC latent heat flux measured by the un-dried gas analysers.
To make the values comparable, only intervals with results from the PKT
loop are used for the calculating the mean flux values.

Interval all Subset 1 Subset 2 Subset 3
# intervals 161 28 24 109
Fcm dryA −7.21 −6.59 −5.80 −7.69
Fcm dryB −7.16 −6.51 −5.63 −7.66
Fcm wetA +5.01 −6.50 −7.67 +10.76
Fcm wetB −3.29 −5.96 −6.62 −1.87
FPKT wetA −2.34 −5.89 −8.97 +0.03
FPKT wetB −3.09 −6.67 −7.94 −1.10
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Figure 5.8: Same as Fig. 5.7, but for wetB.
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The average was taken over the 161 intervals, where PKT results were

available for both un-dried gas analyser, and over three subsets, which were

based on the magnitude and sign of the latent heat flux measured by the

un-dried IRGAs. For the whole cruise, the PKT correction brought the

flux measurements from wetA and wetB into closer agreement. The mean

estimate of wetA and wetB after PKT did, however, underestimate the flux

(Fc = −7.19 mol m−2 yr−1) by 62% . For Subset 1, ([−7 W m−2≤Qlat ≤

+7 W m−2 ]) the bias in the un-dried IRGA was negligible and the flux

estimates of all four sensors agreed within 10 %. Here PKT correction

changed the results by less than 12 %. For Subset 2 with moderately negative

latent heat fluxes ([−35 W m−2≤Qlat ≤ −7 W m−2 ]), the PKT correction

increased the bias in the flux measurements from 25 % to 48 %. Subset 3

included the largest latent heat fluxes ([+7Wm−2 ≤ Qlat ≤ 340Wm−2]);

here, the PKT-corrected fluxes are only small fractions of the dried fluxes i.e.

≤ 1 % and 14% for wetA and wetB, respectively. The average flux estimates

of the two dried IRGAs agreed within 1% for the whole cruise and for each

of the subsets 1 and 3. For subset 2 the agreement was within 3%.

5.3.3 Application of the Spectral Correction

Here we test the spectral cross-sensitivity correction (Edson et al., 2011)

on its ability to estimate the humidity flux bias in the wet CO2 flux

measurements. Figures. 5.9 and 5.10 show scatter plots of the correction

factor µ(Γ = 1)〈xvw〉 assuming Γ = 1 over (i) the CO2 flux bias that was

estimated by the PKT correction (panel a), and (ii) the bias with respect to

the dry flux measurements (panel b). The measurements are scaled with the

average CO2 flux of |〈xcw〉| = −7 molm−2yr−1. This emphasises that the
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observed flux biases are in the order of 1000%.
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Figure 5.9: Panel a: Correction factor, µ〈xvw〉 for Γ = 1, for IRGA wetA
plotted as function of the bias estimated by the PKT correction. Both axes
are weighted with the cruise average CO2 flux (−7.2 mol m−2yr−1), which
was measured by the IRGA dry. The correction factor Γ is estimated as
linear fit with the y-intercept forced to zero, for latent heat fluxes below,
and above 100 W m−2, and for the whole data set Γl, Γh, and Γ respectively.
Panel b: same, but the bias to the CO2 fluxes measured on dry air is used
as x-axis. The latent heat flux measured by the IRGA wet is used as color
code for both panels.

From these plots, the factor Γ can be estimated by a linear fit (when the

intercept is forced to zero). Γ values are given for the whole data set, and for

two subsets with 7 Wm−2 < |Qlat| < 100 Wm−2 and |Qlat| > 100 Wm−2. A

correlation between the correction term µ(Γ = const)〈xvw〉 is given for both

gas analysers. However the residuals of the linear fits to the measurements

are all of the order of |〈xcw〉|, and the estimates of Γ depend on the selected

subset of data.
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Figure 5.10: Same as Fig. 5.9 but for the IRGA wetB.

5.3.4 Humidity Bias and Transfer Velocities

The main purpose of the direct CO2 flux measurements is the determination

of the gas transfer velocity and its dependency on environmental parameters

such as wind speed. Here we study the effect of the usage of the PKT

correction on the transfer velocity estimates. Figure 5.11 shows scatter plots

of k660 measured with the wet and dry IRGA and after PKT-correcting the

wet flux measurements. The k660 from the dry measurements are higher

than (Sweeney et al., 2007) and show a rather linear increase with u10N,

i.e., they remain clearly below the relation k660(u10N), which is given by the

cubic parametrisation from (Wanninkhof and McGillis, 1999). For the wet

measurements, the magnitude of k660 increases much faster with increasing

wind speed, but the large fraction of (un-physical) negative transfer velocities
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leads to an on average low transfer velocity that weakly correlates with wind

speed. The scatter is one order of magnitude larger than for the dry k660. In

this study the PKT correction reduces the scatter significantly, but leads to

biased low transfer velocities when compared to the dry k660. If the largest

negative values were removed from the data set, both measured wet and

PKT-corrected k660 would support cubic or higher relationships with wind

speed.
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Figure 5.11: Normalised transfer velocities calculated using the preliminary
flux results from the wet and dry IRGA (left and bottom right, respectively)
and after application of the PKT correction (top right) plotted as functions
of the normalised wind speed u10N. Shown are individual 25 min measure-
ments and wind speed-bin averages (mean in red) and (median in grey).
The quadratic and cubic parametrisations from Sweeney et al. (2007) and
Wanninkhof and McGillis (1999), respectively are shown as black lines.
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5.4 Analysis of the PKT correction

To investigate the unsatisfactory results of the PKT correction (cp. Sect. 5.3.2),

we will now analyse the correction algorithm in detail.

The PKT method Prytherch et al. (2010a) is based on the assumption

that the ratio of the variations of two quantities, e.g., CO2 and relative

humidity, is equal to the ratio of their vertical fluxes:

∂ 〈xc〉
∂ 〈RH〉 = 〈x′cw′〉

〈RH′w′〉 (5.8)

Prytherch et al. (2010a) derived Eq. (5.8) from the Monin–Obhukov similarity

theory, assuming that the scalar profiles of the two non-dimensionalised

quantities are equal.

The correction algorithm can be summarised as follows: first, the variations

of xc that are dependent on RH are removed from the measured signal xcm

with a 3rd order polynomial fit to the xcm and RH time series:

x(0)
c = xcm −

∑
n=1:3

an(RH)n (5.9)

where an are the polynomial coefficients determined by the fit. A first-step

CO2 flux F (0)
c is calculated from the detrended signal x(0)

c , and then used

with Eq. (5.8) to get a first approximation of ∂〈xc〉
∂〈RH〉 . The CO2 mixing ratio

is then adjusted using this quantity:

x(new)
c = x(0)

c + 0.5 · (RH′) · F (0)
c

〈x′vw′〉
∂ 〈xv〉
∂ 〈RH〉 (5.10)

Here, the relative humidity flux 〈RH′w′〉 was substituted with 〈x′vw′〉 (
∂〈xv〉
∂〈RH〉)

−1,
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similar to Eq. (5.8). The adjusted time series x(new)
c is now used to calculate

an approximation of the CO2 flux, and produce a new correction term via

Eq. (5.8) to be used in Eq. (5.10). Equations (5.8) and (5.10) are then

looped until the CO2 flux estimate converges to a flux value FPKT
c (this

loop typically converges within less than 10 steps). Equations (5.8–5.10)

are taken from the Matlab code in the supplementary material of Prytherch

et al. (2010a).

We found that the loop can be replaced by one simple equation:

FPKT
c = F (0)

c · β (5.11)

where β =
(
1− 0.5 〈RH′w′〉

〈x′vw′〉
∂〈xv〉
∂〈RH〉

)−1
. From Eq. (5.8) it follows that β ≈ 2.

In order to show this, we re-write Eq. (5.10) by replacing the adjusted

mixing ratio x(new)
c with x(j)

c and F (0)
c with the flux from the previous iteration

step F (j−1)
c :

x(j)
c = x(0)

c + 0.5 · (RH′) · F
(j−1)
c
〈x′vw′〉

∂ 〈xv〉
∂ 〈RH〉 (5.12)

Equation (5.12) is iterated within the PKT loop. The new flux estimate of

iteration j (i.e. F (j)
c ) is computed from x(j)

c as follows:

F (j)
c = F (0)

c + 0.5 · 〈RH′w′〉 · F
(j−1)
c
〈x′vw′〉

∂ 〈xv〉
∂ 〈RH〉 (5.13)

and is used to compute x(j+1)
c via Eq. (5.12). However, if Eq. (5.13) is

inserted into the convergence criterion (F (j)
c − F (j−1)

c → 0) and solved for

F (j−1)
c , we find that the loop will terminate at FPKT

c given by Eq. (5.11). The

results of the loop agree with Eq. (5.11) within the tolerance |F (j)
c −F (j−1)

c | ≤

0.04 mol m−2 yr−1 , which is used by Prytherch et al. (2010a) to determine
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that the loop has converged. In Fig. 5.12 the results from Eq. (5.11) and

the PKT loop are plotted over the 1:1 correspondence line. A significant

advantage of Eq. (5.11) is that it always provides a result whereas the

PKT loop does not always converge. In Fig. 5.3 (bottom) the results

of Eq. (5.11) are overlaid with FPKT
c . The rejection criteria in the PKT

correction algorithm lead to a reduced range of scatter in the PKT results

when compared to the results of Eq. (5.11).
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Figure 5.12: Scatter plot of the results from Eq. (5.11) against the results
of the PKT correction for IRGA wetB, individual (blue) and binned (black).

Prytherch et al. (2010a) validated the PKT method by applying it to the

sensible heat flux (FTs) as calculated from the measured speed of sound

temperature (Tsonic). We followed this analysis and show our results in

Fig. 5.13, which can be directly compared to Fig. 2 in (Prytherch et al., 2010a).

The average of the flux, calculated from the detrended sonic temperature
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(F (0)
Ts ), yields approximately one half of the flux signal. The PKT flux, which

is equal to the product of the detrended flux and β, correlates with the

standard EC sensible heat flux. The factor 0.5 in Eq. (5.11) comes from

the same factor Eq. (5.10), which was originally inserted to reduce the step

width and improve the convergence of the iteration and was not expected to

change the result of the PKT correction (J. Prytherch, review comments). In

order to illustrate the influence of this factor, the results of a PKT correction

with a factor of 0.75 are shown in Fig. 5.13. Here β ≈ 4 and the PKT results

are (≈ 4× F (0)
Ts ) and (≈ 2×Qsen).
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Figure 5.13: Bin-averaged heat fluxes plotted against the standard EC sen-
sible heat flux results (to be compared with Fig. 2 in Prytherch et al.,
2010a): “sonic flux” calculated from Tsonic (light grey - -); flux after detrend-
ing against humidity (black -.); “PKT-corrected” flux (red -); results of a
PKT correction with step width 0.75 and β ≈ 4 (“PKT 4”) (blue -). Error
bars show standard deviation from the mean. 1 : 1, 1 : 2 and 2 : 1 agreement
are indicated.
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5.5 Discussion

5.5.1 Humidty Bias - Correcting versus Drying

The good agreement between the dried and un-dried CP systems for low

latent heat fluxes (cp. Sect. 5.3.1) supports the findings of Miller et al.

(2010) that application of a diffusion dryer does not alter the CO2 flux signal,

but avoids contamination of the sensor optics and significantly reduces the

magnitude of the necessary air density correction.

The magnitude of the scatter in the CO2 fluxes from the un-dried CP

systems increases with the latent heat flux (Fig. 5.5). These results are

similar to results reported for OP IRGAs (LICOR-7500) (e.g Kondo and

Osamu, 2007; Lauvset et al., 2011; Prytherch et al., 2010b), which showed

an overestimation of the CO2 flux magnitude, when compared to common

bulk formulae. In this study, on the other hand, the bias reduced the CO2

flux on average. Kondo and Tsukamoto (2012) simultaneously deployed

OP (LICOR-7500) and CP (LICOR-7000) sensors to measure CO2 fluxes

in conditions with low air–sea CO2 gradient (12µatm<∆pCO2 < 42 µatm)

and large latent heat fluxes (70Wm−2 ≤ Qlat ≤ 140 W m−2). The EC CO2

flux estimates from both OP and CP IRGAs were an order of magnitude

higher than expected using the Sweeney et al. (2007) parameterisation and

diverged increasingly for higher latent heat fluxes. We therefore assume that

the bias observed in the fluxes from the un-dried CP has the same origin as

the biases observed in the OP measurements cited above. Our measurements

also indicate that the bias can be different for each individual IRGA unit.

Equation (5.11) explains why the PKT correction produces unsatisfactory
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flux results: the PKT-corrected flux is simply a product of the flux signal,

which was calculated from the CO2 mixing ratios after detrending against

the relative humidity, and the term β ≈ 2 that depends solely on water

vapour and relative humidity fluctuations. The ratio of the detrended fluxes

of the two un-dried IRGAs to the CO2 flux measured by the dryB and

the factor β are plotted in Fig. 5.14 as a function of the latent heat flux.

The parameter β shows a large scatter for low Qlat but converges to 2 for

Qlat > 50 Wm−2. The ratio of the detrended fluxes to the fluxes measured

by the sensor dryB ((F 0
c ) · (Fc)−1) is on average close to 1 when latent heat

flux is small, but exhibits large scatter. For Qlat > 50 Wm−2 the value of F 0
c

becomes much smaller than Fc; this leads to the observed underestimation

by the PKT-corrected fluxes.

The PKT correction appears to correct the latent heat flux bias in the

sonic sensible heat flux, because the flux calculated from the detrended sonic

temperature yields on average approximately one half of the flux signal and

is then multiplied with β ≈ 2. However, this does not prove that the PKT

correction can successfully remove the bias in the measured CO2 fluxes.

The spectral corss-sensitivity correction Edson et al. (2011) was tested

on the IRGA wet by estimating the factor Γ in (5.7) from (i) the PKT

corrected wet CO2 fluxes and (ii) the fluxes from the dry IRGA. All gave

different results, showing that Γ 6= const. In fact, assuming Γ = const means

to expect a linear relation between Cxvxc(ω) and Cxvxcm(ω), which in-fact

should not not be related. The ’true’ Γ will however likely be higher for

periods with large humidity fluxes and lower for periods with relative large

CO2 fluxes. Therefore, assuming a Γ constant, or even deriving it from

PKT-corrected fluxes, will likely create biased wind speed dependencies of

k660. Functionalities of k660(u10N) that are derived with a constant Γ Edson
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Figure 5.14: Ratio of the detrended CO2 fluxes F 0
c from wetA and wetB as

used for the PKT correction to the CO2 flux calculated from dryB (purple +,
blue +). Two values of the same sample interval are connected with a grey
line; the factor β =

(
1− 0.5 〈RH′w′〉

〈x′vw′〉
∂〈xv〉
∂〈RH〉

)−1
as in Eq. (5.11), calculated from

the latent heat flux and relative humidity, as measured by wetB, (grey •).

et al. (e.g. 2011) might therefore not reflect the true relation ship.

The idea of a cross correlation coefficient as proposed by Prytherch et al.

(2010a) and Edson et al. (2011) could however be used fruitfully if it can be

shown that µ(t) changes smoothly in time. In this case fast open- and slow

dry closed-path measurement could be combined by computing

xc = xc(dry) + x′cm(wet)− µv(t)x′v(wet)− µT (t)T ′(wet) (5.14)

were the correlation-coefficients for water vapour and temperature, µ(t)v and

µ(t)T respectively, are derived from xcm(wet) and xc(dry). The required flow

rate for the dry close-path analyser would then depend on the maximum

change rate of µ(t)v and µ(t)T .

139



Analysis of the PKT correction for direct CO2 fluxes

5.5.2 Air-Flow Distortion

The direct flux measurements in this chapter were computed with wind

speeds that had been tilt corrected with the classic DR approach (Edson et al.,

1998). In Chapter 4 we pointed out that this can lead to an overestimation of

the wind vector pitch (θ) and consequent biased flux estimates. In Fig. 5.15

the estimates of θDR are plotted as functions of the relative wind direction

and colour coded with vshipu
−1
me. This shows that θDR strongly overestimates

the true wind vector pitch when the ship is under way.

−120 −90 −60 −30 0 30 60 90 120
0

5

10

15

20

25

rel. wind dir. measured (°)

w
i
n
d
 
v
e
c
t
o
r
 
p
i
t
c
h
 
(

°
)

 

 

v
s
h
i
p
 
u
m
e

−
1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
 θ

DR

Figure 5.15: Wind vector pitch estimated from the double rotation of utrue
(θDR) as function of the relative wind direction and of the ratio vshipu

−1
me,

which is used as colour code. This figure should be compared with Fig. 4.4.

The effect of this overestimation on k660 is presented in Fig. 5.16, where

the dry transfer velocities from Fig. 5.11 (bottom right) are replotted as a

function of u10 and the ratio vshipu
−1
me. The measurements were separated into
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two subsets vshipu
−1
me ≤ 0.1 (station, 116 measurements) and vshipu

−1
me > 0.1

(underway, 160 measurements) and bin averaged over 2 m s−1 wind speed

bins. The underway measurements resulted in higher transfer velocities.

This is most likely caused by the overestimation of the scalar CO2 flux due

to the overestimated θDR.
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Figure 5.16: Preliminary gas transfer velocity estimates from the dry IRGA
as a function of u10N using the standard DR method. The colour code shows
the ratio of ship speed and measured relative wind speed. The measurements
are separated into two subsets vshipu

−1
me ≤ 0.1 (station) and vshipu

−1
me > 0.1

(underway) and bin average over 2 m s−1 wind speed bins; the error bars
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5.5.3 Residual Humidity Bias after drying

Figure 5.17 shows the scatter of Fc from dryA against the estimates from

dryB like in Fig. 5.6, but using the magnitude of the residual humidity
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Webb-bias flux as colour code. The humidity flux signal of dryA and dryB

is clearly reduced by the diffusion dryer, but the Webb-correction term for

water vapour still reaches values of 20 mol m−2 yr−1. Even though the Webb

correction has been applied to both CO2 fluxes, an obvious increase in

scatter between the two flux signals can be observed when the correction

term becomes larger than 1 mol m−2 yr−1.
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Figure 5.17: Scatter plot of the CO2 flux measurements from dryA against
those from dryB. The magnitude of the larger one of the two humidity Webb-
correction terms from dryA and dryB is used as color code with logarithmic
scaling.

Figure 5.18 shows averaged co-spectra of CO2 and H2O, Cwc and Cwq

from the sensor dryA for two subsets: where the ratio vshipu
−1 was limited

to be less than 0.1 and the relative wind direction was limited to α ≤ 30◦,

to avoid flow distortion effects. The first subset contains 41 intervals with

Fq ≤ 1 mol m−2 yr−1. The average magnitude of the latent heat flux was

60 W m−2. The second subset contains 28 intervals with Fq ≥ 1 mol m−2 yr−1;
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here the average magnitude of the latent heat flux was 100 W m2. From the

second subset it can be seen that downstream of the diffusion dryer, the

residual humidity flux signal is restricted to low frequencies i.e. the diffusion

dryer works as a strong low pass filter for H2O. The residual humidity flux

signal, however, causes a bias in the low frequency part of the CO2 signal.

This shows that the humidity flux bias can also occur downstream the dryer,

albeit with a reduced intensity compared to the un-dried measurements. The

magnitude of the residual water vapour flux recorded by the IRGA should

be used as an additional quality control for the CO2 flux measurements.
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Figure 5.18: Average co-spectra of CO2 (-) and H2O (- -) from dryA as
function of the non dimensional frequency. The H2O co-spectra are weighted
with the CO2 mixing ratio to obtain the magnitude of the Webb-correction.
The average co-spectra for the two subsets are shown in different colours:
red showing an average from 41 intervals where Fq ≤ 1 mol m−2 yr−1; blue
for 28 intervals with Fq ≥ 1 mol m−2 yr−1. To avoid flow distortion effects,
the ratio vshipu

−1 was limited to less than 0.1 and the relative wind direction
was limited to α ≤ 30◦. The wind speed range was 7− 15 m s−1, the average
12 m s−1, and the average relative wind direction α ≤ 15◦ for both subsets.
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5.5.4 High Frequency Attenuation

The ogive method (see Sec. 3.2.7) was used to estimate the loss of high

frequency fluctuations in the dry CO2 and wet H2O co-spectra. The data

set was restricted to |Qsen| ≥ 10 W m−2, vshipu
−1 ≤ 0.1, and −30◦ ≤ α ≤ 30◦.

The frequency containing 50% of the sonic sensible heat flux (n50%) was

estimated and Fig. 5.19 shows a scatter plot of n50% and u10N. For neutral

and unstable conditions n50% increases linearly with the wind speed and is

independent of the stability parameter. For stable stratification (z/L∗ ≥ 0)

n50% also increases with z/L∗. Both observation are in agreement with

Kaimal et al. (1972).
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Figure 5.19: Scatter plot of the frequency containing 50% of the sonic sensible
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code. A liner fit to the data fulfilling z/L∗ ≤ 0.01 is shown as black line.
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The flux losses due to high frequency attenuation were estimated as a gain

factor (gCO2 and gH2O for CO2 and H2O, respectively) using (3.17) and are

plotted in Fig. 5.20 as a function of u10N. For CO2 the ogive of n50% was

used. For H2O, where the attenuation was manifested at lower frequencies,

n20% was used to estimate the flux loss. The individual results exhibit

large scatter, and no clear dependency of gCO2 or gH2O with either wind

speed or stability was observed. The average gains are gCO2 = 1.06± 0.20

and gH2O = 1.68 ± 0.82, and agree well with the estimates which were

obtained from 6 hourly average spectra at u10N = 14 m s−1 (gCO2 = 1.06 and

gH2O = 1.57; see Sec. 3.2.7).
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5.6 Conclusions

Measurements of the air–sea CO2 flux over the open ocean were conducted

with four IRGAs, two of which had the water vapour fluctuations removed

with a membrane dryer (Miller et al., 2010). The flux results from the dried

and un-dried sensors agreed with each other during periods of very low latent

heat flux, demonstrating that the membrane dryer does not alter the CO2

flux signal. With increasing latent heat flux, the CO2 flux measurements

from the un-dried sensors showed large bias and scatter. This is similar to

earlier studies Kondo and Osamu (2007); Lauvset et al. (2011); Prytherch

et al. (2010a). In this study the bias flux was positive (on average) leading

to a net reduction of the downward CO2 flux.

The PKT correction reduced the scatter in the flux measurements from

the un-dried gas analysers from 1000% to 100% of the flux signal. However,

the PKT-corrected fluxes showed only a weak correlation with the flux

measurements from the dried gas analysers. A detailed analysis of the PKT

algorithm was performed, which revealed that the loop in the PKT correction

can be replaced by a single equation. The PKT-corrected flux was shown to

be a product of the de-trended CO2 flux and a factor that depends solely on

the latent heat flux and relative humidity. The PKT method cannot be used

to retrieve the true CO2 from the measured signal, since detrending to remove

the bias also removes most of the CO2 flux information. Conclusions made

based on PKT-corrected CO2 flux measurements should be treated with care.

The same holds for the spectral cross correlation correction method, which

was presented by (Edson et al., 2011). This method assumes a constant

relation between the observed cross-correlation of the measured (biased)
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CO2 and H2O signals and the correlation between the true CO2 signal

and H2O. This is rather unlikely.

The results support the conclusions of Miller et al. (2010) that the order

of magnitude bias in the measured CO2 fluxes can be removed when the

sample air is dried. The authors therefore strongly recommend the use of

the closed-path IRGAs with a diffusion dryer as presented by Miller et al.

(2010) for EC flux measurements over the open ocean. The humidity bias

was observed even downstream of the diffusion dryer. The magnitude of the

residual water vapour flux must therefore be monitored carefully.

Further analysis is necessary, to remove or quantify the flux errors due to

air-flow distortion and the attenuation of high frequency fluctuations, before

SOAP (and Knorr11) data sets can be used for parameterisation of k660.
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Air-sea fluxes of momentum, heat (latent and sensible), and CO2 were

measured on three shipborne experiments with the eddy covariance method.

This thesis presents the analysis of the data sets obtained during these exper-

iments. The three experiments took place in different parts of the World’s

oceans (North Atlantic in 2011; Southern Ocean in 2012; Subtropical North

Atlantic in 2013) and involved a suite of measurements of additional envi-

ronmental variables (e.g. sea state, biological activity, subsurface turbulence,

and mixing layer depth) with the objective of studying the influence of these

environmental parameters on the transfer coefficients of air-sea exchange.

These measurements add significant value to the direct flux measurements.

The focus of this work, however, was on the various corrections which need to

be applied to the raw EC flux data prior to the calculation of the covariances,

which provide the magnitude and direction of the air-sea fluxes.

A significant source of error in direct EC fluxes was found to be introduced

by the standard procedure of estimating the wind vector pitch from the

motion-corrected wind speed. The wind vector measured on large oceano-

graphic platforms, such as ships or coastal towers, is tilted away from its

original direction when the stream lines circumvent the structure (Popinet

et al., 2004). For measurement of fluxes with the EC method, the stream

line coordinate system needs to be determined, i.e. the measured wind
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vector has to be rotated to fix the long-term averages of the vertical and

cross-wind component to zero (McMillen, 1988). At sea the stream line

coordinate system is usually approximated by rotating a 10-30 minute in-

terval of motion-corrected wind speed until the interval averages of vertical-

and cross-wind components are zero (Edson et al., 1998). In Chapter 4 it

was shown that this procedure over-estimated the wind vector tilt when the

platform has non-zero average velocity. This is due to the fact that the tilt is

calculated from the motion-corrected wind vector, while the flow distortion

acts on the (usually larger) relative wind vector (i.e. relative to the platform).

The error in wind vector pitch and yaw (relative wind direction) leads to

biased direct flux estimates. The errors are largest in the stress estimates,

but scalar fluxes are also affected significantly. In the presented work an

alternative correction method (radial planar fit - rPF) for the wind vector

distortion on moving platforms has been developed which can significantly

reduce the error in direct flux measurements caused by air-flow distortion.

Direct air-sea CO2 flux measurements in particular are affected by cross

sensitivity of the CO2 signal to ambient humidity fluctuations which lead

to order-of-magnitude errors (Prytherch et al., 2010a). Miller et al. (2010)

demonstrate that this error source can be reduced significantly by the de-

ployment of membrane dryers, which remove ∼ 97% of the water vapour

fluctuations. This application is restricted to closed-path measurements with

the drawback of high energy consumption (pump), high maintenance, and

possible loss of flux information due to high frequency attenuation. However,

this latter issue can be resolved by applying corrections using open-path

measurements of the sensible or latent heat flux spectra. Alternatively, Pry-

therch et al. (2010a) and Edson et al. (2011) have proposed post-processing

corrections for open-path flux measurements.
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During the SOAP experiment, the two approaches were tested side by

side. The results, presented in Chapter 5, show that the post-processing

corrections do not recover the same CO2 flux as measured by the Miller

et al. (2010) method. The detailed analysis of the correction algorithm in

Section 5.4 proved that the proposed correction method by Prytherch et al.

(2010a) is not valid. Before a better understanding of the humidity-cross

talk in the deployed dispersive IRGAs is achieved, air-sea CO2 fluxes should

be measured after the removal of water vapour, following Miller et al. (2010).

It was also found that the humidity bias persists, even downstream of the

diffusion dryer, when the humidity flux signal cannot be completely removed.

Therefore, the magnitude of the residual humidity flux should be monitored

and used to reject potentially biased CO2 flux results.

During the Knorr11 and SOAP experiments in the North Atlantic and

the South Pacific, respectively, two highly valuable direct flux datasets were

obtained that allow for a better constraint of the gas transfer velocities for

CO2 and DMS in these highly productive regions. DMS transfer velocities

from the Knorr11 experiment were published in Bell et al. (2013). In order

to improve the estimates of wind stress and gas-transfer velocities, the rPF

motion-tilt correction method should be used to recalculate (u′, v′, w′) for

these two experiments. A direct comparison of momentum flux measure-

ments at different locations will provide an estimate of residual air-flow

distortion errors in the direct fluxes. For the R/V-Knorr, detailed large eddy

simulations of mean air-flow distortion have been finalised recently personal

communication, Niall O’Sullivan. The recalculated CO2 fluxes should be

corrected for high frequency attenuation and carefully screened for bias

signals arising from residual humidity fluctuations. Where measurements

from multiple analysers are available, these could be combined to further
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reduce measurement uncertainty.

The finding of this thesis will provide means to reprocess previous flux data

sets with the new rPF method in order to remove flow distortion-induced

biases and thus generate more usable data for scientific analysis. It also

shows unambiguously that the only valid method for EC measurements of

air-sea CO2 fluxes is to physically remove the water vapour fluctuations, to

avoid large biases that cannot be corrected during data processing.
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The Last Page

My PhD involved an extraordinary amount of travel, to conferences,

experiments and visits to other labs. Especially at the start I spent more

time away than in Galway, where I was often greeted with “Welcome back!

How long are you going to stay this time?”

I tried to keep track of all these travels during the last four years and four

months and summarised them in Fig. 6.1. The total distance travelled are

218,421 km, 2,240 km and 14,215 km, by plane, train and ship, respectively,

plus roughly 10,000 km local commuting on five different bikes - all adds up

to a sum of 244,877 km, a little less than two thirds of the average distance

from the Earth to the Moon (384,400 km). Assuming a passenger contributes

255 g km−1 and 30 g km−1 to the CO2 emissions of a flight and train journey,

respectively, I estimated my travel related carbon footprint (excluding the

cruises) to be 56×103 kg. The global annual anthropogenic emissions in 2014

were 40 Pg (Petagram), making my contribution a fraction of 3.2× 10−10.

I am grateful for the experiences I had during this time, the people I met

and the amazing places that I was able to see.
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Figure 6.1: Travelling that was involved in this PhD. Flights are marked
in red, train rides in green, and cruise tracks in orange, for the MIDAS
experiment dashes are used, since I was not on the ship. The numbers
indicate routes that I travelled more than twice (return).
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