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Abstract 
The turbulence structure over the sea was studied with the emphasis on humidity. The 
data sets used came from the island of Östergarnsholm outside Gotland in the Baltic 
Sea. The study included spectral and quadrant analyses of the wind, temperature and 
humidity parameters from one measuring level. The wave state of the sea was deduced 
from data from a wave rider buoy anchored 4 km from the site. 
Two turbulence instruments for humidity were compared, the MIUU instrument (hot 
wire) and an open pass infrared gas analyser from LI-COR. The comparison showed 
that the LI-COR instrument resolved the high frequency fluctuations of the humidity 
better. 
The unstable cospectra of the sensible and latent heat fluxes were studied and 
categorised. It was found that many cospectra have two or more maxima. The higher 
frequency maxima gained influence when the stratification became near neutral. 
The quadrant analyses showed that the structures of humidity flux were similar to 
those of the heat flux. The sources of the flux were studied using different ratios. The 
ratio between events of moist updrafts and dry downdrafts were extensively studied. It 
was shown that the events of moist updrafts were more dominating during swell than 
during growing sea. 
When the results of the spectral and quadrant analyses were combined, it was shown 
that the smaller sized eddies of heat dominate the events of warm updrafts and that the 
large eddies dominate the cold downdrafts.  
The bulk transfer number for moisture, the Dalton number (CE), was found to be 
almost constant with stratification for unstable runs. The mean value was calculated 
to (1.0±0.3)·10-3. 

Sammanfattning av “Fuktighetsstrukturer i det marina atmosfäriska gränsskiktet” 
Målet för denna studie var turbulensstrukturer över hav med särskild tonvikt på 
fuktigheten. I denna studie har använts observationer från en mast på ön Östergarns-
holm, strax öster om Gotland. Arbetet innefattar spektral- och kvadrantanalys av vind, 
temperatur och fuktighet från en mätnivå. Havets aktuella tillstånd mättes med en 
vågboj förtöjd 4 km från masten. 
Två turbulensinstrument för fuktighet jämfördes, MIUU-instrumentet (varmtråds-
instrument) och ett instrument från företaget LI-COR som mäter infraröd absorption. 
Jämförelsen visade att LI-COR-instrumentet löser upp de högfrekventa fuktighets-
fluktuationerna bättre. 
Instabila cospektra för sensibelt och latent värmeflöde studerades och kategoriserades. 
Det visade sig att många cospektra hade två eller flera maxima. Det högfrekventa 
maximumet   fick ökad betydelse när skiktningen blev nära neutral. 
Kvadrantanalyserna visade att strukturerna för värme- och fuktighetsflödet är 
liknande. Källan för flödena studerades med hjälp av olika kvoter. Av särskilt intresse 
var kvoten mellan tillfällen med fuktiga uppvindar och torra nedvindar. Det visade sig 
att tillfällen med fuktiga uppvindar var mer dominerande vid dyning än vid upp-
byggande vågor. 
När resultaten från spektral- och kvadrantanalysen kombinerades, visade det sig att de 
små virvlarna med värme dominerar vid tillfällen med varma uppvindar och att de 
stora virvlarna dominerar vid kalla nedvindar. 
Utbyteskoefficienten CE för fuktighet, även kallad Dalton-talet, är nästan konstant för 
de instabila fallen. Medelvärdet av CE beräknades till (1,0±0,3)·10-3. 
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1. Introduction 

1.1. Description of the marine atmospheric boundary layer 
More than 70% of the earth is covered with oceans. The oceans and the atmosphere is 
a strongly coupled system. The heat absorbed in the tropics is transported towards the 
poles by the general circulation in the atmosphere and by the ocean currents. Most 
water in the atmosphere has evaporated from the oceans. A weather or climate model 
for the earth must be able to describe the different processes at the sea surface. Today 
many models use land-based formulations of theory for all surfaces. It is not clear how 
much this will influence the results of the modelling. 
The wind stress or momentum flux is the braking force of the winds. It is determined 
by the roughness of the surface. On land, this can be measured once and then tabulated 
for later use. On the oceans, the surface is not stationary but highly mobile. The sur-
face will be both a sink and a source for momentum flux, depending on the wind and 
wave speed (Smith et al. 1996). This difference in momentum flux influences other 
processes as well, for instance the sensible and latent heat fluxes. 
There are still large gaps in the theories of understanding the latent heat fluxes. One of 
the main reasons for this is the lack of extensive measurements. The measuring of 
turbulent fluxes over the sea is connected with several problems. If the measuring plat-
form is moving, such as a ship, the readings have to be corrected for the movements 
and tilting in all axes. The marine environment is very harsh for electronic equipment, 
which makes measurements even harder. The cost of maintenance is often larger for 
an offshore measuring platform. 

1.2. Analysis of data from Östergarnsholm 
Turbulent data from the island Östergarnsholm was used in this study. The turbulent 
structures over sea were studied with emphasis on the humidity field. In order to get 
the whole picture the wind and temperature fields were studied as well. Some analyses 
included the temperature field as a comparison to the humidity field. There are many 
similarities between scalars such as temperature and moisture, but also some 
differences. 
The random nature of turbulence demands the use of a statistical approach in the 
studies. The two main methods used in this work are spectral analysis and quadrant 
analysis. Examples of immediate studies made earlier include the work of Sempreviva 
and Gryning (1996), which contains spectral analyses of the humidity field from 
measurements at Anholt in Kattegat. Another study by Smedman et al. (1999) includes 
both spectral and quadrant analyses of the temperature at Östergarnsholm. 

1.3. Contents of this paper 
Section 2 contains a description of the site Östergarnsholm and the data selection 
criteria. In Section 3, the analysis methods used in this work are described. The results 
from the different studies are included in Section 4. These results are finally discussed 
in Section 5. 
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2. Site and data 

2.1. Descriptions of the sites 
Data from two sites were used in this study, Östergarnsholm and Lövsta. These sites 
will be further described below. 

2.1.1. Site Östergarnsholm 

Östergarnsholm is a small island situated approx. 4 km east of Gotland in the Baltic 
Sea. The island is very flat with a few trees and buildings in the central and north-
western part. On the southern tip of the island, there is a 30 m high tower with 
meteorological instruments (Smedman et al. 1999). The tower has slow-response 
instruments for measuring profiles at five levels and turbulent instruments at three 
levels. The data used in this study are from 9 m above the tower base (~10 m above 
mean sea level). This is the only level where high frequency measurement of moisture 
is present. The horizontal distance from the tower to the sea is a few tens of meters 
(depending on sea level). 
The purpose of the Östergarnsholm site is to be able to measure ocean-like conditions 
on a land site. This makes the maintenance of the tower and the instruments easier. To 
achieve ocean-like conditions only periods with wind directions in the sector 100°–
220° are used. In this sector, the undisturbed fetch over sea is about 200 km. 
A wave rider buoy (run by the Finnish Institute for Marine Research) is anchored 
approx. 4 km from the island in bearing 110°. The water depth is 50 m about 10 km 
from the island. Further out the water depth is more than 100 m. The wave rider buoy 
is anchored at 36 m depth. 
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Figure 1; Map showing Östergarnsholm. 
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2.1.2. Site Lövsta 

Data from the site Lövsta was used as a land reference case. Lövsta is situated 10 km 
southeast of the city of Uppsala. The data used in this work come from a study by 
Högström carried out in May and June 1986. The turbulence instrument used was the 
MIUU-instrument (see below) and the measuring height was 13 m. The surroundings 
were rather flat agricultural landscape. The runs selected have wind directions with an 
undisturbed fetch of 1.5–5 km. The site and study is further described in 
Högström (1988). 

2.2. Instrumentation 
The instruments described below are shown in Figure 2. 

2.2.1. The MIUU-instrument 

The MIUU-instrument is used for measuring the turbulent properties of wind, tem-
perature and moisture. The three components of the wind are measured using three hot 
film probes. The probes consist of a thin platinum wire encapsulated in glass. When 
electric current passes through the wire, it warms up. The measuring bridge keeps the 
temperature of the wire constant by varying the electric current. It can be shown that 
the cooling of the wire by the wind is a simple function of the electric current, and 
hence the potential. The relationship is only valid if the wind hits the probes near per-
pendicular. This is accomplished by mounting the probes on a wind vane. The u-, v- 
and w-components of the wind are calculated and recorded at 20 Hz. 
The temperature is gauged using a 15 µm platinum wire. The moisture is calculated 
using the psychometric method. A platinum wire twined together with a thin cotton 
thread is used as the wet bulb temperature sensor. The sensor must be kept fully moist 
in order to give reasonable results. This limits the available data sets to periods of 
measurement campaigns at Östergarnsholm. Due to the rather slow time constant of 
the temperature sensors, fluctuations up to only about 4 Hz can be resolved. 
The MIUU-instrument has been further described by Högström and Smedman (1989). 
It has been calibrated for flow distortion as described by Högström (2001). 

2.2.2. The LI-COR instrument 

The LI-COR LI-7500 instrument is an open path infrared gas analyser. It measures the 
absolute densities of water vapour and CO2. These gases absorb specific wave lengths 
of infrared radiation. An infrared light source emits a focused beam through an open-
air volume. A detector measures the differences in the absorption between a wave-
length band where radiation is absorbed (2.59 µm for H2O and 4.26 µm for CO2) and 
two non-absorbing bands (3.95 µm and 2.40 µm are used as reference) (LI-COR 
2001). The reference measurements are used to detect reduced signal strength due to 
dirty sensors. Some operational considerations are mentioned in the Instruction 
Manual (LI-COR 2000). The instrument is sensitive of moving particle such as rain or 
snow. If a particle covers the detector during the sample measurement but not during 
the reference measurement the reading will be incorrect. These readings will appear as 
spikes in the data output. 
The instrument is co-located with a sonic anemometer and delivers data at 20 Hz. 
There is a spatial separation between the sonic and the LI-COR instrument, which will 
influence the total flux measured. 
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a) b) c)

 
Figure 2; Sketches of the three turbulence instruments used in this study. a) The MIUU-instrument, b) 
the LI-COR Instrument and c) the sonic anemometer. The instruments are not drawn to scale. 

2.2.3. The sonic anemometer 

The sonic anemometer consists of three couples of sound probes, which are used 
alternately as transmitting and receiving units. An ultra-sonic sound pulse is trans-
mitted from a sender A to a receiver B and then back again. The distance between A 
and B is ∆x, which means that the total distance travelled is 2∆x. The time difference 
is measured (∆tAB and ∆tBA, respectively) and the wind speed can be calculated 
(Högström and Smedman 1989) using: 
 

 2

AB BA

xu
t t

∆
=
∆ −∆

 (2.1) 

The three pairs of probes enable the calculation of the three wind components. The 
speed of sound can be derived from the measurements, which makes it possible to 
derive the virtual temperature. 
The sonic anemometer used in the present data set is a Gill Instrument 
SOLENT 1012R2. 

2.2.4. Wave rider buoy 

Data from the buoy is recorded once an hour (Smedman et al. 1999). The data used in 
this work include the wave direction and peak frequency of the dominating waves 
along with the water temperature measured at a depth of 0.5 m. The wave direction is 
determined from 1600 s of data. The peak frequency is calculated using a parabolic fit 
of the wave spectrum.  
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2.3. Data 

Four different sets of data were used in the study. The first two are from fall cam-
paigns in 1998 and 1999. The eddy correlation instrument used here was the MIUU 
instrument. In October 2001, the new LI-COR instrument was installed at the tower. 
The third set consists of data from this instrument and a sonic anemometer at the same 
level. The last set is a land reference case from Lövsta 1986. 
The selection criteria used exclude runs where the angle between the wind and the 
dominating waves are more than 40°. As mentioned above the wind direction was 
limited to the sector 100°–220°. Runs with missing wave data have been rejected. 

 includes some characteristics of the different data sets. Table I

Table I; Characteristics of the four data sets used. 

No. Site Years 30 min-runs Instruments used 
1 Östergarnsholm 1998 39 MIUU 
2 Östergarnsholm 1999 13 MIUU 
3 Östergarnsholm 2001/2002 101 Sonic & LI-COR 
4 Lövsta 1986 39 MIUU 

3. Theory 
Turbulence observations are often separated in a mean part and a turbulent part. The 
mean value is calculated from data for a certain period (e.g. 10, 30 or 60 minutes). For 
an arbitrary variable x this separation is expressed as 

 x x x′= +  (3.1) 

The over bar denotes the mean part and the prime the turbulent part. Table II lists the 
notations used throughout this work. 

Table II; List of symbols used in this work. 

Symbol Description 
u Wind component along the mean wind direction (m/s) 
v Wind component perpendicular to the mean wind direction (m/s) 
w Vertical wind component (m/s) 
θ Potential temperature (K) 
q Specific humidity (kg water vapour/kg moist air) 
z Measuring height 

3.1. Monin-Obukhov similarity theory 
It may be difficult, and in some cases impossible, to derive relationships for the 
boundary layer using the basic equations of motions. Similarity theory is a way of 
predicting results using dimensional analysis. 
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The method contains four main steps (Stull 1988). 

• Select the relevant variables. 
• Organize the variables in dimensionless groups. 
• Perform an experiment. 
• Fit a curve to the data to find the relationships between the groups. 

The Monin-Obukhov similarity (MOS) is used in the surface layer. This layer is by the 
first order of approximation considered as a constant flux layer. Some results from the 
Monin-Obukhov theory include the dimensionless gradients of momentum, heat and 
moisture (e.g. Högström 1996; Högström and Smedman 1989). 

 
*

( / )m
u kz z L
z u

δ φ
δ

=  (3.2) 

 
*

( / )h
kz z L

z T
δθ φ
δ

=  (3.3) 

( / )q kz z Lδ φ= 
*

wz qδ
 (3.4) 

u% is the friction velocity, k the von Karman constant (k = 0.40) and L the Monin-
Obukhov length (eqn. (3.8)). Nm, Nh and Nw are the dimensionless gradients of 
momentum, heat and moisture respectively. T% and q% are the scaling parameters for 
temperature and moisture respectively, as defined below. MOS states that these 
gradients are only functions of the stratification, parameterized by z/L.  

 
1/ 42 2

u u w v w∗
 ′ ′ ′ ′≡ +  

 (3.5) 

 wT
u
θ

∗
∗

′ ′
≡ −  (3.6) 

w q′ ′ q
u∗
∗

≡ −  (3.7) 

3
0u T∗ 

v

L
gkwθ

≡ −
′ ′

 (3.8) 

wθ′ ′  and w q′ ′  are the kinematical fluxes of heat and moisture respectively. T0 is the 
temperature at the surface, g is the acceleration of gravity and vwθ′ ′  is the flux of 
virtual potential temperature. 
The Monin-Obukhov length, L, can be physically related to the height where the 
dominating production source of turbulence changes from shear to buoyancy. When 
the stratification is neutral, the Monin-Obukhov length goes to infinity and Nm 
becomes constant. 

 m
u kz constant
z u

φ
∗

∂
= =
∂

 (3.9) 
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Integrating (3.9) yields the logarithmic wind law. 

 
0

lnu zu
k z
∗  

= 
 



)
)
)

1/3−

 (3.10) 

z0 is the roughness length and ū is the mean wind velocity at the height z. 
The Monin-Obukhov similarity in the surface layer has been verified by several land-
based studies including the Kansas studies in 1968. When examining the surface layer 
over sea recent studies have shown that Monin-Obukhov similarity is not valid during 
swell (Smedman et al. 1999; Drennan et al. 1999). 
An extension of Monin-Obukhov similarity made by Monin in 1962 includes the 
normalized standard deviations and energy spectra. The normalized standard devia-
tions are stated to be unambiguous functions of z/L (Högström and Smedman 1989). 

  (3.11) 1/ ( /w u f z Lσ ∗ =

  (3.12) 2/ ( /T T f z Lσ ∗ =

3/ ( /q q f z Lσ ∗ =  (3.13) 

During very unstable conditions, free convection, the shearing stress at the surface 
disappears and new scaling variables have to be introduced. Using these assumptions, 
expressions for the normalized standard deviations (3.11)–(3.13) can be derived (for 
derivation see e.g. Högström and Smedman 1989). 

  (3.14) ( )1/3/ /w u z Lσ ∗ −∼

  (3.15) ( )/ /T T z Lσ ∗ −∼

( ) 1/3/ /q q z Lσ −
∗ −∼  (3.16) 

3.2. Spectral analysis 

3.2.1. Theory 

Turbulence is by definition random. A statistical approach is therefore needed to study 
these events. Spectral analysis is one example of such a method. 
It can be shown mathematically that all reasonable functions can be expressed as an 
infinite sum of sine and cosine terms – a Fourier series. A similar expression can be 
derived for discrete data sets with a finite number of data points. The Fourier series 
A(k) can be expressed as (Stull 1988): 

  

 
1 ( )N A k−

2 /

0

( ) i nk N
A

k

F n e
N

π−

=

=∑  (3.17) 

FA(n) is the discrete Fourier transform, n is the frequency and N is the number of 
observations. The coefficients A(k) can be obtained from the inverse transform. 

  (3.18) 
1

2 /

0
( ) ( )

N
i nk N

A
n

A k F n e π
−

=

=∑
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Fast Fourier Transform is an algorithm specially adapted for computer processing. The 
algorithm is built-in in MATLAB® and used for calculating the spectra in this work.  
In meteorological applications, the spectral analysis is used to determine the distribu-
tion of energy through the different frequencies. The different frequencies can be 
related to eddies of different sizes. With a cross-spectrum, or cospectrum, the correla-
tion between two arbitrary variables can be studied. 

3.2.2. Kolmogoroff similarity theory and normalization of spectra 

Normalization of spectra is a way to summarise results from many spectra. The 
variables on the axes are made dimensionless using different scaling variables. There 
are many suggestions in the literature how to do this. One method used by Phelps and 
Pond (1971) has the variance as scaling parameter on the ordinate and the normalized 
frequency, f, on the abscissa. 

 nzf
u

≡  (3.19) 

The turbulent eddies are driven by the energy from the larger eddies. The energy 
diffuses from large to small eddies and finally dissipate as viscosity. The inertial sub-
range is the part in the energy spectra where the eddies do not “feel” the creation of 
TKE nor the viscosity (Stull 1988). 
The Kolmogoroff similarity or spectral similarity is formulated using dimensional 
analysis. It originates from the following expression for the power spectrum in the 
inertial subrange (Kaimal et al. 1972): 

  (3.20) 2/3 5/3( )uF κ αε κ −=

α is the Kolmogoroff constant (α = 0.52 according to a review by Högström 1996),  
ε is the dissipation rate of energy and κ is the wave number. The dissipation can be 
replaced by the normalized dissipation φε: 

 3

kz
uεϕ ε
∗

=  (3.21) 

Relating the wave number to frequency using Taylor’s hypothesis below gives 
equation (3.23) (Panofsky and Dutton 1984). 

 2 n
u
πκ =  (3.22) 

 
2/3

⋅ 2/3
2

( )unS n ku n
u z

εϕα −

∗

 =  
 

 (3.23) 

Finally the normalized frequency, f, is inserted into eqn. (3.23): 

 
( )

2/3
2 /32

( )unS n f
u k εα ϕ

−

∗

=  (3.24) 
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This normalization will remove the dependence on z/L if all assumptions are correct 
and all relevant variables are taken into account. All spectra will coincide in the 
inertial subrange. 
Kaimal (1972) refers to Corrsine who proposed (3.25) for describing the inertial sub-
range of the temperature spectrum. This expression can be generalised to all scalar 
variables. The scalar studied in the continuing derivation is moisture. 

  (3.25) 1/3 5/3( )q q qF Nκ β ε κ− −=

βq is the Kolmogoroff constant of humidity and Nq is the dissipation rate of moisture 
variance. It has been shown by Ohtaki (1985) and Hill (1989) that the Kolmogoroff 
constants of different scalars are equal. The value β = 0.80 is used in this work 
(Högström 1996). Nq can replaced by the dimensionless dissipation rate of moisture 
variance. 

 2qN q
kzN

q u
ϕ

∗ ∗

=  (3.26) 

When using (3.26) together with Taylor’s hypothesis, equation (3.22) results in:  

 
( )

2/3
1/3

2 /32

( )
2 qN

nSq n nz
q uk ε

β ϕ ϕ
π

−
−

∗

 =  
 

 (3.27) 

 
The dissipation rate of moisture variance can be approximated by: 

 q
qN w q
z
∂′ ′≈ −
∂

 (3.28) 

In this study, moisture measurements are only available from one level. This means 
that the gradient above cannot be calculated directly. The same objection applies to the 
wind gradient needed to calculate ε. Instead, φNq can be calculated by assuming that 
eqn. (3.27) is a valid expression for the inertial subrange of the present measurements. 
Then φNq is solved from eqn. (3.27). A linear curve fitting is done in the log-log repre-
sentation of the inertial subrange. The spectral density at for instance n1 = 1.5 is 
calculated from the equation of the line which moreover enables the computation of 
φNq. The value of φNq is then re-inserted into eqn. (3.27). The same technique can be 
used to calculate φε from the energy spectrum. 
This method of normalization is only valid if eqn. (3.27) is a correct description of the 
spectrum in the inertial subrange. The predicted slope of -2/3 in the humidity spectra 
has been verified previously by e.g. Phelps and Pond (1971), Smedman-Högström 
(1973) and Sempreviva and Gryning (1996). 

 15 



 

3.2.3. Normalization of cospectra 

The most common normalization method for cospectra is dividing the cospectral den-
sity by the covariance. In this representation, the area below each curve will be the 
equally large. 
The following model for the cospectral behaviour in the inertial subrange was pro-
posed by Wyngaard and Coté (1972) and further developed by Panofsky and 
Dutton (1984). 

 4 /3 1/3 4/3

* *

( )
(2 )

q

wq
N

nC n
k

u q εγ π φ φ−= ⋅ ⋅ ⋅ f −  (3.29) 

γ is a constant similar to the Kolmogoroff constants α and β above. The expression is 
deduced from dimensional analysis. To use the expression practically in this study, 

1/3
qN εφ φ⋅  was solved from eqn. (3.29). The value read from the plot was then re-

inserted into the equation. 

3.2.4. Interpretation 

The energy spectrum gives an indication of the distribution of energy through the 
frequency spectrum. In the meteorological context, the different frequencies represent 
different eddy sizes. When examining two variables, the covariance can be studied 
using spectral analysis. The cospectrum reveals frequencies where the two parameters 
are in phase and the quadrature spectrum shows where the parameters are out of phase. 
The phase angle between two variables x and y can be calculated as (Panofsky and 
Dutton 1984): 

 arctan xy
xy

xy

Q
C

θ
 

= 
 

  (3.30) 

The area beneath the cospectrum represents the total covariance, which is closely 
related to the total turbulent flux.  
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3.3. Quadrant analysis 

3.3.1. Theory 

Quadrant analysis is a conditional sampling method used to evaluate the relative 
importance of different turbulent events. Examine two variables, x and y, and plot the 
deviation in x on the abscissa and the deviation in y on the ordinate. This means that 
the first quadrant, for example, only contains events when both x' and y' are positive, 
see Figure 3 (Shaw et al. 1983; Smedman et al. 1999). 

II

III IV
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x´< 0
y´< 0

x´< 0
y´> 0

x´> 0
y´> 0

x´> 0
y´< 0

Excluded area

|x´y´| = H |x´y´|

x´

y´

 
Figure 3; The excluded hyperbolic hole used in quadrant analysis. 

The covariance of two variables is calculated as x y′ ′ . In order to calculate the relative 
importance of the different quadrants a hyperbolic hole is defined as 

 
x y

H
x y

′ ′
=

′ ′
 (3.31) 

The point (x',y') lies on the hyperbola and H is the size of the hole. The data points 
inside the hyperbolic hole are excluded when calculating the conditional averages 
below. A conditioning function Ii,H is defined as  

 

( )
,

1, if ( ), ( )  lies in quadrant 

( ) and 

0, otherwise
i H

x t y t i

I t x y H x y

′ ′
= ′ ′ ′ ′≥



 (3.32) 

The flux fraction F'i(H) is defined as 

 
,

0

1lim ( ) ( )
( )

T

i HT

i

x y t I t dt
T

F H
x y

→∞
′ ′

′ =
′ ′

∫
 (3.33) 
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The measurements made are discrete in the mathematical sense, which means that the 
integral above becomes a sum. The period (T) of each analysis in this study is 60 
minutes and the sampling frequency (1/∆t) is 20 Hz. 

 
,

1 ( ) ( )
( )

i H

i

x y t I t t
TF H

x y

′ ′ ∆
=

′ ′

∑
 (3.34) 

The fraction of time spent for each quadrant can be expressed similarly as 

 ,
1( ) ( )i i HT H I t t
T

= ∆∑  (3.35) 

The hole size, H, is increased from 0 to 30 which means that events with larger and 
larger magnitudes are excluded. The flux fraction, Fi(H), is plotted as a function of the 
hole size for each quadrant. a and b show two examples of quadrant analyses 
of vertical velocity and moisture during growing sea and swell, respectively.  

Figure 4

Figure 4; Examples of quadrant analysis of vertical velocity and moisture during a) growing sea 
(run 144; 2001-10-25, 08.00), and b) swell (run 190; 2001-12-13, 07.00). 
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3.3.2. Summarizing multiple analyses 

The method described above gives an indication of the relative distribution of events 
during a single hour. In order to generalise the results an objective description of the 
shape of each run must be done. One way of doing this is to calculate the ratios of the 
flux fraction, Fi(H), for the different quadrants (Smedman et al. 1999). For momentum 
fluxes the second and forth quadrant contribute the most to the fluxes. Two interesting 
ratios are Rm4 and Rm2 below. 

 2 4
4

1 3

( ) ( )( )
( ) ( )m

F H F HR H
F H F H

+
=

+
 (3.36) 

 2
2

4

( )
( )mR H

F H
=

( )F H  (3.37) 

The letter m in Rm4 represents momentum and 4 the number of quadrants included in 
the ratio. Rm4 is the ratio between positive and negative contributions to the flux. Rm2 is 
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the ratio between the two quadrants, which make positive contributions to the flux. 
These to ratios were studied by Smedman et al. (1999). The drawback of this method 
is that the ratio depend on the hole size, H. 
Another way of describing the shape of a quadrant analysis would be to calculate the 
area under each curve using the trapezoid method and then comparing the ratios 
between the areas. The area ratios for momentum flux will be denoted Am4 and Am2. 

 2
4

1 3
m

A AA
A A

4+
=

+
 (3.38) 

 2
2

4
mA

A
=

A  (3.39) 

A1–A4 are the areas for the different quadrants, calculated using the trapezoid method 
from H=0 to H=30. Note that the area ratio will not depend on the hole size. The 
interpretations of Am4 and Am2 are same as for Rm4 and Rm2. 
For scalar fluxes, quadrant number 1 and 3 contribute the most during unstable 
stratification. The ratios for temperature below were studied by Smedman et al. 
(1999). 
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Similar ratios for moisture can be defined and will be denoted Rq4 and Rq2. The 
corresponding area ratios will be denoted Aq4 and Aq2 for the four- and two-quadrant 
ratios respectively. Aq4 should be interpreted as the ratio between positive and negative 
contributions to the humidity flux. Aq2 is the ratio between moist updraft and dry 
downdraft, which both are positive contributions to the total moisture flux. 

3.4. Water waves 
The surface layer is influenced by the state of the waves. There are several ways to 
characterise the wave state. The following formula for the roughness length of the sea 
was suggested by Charnock: 

 
2
*

0
uz
g

α
=  (3.42) 

Here α is the Charnock parameter. Several studies have shown that the Charnock 
parameter is a function of the wave state. 
When the waves are built up by the wind it is called growing sea. The waves continue 
to grow as long as the wind does not decline. The combination of steady or increasing 
wind, long fetch and a long period makes the wavelength increase. Waves that are 
travelling faster than the wind are called swell. 
The wave age is one approach of separating wind-driven waves from swell. It is 
usually defined as cp/u10, where cp is the phase speed of the dominating ocean waves 
and u10 is the wind speed at 10 meters height. An alternative definition for the wave 
age is cp/u*. The definition used in this work includes the presumption that only the 
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wind component along the wave direction affects the wave speed (Sjöblom and 
Smedman 2001). 

 
10

wave age
cos

p

w

c
u ϕ

≡  (3.43) 

φw is the angle between the wind and the waves. Swell often occurs in the aftermath of 
at storm. The swell is a non-local phenomenon and can be generated far away from the 
point of measuring. The long wavelengths of swell enable it to travel long distances 
without dissipating. The wave spectrum is often a mixture of waves with different 
frequencies. To isolate the events, swell is usually defined as wave age larger than 1.2. 
The deep-water wave phase speed, cp,deep, is calculated assuming gravity waves on the 
surface of the ocean (Arya 1988). 

 
p

deepp n
gc
π2, =  (3.44) 

np is the peak frequency obtained from the wave rider buoy. The phase speed is 
corrected for shallow water using an empirical method. If cp,deep is larger than 6.5 m/s 
then the following correction is made. 

  (3.45) 2
, ,0.037433 1.3858 0.98487p p deep p deepc c c= − ⋅ + ⋅ −

The formula is obtained with second order fitting of data from a wave model run for 
the Gotland area (Guo-Larsén 2002 pers. comm.). 
The total stress at the sea surface can be divided into the following components 
(Sjöblom and Smedman 2001): 

 t w υτ τ τ τ= + +  (3.46) 

τt is the turbulent shear stress ( 2uρ ∗ ), τw is the wave-induced stress and τυ is the viscous 
stress. The viscous stress is negligible above the lowest millimetres. The wave 
boundary layer (WBL) is the layer where the wave-induced stress influences the total 
stress. τw becomes negative during swell and hence reduces the total stress. The 
importance of the wave-induced flux is reduced with increasing height. During swell, 
the effects of τw can be noticeable throughout the surface layer (Drennan et al. 1999; 
Smedman et al. 1999). 
The Monin-Obukhov length, L, includes wave dependence too. Examine the definition 
in eqn. (3.47) below. Over land, the heat flux influence z/L the most. Over sea, on the 
other hand, the heat flux is low and u% has the main influence on z/L. During swell, the 
friction velocity becomes very small. With unstable stratification, z/L will get a large 
negative value. 

 3
0

/ vz gkwz L
u T

θ

∗

′ ′⋅
≡ −  (3.47) 
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3.5. Bulk aerodynamic formulation for moisture flux 

The surface exchange processes can be expressed using a bulk formulation when 
assuming constant flux in the surface layer. This is often used in modelling when it is 
not possible to parameterise all processes. The Dalton number is such a parameteri-
sation of the humidity exchange (Stull 1988). 

 
( )0

E
w qC

u q q
′ ′

=
−

 (3.48) 

ū is the mean wind speed at the reference height (usually 10 m.), q̄ is the absolute 
humidity at the reference height and q̄0 is the humidity at the surface. The surface 
humidity can be approximated from the surface temperature when assuming that the 
air closest to the sea surface is saturated with water vapour. 
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4. Results 

4.1. Comparison between moisture instruments 
The vertical velocity spectra for all unstable runs from Östergarnsholm were 
normalized by the variance and grouped by instrument. The spectra were logarith-
mically averaged within each group. The result is shown in Figure 5a. Figure 5b shows 
the moisture spectra for the same data set. The dash-dotted line indicates the slope of -
2/3, as predicted by the Kolmogoroff similarity theory. The averaged MIUU data has 
the slope of -1 in the interval n = 0.5–3.0, while the LI-COR data has the slope -1/2 for 
n = 0.2–0.9. Notice that the MIUU-spectrum falls more rapidly at higher frequencies. 
The differences between the instruments can also be seen in the cospectra of vertical 
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Figure 5; a) Composite vertical velocity spectra averaged from the whole data set. The spectra are 
grouped by instrument and normalized with the variance. The solid line denotes the MIUU 
instrument and the dashed line denotes the LI-COR instrument. 
b) Composite moisture spectra averaged and normalized as in a). Symbols as in a). Notice the dash-
dotted line showing the predicted slope of -2/3. 
c) Composite cospectra of the moisture flux normalized with the covariance. Symbols as in a). 
All spectra and cospectra are plotted versus the frequency, n. 



 

velocities and the humidity. The cospectra were normalized and grouped as above and 
the averages are plotted in Figure 5c. The averaged cospectrum from the MIUU instru-
ment falls more rapidly at higher frequencies. 

4.2. Structures in moisture spectra 
The moisture spectra in Figure 6 are grouped by stability. There is no apparent divi-
sion into different bins according to stability. The curve for the stable runs is rather 
inaccurate since the present data set contains few stable runs. 
A similar pattern can be seen in . The frequencies of the peak values in the 
moisture spectra were read manually and plotted versus z/L. Most of the runs are in the 
interval -1<z/L<0, and this is where the scatter is largest. When z/L<-1, the maximum 
frequency is near constant at a mean value of 0.04. This can be compared to the 
constant value of 0.025 for z/L<0 achieved by Smedman-Högström (1973). 

Figure 7

In Figure 8, the maxima of the moisture spectra are plotted as functions of the strati-
fication. The maxima are normalized with the variance. The spectra maximum seems 
to be an ambiguous function of the stratification when z/L<0. 
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Figure 6; Normalized and averaged moisture spectra from the LI-COR instrument grouped by z/L. 
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Figure 7; The normalized frequency at the peak of the moisture spectra plotted versus the stratification, 
z/L. The frequencies of the spectra were read manually. 
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Figure 8; The maximum value of the moisture spectra plotted versus the stratification, z/L. The spectra 
were normalized by the variance and the maxima were read manually. 
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4.3. Saddle-shaped cospectra of temperature and moisture 
When examining several cospectra of temperature and humidity from this study a 
pattern was found. In many cospectra, there is a secondary maximum at higher 
frequencies. In some cospectra, there are even three maxima. When the unstable co-
spectra are grouped by z/L, there is a clear distinction between different levels of 
stratification. In Figure 9 the cospectra of humidity fluxes during swell are grouped by 
stability and normalized by the covariance. It reveals that the high frequency 
maximum dominates more and more as the stratification becomes more stable. A 
similar plot for temperature shows the same division according to stratification (not 
shown here).  
The high frequency maximum or plateau in the scalar cospectrum has been reported 
before. Schmitt et al. (1979) report of marine “saddle-shaped” cospectra of both 
vectors and scalars. Sempreviva and Gryning (1996) report of some saddle-shaped 
cospectra of moisture flux. The land-based analyses from (Kaimal et al. 1972) contain 
some runs with saddle-shaped cospectra although the averaged material lacks such 
characteristics. 
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Figure 9; Cospectra of the vertical velocity and the humidity grouped by stability. The cospectra are 
normalized by the covariance and plotted versus the frequency, n. Notice the saddle-shaped cospectra 
near neutral stratification. 
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Figure 10; Ratio between the low and high frequency maxima in the cospectra of vertical velocity and 
temperature plotted versus stability. The readings are grouped by wave age, cp/(u10·cos φw), with 
symbols according to legend. The solid curve represents averages of all observations grouped by z/L. 
The averages are plotted with standard deviations. 

Figure 10In  the ratios between the low and high frequency maxima in the temperature 
cospectra are plotted as functions of stability. The maxima have been manually read 
off from those unstable runs where two maxima are present. The figure shows a trend 
of increasing relative importance of the high frequency maxima near neutral condi-
tions. The lack of data during conditions with growing sea and z/L<-0.4 makes hard to 
perceive any differences between different wave states. 

4.4. The use of quadrant analysis in near neutral conditions 
As seen in the definition of hole size in eqn. (3.31), it depends on the averaged co-
variance. If the covariance, i.e. the turbulent flux, is very low, the deviations from the 
average will be relatively large. This means that the hole size will become very large 
before the cumulative curves converge to zero. This will influence the flux ratios 
calculated in Section 3.3.2. To solve this problem a selection criteria was applied to 
the data set to remove the runs with low fluxes. 
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Figure 11; Example of a quadrant analysis run with low heat flux (run 166; 2001-10-26, 09.00). 

4.5. The relative importance of different quadrants depending on wave state 
Two methods for summarising many runs of quadrant analyses were presented in 
Section 3.3.2. These methods have been used to evaluate the quadrant analyses made 
for momentum, heat and moisture fluxes. The first method, represented by the ratios 
Rm4(H) and Rm2(H) for momentum flux, was used in the case study by Smedman et al. 
(1999). It has the disadvantage of depending on the hole size, H. The ratios Rm4 and 
Rm2, and the corresponding ratios for the scalar fluxes, were calculated for numerous 
hole sizes and compared to the Smedman study. The second method presented 
depends on the ratios between the areas in the graphs, denoted Am4 and Am2 for the 
momentum flux. The results using this method show the same trends as the basic ratio 
method, but the results are easier to display and interpret. Henceforth the area ratio 
method will be used and presented. 

4.5.1. Momentum flux 

The ratio between the negative and positive contributions to the momentum flux, Am4, 
is presented in Figure 12a. The ratio is calculated from the integrated area in the 
cumulative graphs between H = 0 and H = 30. The area ratios take the whole quadrant 
analysis into account and not just a single hole size. The scatter is large and there is no 
apparent trend in the plot. The expected behaviour would be an increasing ratio with 
increasing wave age. This would mean that the amount of momentum transferred from 
the waves to the atmosphere becomes relatively larger with increasing wave age. The 
same results, i.e. no trend, are achieved when studying single hole sizes using the ratio 
Rm4. The large scatter may be explained by the fact that the ratio contains sums of 
areas, which may give unpredictable results. 
Figure 12b shows the ratio Am2 as a function of wave age. Am2 is the ratio between 
quadrant 2 and 4 (see Figure 3), which both make positive contributions to the flux. 
The scatter is smaller than in Figure 12a and the value of the ratio is rather constant. 
The largest values are achieved near the wave age of 1.2, which is the lower boundary 
for swell. Similar results are seen when examining the ratio Rm2(H) for different hole 
sizes. 
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Figure 12; a) The ratio between negative and positive contributions to the momentum flux, Am4, plotted 
as a function of wave age. The solid curves represent a grouped average with standard deviations. 
b) The ratio Am2 plotted versus the wave age. Am2 is the ratio between the two quadrants that make 
positive contributions to the momentum flux. Both ratios are calculated from the integrated area in the 
cumulative graphs between H = 0 and H = 30 as described in Section 3.3.2. 

4.5.2. Scalar fluxes 

Figure 13a shows dependence between the quadrant ratio Aq4 and the wave age. The 
rising trend in Figure 13a indicates that quadrant 1 and 3 become more important than 
2 and 4 when the wave age increases. This means that the relative importance of the 
positive flux component increases. These two quadrants can be interpreted as moist 
updrafts and dry downdrafts, respectively. In Figure 13b, the ratio between quadrant 1 
and 3 is studied (Aq2). The analysis suggests that the events of moist updrafts dominate 
more and more with increasing wave age. 
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Figure 13; a) The ratio between positive and negative contributions to the moisture flux, Aq4, plotted as 
a function of wave age. The ratio is calculated from the integrated area in the cumulative graphs 
between H = 0 and H = 30. The solid curves represent a grouped average with standard deviations. 
b) The ratio between moist updrafts and dry downdrafts, Aq2, plotted as a function of wave age. The 
ratio is calculated as in a). 

These analyses have also been done for the heat flux. The results are similar with 
increasing importance of the first quadrant as the wave age grows (not shown here). 
The results achieved for the heat flux is consistent with the quadrant analyses made by 
Smedman et al. (1999). The current study shows that the analyses for moisture flux are 
comparable to those of the heat flux. 
The ratios Aq4 and Aq2 have also been studied in the context of stability. The scatter is 
large but there is a slightly decreasing trend of As4 when closing in to near neutral 
conditions from the unstable side (Figure 14a). The trend is visible in both temperature 
and moisture analyses, but the scatter is larger in the moisture analyses. The second 
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ratio for moisture, Aq2, is plotted as a function of z/L in Figure 14b. The overall scatter 
is less pronounced than in Figure 14a. The ratio Aq2 decreases when the stratification 
increases. This should be interpreted as periods with dry downdraft are relatively 
dominating the periods with moist updraft. 
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Figure 14; a) The ratio between positive and negative contributions to the moisture flux, Aq4, plotted as 
a function of the stratification, z/L. The solid curves represent a grouped average with standard 
deviations. 
b) The ratio between moist updrafts and dry downdrafts, Aq2, plotted as a function of the stratification, 
z/L. Both ratios are calculated as in . Figure 13

4.5.3. Land reference case Lövsta 

The ratios above have been calculated for the land-based measurements from Lövsta 
as well. The analysed land data in this study is sparse. The mean value of the ratio Aq4, 
calculated as in Section 3.3.2, is 6.4. This is comparable to the values at low wave age 
– growing sea. The mean of the land values of the ratio Aq2 is 2.7. This is also compar-
able to events with growing sea. In general, the structure of the quadrant analyses 
made over land in this study agrees well with the cases of growing sea. 

4.6. Combining cospectral analysis with quadrant analysis 
The results from the quadrant analyses in Section 4.5.2 were combined with the 
analyses of maxima of cospectra in Section 4.3. The correlations are shown in 

a and b. a shows the ratio between the low and high frequency maxima in 
the cospectra of heat flux plotted versus the ratio between positive and negative 
contributions of heat flux, Ah4. An increase of Ah4 means a relatively larger contribu-
tion from the positive flux component. An increase of the ratio between the cospectral 
maxima implies that larger eddies will gain importance. The near linear relationship 
between the two variables indicates that the positive contribution from the flux be-
comes relatively larger when the size of the eddies grows. For relatively small contri-
butions of the positive flux components the ratios between the maxima become less 
than one, which indicates that the smaller eddies are dominating. 

Figure 
15 Figure 15

Figure 15In b, the ratio between the cospectral maxima is plotted versus the ratio 
between warm updrafts and cold downdrafts, Ah2. An increase in Ah2 means that 
periods of the warm updraft dominate over periods with cold downdraft. The relation-
ship between the variables is near linear. 
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Figure 15; a) The ratio between the low and high frequency maxima in the cospectra of heat flux plotted 
versus the ratio between positive and negative contributions to the heat flux, Ah4. 
b) The ratio between the low and high frequency maxima in the cospectra of heat flux plotted versus the 
ratio between warm updrafts and cold downdrafts, Ah2. 
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4.7. Humidity structures 

4.7.1. The latent heat flux 

The latent heat flux can be expressed as (unit: W/m2): 

 v vE w qλ λ ρ ′ ′=  (4.1) 

λv is the heat of evaporation (2.5·106 J/kg), ρ is the density of air (~1.23 kg/m3). The 
latent heat flux is plotted versus the stratification, z/L, in Figure 16. Notice the large 
scatter near neutral conditions. The humidity gradient, and hence the latent heat flux, 
are influenced many factors near neutral stratification. Large wind speeds, for 
example, will make the surface layer well mixed and hence suppress the moisture flux. 
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Figure 16; The water vapour flux, λvE, plotted versus z/L. 

4.7.2. The Dalton number (CE) 

The definition of the Dalton number is presented in eqn. (3.48). In addition to the 
selection criteria in Section 2.3, some additional criteria were applied before com-
puting the Dalton number. The temperature difference between air and sea has to be 
more than 1.5° and the wind speed must be more than 2 m/s. Finally, the latent heat 
flow and the humidity gradient must be directed the same way. These criteria were 
applied to avoid singularities when calculating CE. A total of 78 runs were selected 
when applying these criteria.  shows the Dalton number plotted versus z/L. 
The mean value among the unstable cases is 1.0·10-3 with a standard deviation of 
0.33·10-3. There are too few stable runs available in this study in order to draw any 
conclusions during stable stratification. 

Figure 17
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Figure 17; The Dalton number, CE, plotted as a function of z/L. The mean value of CE among the 
unstable cases is (1.0±0.3)·10-3. 

4.7.3. Normalized standard deviation of humidity 

The inversed Monin-Obukhov length can be divided into contributions from the 
sensible and the latent heat flux, respectively. 

 3 3
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1 1

q

 (4.2) 

Recent works have showed that the normalised standard deviation of humidity, 
eqn. (3.16), scales better with z/Lq than with z/L (Sempreviva and Gryning 1996). 

 shows that the normalized standard deviations of the moisture scales slightly 
better with z/Lq than with z/L. 
Figure 18

Figure 18; The normalized standard deviations of humidity plotted versus a) z/L and b) z/Lq. Notice the 
slightly better scaling in b). 
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When examining the unstable cases in a log-log-presentation ( ), it is clear 
that the curve follows (-z/L)-1/3 in a certain interval, as predicted in eqn. (3.16). The 
prediction of local free convection seems to be valid for z/L<-0.15.  

Figure 19

Figure 19; The normalized standard deviations of humidity plotted versus -z/L in log-log-presentation. 
The solid line indicates -1/3 slope. 
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5. Summary and conclusions 

5.1. Current study 

5.1.1. Instrument comparison 

As seen in b and c the new LI-COR instrument resolves the high frequency 
moisture fluctuations better than the previous used instrument. The MIUU instrument 
depends on a wet platinum sensor whose response time is rather low and a function of 
wind speed. The wet bulb sensor has to be kept fully moist during the measurements, 
which confines the data set to hours when people are at the site. The low maintenance 
needed for the LI-COR instrument enables longer periods of measurements. Due to 
logistic problems, the present LI-COR data set only contains spot samples of data in 
the period October 2001–January 2002. At the end of the period, the instrument had 
been running unattended for three months. The long-term accuracy of the instrument 
and installation has not been evaluated yet. The windows of the sensors might 
gradually become dirty or covered with salt particles, which probable will affect the 
accuracy. 

Figure 5

5.1.2. Moisture spectra and cospectra of moisture flux 

The scatter between different runs with the same stability is large. There are no 
apparent divisions in the moisture spectra when grouping by stability on the unstable 
side. This thesis is also supported by Figure 7, which shows the frequencies of the 
spectral maxima. The scatter is large near neutral stratification. This is consistent with 
previous results (e.g. Kaimal et al. 1972 for temperature). The data sets contain very 
few stable runs, which makes it impossible to draw any general conclusions for stable 
stratification. 
The high frequency maximum in some cospectra of moisture and temperature is due to 
an increasing importance of smaller sized eddies. The smaller sized eddies will gain 
importance near neutral stratification. 
When studying the spectra of vertical velocity there is an apparent division into 
different bins according to stability in the swell cases (figure not shown). The cases 
with growing sea do not show the same division. This is probably because the cases of 
growing sea are confined to a narrow band of stabilities. The maxima in the velocity 
spectra indicate that the smaller eddies will gain importance as z/L increases. This is 
similar to the results achieved from the cospectra of heat and moisture fluxes. 
The wave state parameter has been included in some studies. It is hard to draw any 
general conclusion since the events of growing sea are confined to the interval 
-0.4<z/L<0. Most of the swell cases have z/L<-0.4 (e.g. see ). Figure 10

5.1.3. Quadrant analyses 

The relative contributions from different quadrants have been studied thoroughly. It 
was shown in Section 4.5 that the structure of the humidity flux is similar to the heat 
flux. When the wave age increases, the moist updrafts become the dominating flux 
component. 

5.1.4. Combining analyses 

The spectral analyses of heat fluxes were combined with the quadrant analyses in 
Section 4.6. The smaller sized eddies of heat dominate the events of warm updrafts 
and the large eddies dominate the cold downdrafts. The relationships shown in 

 are likely to be explained by the fact that the area ratios, Ah4 and Ah2, and the ratio 
Figure 
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between the cospectral maxima depend on stability. The availability of quadrant 
analyses in combination with readings of maxima limits the data set to 36 runs. 

5.2. Future work 
One of the main issues in all research is to isolate the phenomenon, which is the 
subject of the study. In this work, many runs from the data sets had to be excluded in 
order to get undisturbed fetch. The study has been focused on unstable events and 
most data available are in the interval -1< z/L <0. The wave state dependence of the 
Monin-Obukhov length, together with the sparse data with z/L<0, makes it hard to 
draw general conclusions depending on wave state. Another limitation is the use of 
two different instruments, which probably affects the results. 
The continuous measurements at Östergarnsholm are a valuable resource. When the 
complete data set from the past six months becomes available further knowledge of 
the humidity structures can be deduced. The structures during stable stratification can 
be further studied. One interesting approach in future works would be to use another 
wave state parameterisation to categorise events. 
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