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Abstract:

As the land space suitable for wind turbine installations be-
comes saturated, there is a growing interest for offshore loca-
tions. There, available measurements of various environmental
parameters are limited and the physical environment is still
not well understood. Thus, there is a need for readily available
wind speed and direction observations over the ocean and for
a better understanding of the marine atmospheric boundary
layer (MABL). The sea surface temperature (SST) has a direct
impact on the marine atmospheric boundary layer, as the top
few meters of the ocean have the same heat capacity as the
entire atmosphere above. Under conditions of light winds and
strong solar insolation, warming of the upper oceanic layer may
occur.
In this PhD study, remote sensing from satellites is used to ob-
tain information for the near-surface ocean wind and the sea
surface temperature over the North Sea and the Baltic Sea. The
aim is to evaluate their potential use and demonstrate their ap-
plicability within the context of offshore wind energy; for the
quantification of the wind resources and for the identification
of diurnal warming of the sea surface temperature.
Space-borne observations of wind are obtained from scatterom-
eters and Synthetic Aperture Radars (SAR); active microwave
radars that relate radiation backscattered from the sea surface
to wind. Scatterometers are characterized by global spatial
coverage and long temporal availability, while their resolution
is ∼25 km. SARs are characterized by very high resolution,
∼600 m, and infrequent temporal and spatial coverage.
Twice daily wind speed and direction measurements from scat-
terometers are used in the present study for an evaluation of
the wind resources. The spatial spectral properties of wind
fields from scatterometers and SARs, evaluated in this study,
demonstrate that wind information from SAR is more appropri-
ate when small scale local features are of interest, not resolved
by scatterometers.
Hourly satellite observations of the sea surface temperature,
from a thermal infra-red sensor, are used to identify and quan-
tify the daily variability of the sea surface temperature. This is
found to occur from April to August mostly in the Baltic Sea
and the eastern North Sea. Finally, as very often information on
the daily variability of sea surface temperature is not available
from measurements, three models that predict this variability
are applied and compared with the observed warming patterns
from the satellite observations.
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Titel: Offshore vindenergi: vind og overfladetemperatur fra satellit observationer

Division: DTU Vind Energi

Dansk Resumé:

Efterh̊anden som passende steder til vindmøller p̊a landjorden er blevet udnyt-
tet stiger interessen for offshore omr̊adet. Tilgængelige m̊alinger af en række
miljG’Eparametre offshore er begrænsede og de fysiske processer er fortsat ikke
fuldt ud afklarede. Derfor er der bruger for tilgængelig vindhastighed og vin-
dretnings observationer over havet og for en forbedret forst̊aelse af det marine
atmosfæriske grænselag (MABL). Havets overfladetemperatur (SST) har direkte
betydning for det marine grænselag, idet de øverste f̊a meter af havet har samme
varmekapacitet som hele atmosfæren derover. I tilfælde af let vind og stor solar
indstr̊aling vil opvarmning af det øvre lag af havet ske.
I indeværende PhD studie er telem̊alingsdata fra satellitter blevet anvendt til at
f̊a information om vinden nær havets overflade og havets overfladetemperatur i
Nordsøen og Østersøen. Form̊alet er at evaluere disse telem̊alings-observationers
mulige brug samt at demonstrere deres anvendelser indenfor emnet offshore vin-
denergi; for at kvantificere vindressourcerne og for at identificere den daglige op-
varmning af havet.
Satellit observationer af vinden over havet f̊as fra scatterometer og fra Syntetisk
Apertur Radar (SAR). Begge er aktive mikrobølge radarer hvor der er relation
mellem den tilbagespredte str̊aling fra havets overflade og overfladevinden. Scat-
terometere er karakteristiske ved at give global dækning gennem mange år og
deres rumlige opløsning er 25 km. SAR er karakteristiske ved meget høj rumlig
opløsning, 600 m, men mindre hyppig temporal og rumlig dækning. I indeværende
studie er vindhastighed og vindretning m̊alt to gange om dagen fra scatterometer
blevet anvendt til evaluering af vind ressourcerne. Den rumlige spektrale analyse
af vindfelter m̊alt fra b̊ade scatterometer og SAR demonstrerer at SAR er bedst
egnet til at opløse lokale vindfænomener.
Satellit observationer af havets overfladetemperatur fra termisk infra-rød sensor
m̊alt hver time er anvendt til at identificere og kvantificere den daglige variation
i opvarmningen af havets overflade. Der er især fundet episoder mellem april og
august m̊aned i det meste af Østersøen og i den østlige del af Nordsøen. Ofte
mangler der information om den daglige variation af overfladetemperaturen m̊alt
fra satellit, og der er derfor anvendt tre forskellige modeller som kan forudsige
variabiliteten. Resultaterne fra disse modeller er blevet sammenlignet med de op-
varmningsmønstre som er kortlagt fra satellit observationerne.
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Συγγραφέας: Ιωάννα Καράγαλη

Τίτλος: Υπεράκτια Αιολική ενέργεια: Δορυφορικές μετρήσεις ανέμου και επιφα-

νειακής θερμοκρασίας της θάλασσας

Τμήμα: Πολυτεχνείο Δανίας - Τμήμα Αιολικής Ενέργειας

Περίληψη:

Καθώς ο διαθέσιμος χερσαίος χώρος, κατάλληλος για την εγκατάσταση ανεμο-

γεννητριών τείνει να κορεστεί, η τάση για εξάπλωση στο θαλάσσιο χώρο συνεχώς

αυξάνεται. Εκεί οι διαθέσιμες μετρήσεις διαφόρων περιβαλλοντικών παραμέτρων

είναι περιορισμένες και το φυσικό περιβάλλον δεν είναι ακόμα απολύτως κατανοητό.

Υπάρχει λοιπόν μια αυξανόμενη ανάγκη για διαθέσιμες μετρήσεις της ταχύτητας

και διεύθυνσης του ανέμου και για μια καλύτερη κατανόηση του θαλάσσιου ο-

ριακού ατμοσφαιρικού στρώματος. Η θερμοκρασία της επιφάνειας της θάλασσας

έχει άμεση επίδραση στο θαλάσσιο οριακό ατμοσφαιρικό στρώμα καθώς τα πρώτα

μέτρα της υδάτινης στήλης έχουν την ίδια θερμοχωρητικότητα με ολόκληρη την υ-

περκείμενη ατμόσφαιρα. Υπό συνθήκες λιγοστού ανέμου και αυξημένης ηλιακής α-

κτινοβολίας, θέρμανση του ανώτερου θαλάσσιου στρώματος μπορεί να λάβει χώρα.

Στην παρούσα διδακτορική διατριβή, δορυφορικά δεδομένα χρησιμοποιούνται για

την περιγραφή και ποσοτικοποίηση του αιολικού δυναμικού και την ταυτοποίηση

συνθηκών ημερήσιας αύξησης της θερμοκρασίας της επιφάνειας της θάλασσας,

στη Βόρεια Θάλασσα και την Βαλτική. Κύριος στόχος είναι η αξιολόγηση των δο-

ρυφορικών δεδομένων για την πιθανή χρήση τους στο πλαίσιο των μελετών αιολικού

δυναμικού.

Δορυφορικά δεδομένα για τον άνεμο λαμβάνονται με τη χρήση σκατερόμετρων και

ραντάρ συνθετικού διαφράγματος (Synthetic Aperture Radar, SAR). Αυτά είναι ε-
νεργά ραντάρ μικροκυμάτων που μετρούν την ακτινοβολία που ανακλάται από την

επιφάνεια της θάλασσας και η οποία μπορεί να συσχετιστεί με τον άνεμο. Τα

σκατερόμετρα χαρακτηρίζονται από εκτεταμένη χωρική κάλυψη (σχεδόν 90% του

παγκόσμιου ωκεανού ημερισίως) κα μακροχρόνια διαθεσιμότητα, ενώ η χωρική τους

ανάλυση είναι 25 χλμ. Τα SAR χαρακτηρίζονται από πολύ υψηλή ανάλυση, της
τάξης των 600 μέτρων, αλλά πάσχουν από μη συστηματική χωρική και χρονική

κάλυψη.

Μετρήσεις ταχύτητας και διεύθυνσης του ανέμου από σκατερόμετρα, χρησιμο-

ποιούνται στην παρούσα μελέτη για την εκτίμηση του υπεράκτιου αιολικού δυναμι-

κού. Τα χωρικά φασματικά χαρακτηριστικά του αιολικού πεδίου από σκατερόμετρα

και SAR, καταδεικνύουν πώς η χωρική πληροφορία από τα SAR είναι πιο ακριβής
για την περιγραφή χαρακτηριστικών μικρής κλίμακας, τα οποία δεν επιλύονται από

τα σκατερόμετρα.

Ωριαίες δορυφορικές μετρήσεις της θερμοκρασίας της επιφάνειας της θάλασσας

από έναν αισθητήρα υπερύθρων χρησιμοποιούνται για την ταυτοποίηση και πο-

σοτικοποίηση της ημερήσιας αύξησης της θαλάσσιας επιφανειακής θερμοκρασίας.

Αυτή η αύξηση λαμβάνει χώρα κυρίως από τον Απρίλιο εώς και τον Αύγουστο στη

Βαλτική και την ανατολική Βόρεια Θάλασσα. Πολύ συχνά μετρήσεις που αντι-
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κατοπτρίζουν την ημερήσια μεταβολή της θαλάσσιας επιφανειακής θερμοκρασίας

δεν είναι διαθέσιμες. Σε αυτό το πλαίσιο, τρία μοντέλα που προβλέπουν αυτήν

την μεταβολή αξιολογούνται και συγκρίνονται με τις παρατηρούμενες δορυφορικές

μετρήσεις.
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Chapter 1

Introduction

As siting of wind farms moves from land to coastal and offshore locations, there
is an increased need for long, continuous, readily available observations of the
wind over the ocean. The North Sea and the Baltic Sea have, currently, the
highest concentration of operating offshore wind farms in Europe with more under
construction and in the planning phase. In situ measurements, typically preferred
for wind resource assessment studies, are scarce and even when existing may be
private or bounded by confidentiality issues.

The strength of space-borne observations can help overcome issues related with
the lack of observations. Previous studies exist (Christiansen et al., 2006; Hasager
et al., 2005, 2006, 2008, 2011), that demonstrate the applicability of satellite wind
fields for resource assessment. Space-borne instruments provide wind fields at 10 m
above the sea surface, relevant for describing the wind characteristics, validating
Numerical Weather Prediction (NWP) models and for wind resource assessment
at this height.

To obtain information at higher levels, comparable to the offshore wind turbine
hub heights of approximately 100 m, extrapolation of the wind speed is required
and knowledge of the atmospheric stratification is fundamental. Over the ocean,
stratification can be influenced by the diurnal variability of the Sea Surface Tem-
perature (SST), but often this is neglected. Due to the increased heat capacity of
the ocean, the top 2-3 m of the water column have the same heat capacity as the
atmosphere above. In addition, ∼50% of the solar radiation penetrating the ocean
surface is absorbed within the first 0.5 m (Soloviev & Lukas, 2006).
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Light winds and high insolation may cause the trapping of heat in the upper few
meters of the water column, leading to an increase of the temperature that follows
the daily solar cycle, with a time-lag of ∼2-3 hours. Therefore, the temperature of
the sea surface can vary during the course of a day, complicating the interactions
between the atmosphere and ocean. There is a need to increase the availability of
observations over the ocean and quantify the occurrence of warming events in order
to better understand the interactions between the sea surface and the atmosphere
and their impact on offshore wind energy.

Thus, the aim of the present study is to demonstrate the applicability of satellite
observations of the near-surface ocean winds for wind resource assessment and to
improve our understanding of the marine environment by quantifying the diurnal
variability of SST, for large offshore areas where in situ measurements are scarce.

1.1 Offshore Wind Energy

Acknowledging the anthropogenic contribution to the recent increase in concentra-
tions of atmospheric greenhouse gases, mainly through the consumption of fossil
fuel for energy production, has led in a shift towards more environmental friendly
sources of energy. In addition, the realization that fossil fuel is limited and de-
posits will eventually be exhausted, is the driving force behind policies that support
sustainable energy sources, that meet today’s energy consumption needs without
compromising the future generations’ resources. Renewable energy is extracted
from natural resources such as the sun, the wind, the tides and waves that are
naturally restored. Wind energy is currently one of the fastest growing sources of
renewable energy.

The Global Wind Energy Council (GWEC) in its global wind report states than
in 2010 the global installed wind power capacity increased by 24.1% (GWEC,
2010). Moreover, during 2010 in the EU the annual offshore market increased by
approximately 51% compared to 2009 and accounted for 9.5% of all the capacity
additions. Archer & Jacobson (2005) showed that offshore stations experience
mean wind speeds at 80 m above the sea surface that are, on average, 90% higher
than over land. Northern Europe is one of the leading regions in operating offshore
wind farms, having currently more than 25 in operation mode, more than 10 under
construction and many under the planning stage. For an overview of the locations,
see Figure 1.1. For more details see http://www.4coffshore.com/offshorewind.

Planning an offshore wind farm requires finding the optimal location that satisfies
different requirements.

http://www.4coffshore.com/offshorewind
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Figure 1.1: Map of the largest offshore wind farms operating, under construc-
tion and in the planning phase in North Europe. A list of the wind farms and
their co-ordinates and operating status is available in Appendix A.

� Suitable wind resources are essential and they are evaluated with the use of a
wind atlas. Such an atlas examines wind speeds at various heights, including
turbine hub heights according to the current and near-future technology.

� Water depths are required to be within some range that permits bankable
foundation costs.

� Accessibility to and cost-effective grid connection.

� Finally, no preservable natural or cultural heritage value as in this case no
permission will be granted.

After the permission is granted, monitoring of the wind resource during the con-
struction and operation phases usually takes place. Moreover, short term forecast-
ing is performed with the use of NWP models, to estimate the energy production
in a day-to-day basis.
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1.2 Wind Resource Assessment

The wind resources are evaluated through an assessment study that will result in
the composition of a wind resource map or a wind atlas, with detailed information
on prospective sites for the installation of wind farms. Typically, such maps are
based on in situ measurements of wind speed and direction. Over the ocean, such
measurements are available at limited locations due to inflated costs for installation
and maintenance of the in situ instrumentation. Depending on the accuracy of the
measurements and their spatial extend, the wind resource maps can be of low or
high detail. Low accuracy maps are mainly used for an initial evaluation of the
wind climate and to highlight areas or locations that may show a high potential
and where more accurate measurements should be obtained, in order to make a
detailed wind resource assessment. In situ observations are usually acquired with
the installation of meteorological towers, also known as masts or met. masts, that
are equipped with various instruments at multiple heights.

Parameters to be measured for an accurate wind resource assessment are the wind
speed and direction. Modern wind turbines have hub heights of more than 80 m
and rotor diameters of 90 m or more. In situ measurements are very rarely available
at multiple heights or exceeding 60 m as met. masts are not cost effective above
a certain height. Knowledge of the vertical wind profile is of extreme interest as
it describes the wind speed at various heights relevant for the wind turbine. Such
profiles are usually acquired by extrapolating measurements from heights with
available measuring instrumentation to other levels, a process that also requires
air temperature, pressure and humidity measurements.

Extrapolation can be performed with the implementation of the diabatic wind
profile expression (Stull, 1988) (Eq. 1.1).

u =
u∗
κ

[
ln

(
z

z0

)
−ΨM

]
, (1.1)

In this formulation, u is the wind speed at some height z, u∗ is the friction velocity,
κ the von Kármán constant (∼0.4) and z0 is the surface roughness. The term ΨM

accounts for atmospheric stratification, i.e. the stability of the atmosphere between
the two heights of interest. For the offshore sites, water temperature measurements
at some depth are also acquired and are used for the extrapolation of measurements
when aiming to obtain a detailed vertical wind profile.

But it is the top of the water column that is in contact with the atmosphere. The
temperature there, namely the SST, holds a fundamental role in the stratification
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of the lower atmospheric levels. Low winds and strong solar heating are favourable
conditions for warming of the very top layer of the sea surface. Such conditions
can cause rapid increase of the SST even within a few hours and may have an
impact on the stratification of the overlying atmosphere. This increase may occur
in just the first few top meters of the water column and is very often not “felt” by
temperature sensors at some depth, e.g. ∼3 or 4 m. More detail on the impact of
SST on stratification and the vertical wind profile follows shortly.

For wind resource assessment, the wind speed frequency distribution is of interest.
At least one year of site specific, frequent - typically 10 minute- measurements are
required in order to calculate an accurate annual wind speed frequency distribution
f(u). This may also be sufficiently described by the Weibull distribution (Troen
& Petersen, 1989). The two parameter Weibull function (Equation 1.2) is fitted to
measurements through the estimation of the scale (A) and shape (k) parameters
that provide the best fit. The scale parameter is associated with the mean wind
speed while the shape parameter is an indicator of the width of the distribution.
Very narrow distributions show that the wind speed is mostly contained within a
narrow range.

f(u) =
k

A

( u
A

)k−1
exp

[
−
( u
A

)k]
(1.2)

The mean wind speed U (Equation 1.3) and the wind power density E (Equa-
tion 1.4) can be also estimated from the Weibull function with known A and k
parameters.

u = AΓ

(
1 +

1

k

)
(1.3)

E =
1

2
ρA3Γ

(
1 +

3

k

)
(1.4)

Where ρ is the air density (assumed to be constant and ∼1.225 kg m−3 at 10 �), u
is the wind speed and Γ is the gamma function. Especially the wind power density,
is a measure of the energy that can be extracted from the wind and it can also be
estimated directly from the time-series of wind speed observations, as in Equation
1.5.

E =
1

2
ρu3 (1.5)
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The wind speed frequency distribution allows to identify the frequency of occur-
rence of different wind speed thresholds and this is important as wind turbines
operate within certain wind speed ranges. The cut in speed is defined as the
threshold, usually in the range between 3 and 4.5 m s−1, below which no power
will be produced. The rated speed is that at which the maximum possible power
is produced (11-16 m s−1). A cut-out speed is also established, above which the
turbine must be stopped from turning (20-36 m s−1).

The final product of the wind resource assessment is the wind atlas, containing
wind resource maps but also time series of wind speed and direction observations
and wind speed frequency distributions. Atlases are typically provided for various
atmospheric levels, relevant for wind turbines, often between 30 m and 100 m.
Climatological wind atlases are composed of averages over longer periods, of few
decades and they are typically estimated for a standard height of 10 m above the
surface.

Offshore measurements: how can satellites help?

While the installation of met. masts on land is a rather common practise, such
structures become very expensive to install and maintain at offshore sites. Thus,
wind speed and direction measurements offshore are difficult to obtain. Satellite
observations of near surface wind are expected to help mitigate this issue, as
nowadays there exist relatively long and continuous records that are typically
available twice every day. Such datasets can be useful for the initial wind resource
maps, as information is available over extended areas. Wind speed frequency
distributions and time series can be extracted from satellite wind records, aiding
the prospective site selection process. Moreover, satellite observations can be used
to create or validate the climatological wind atlases and to examine the spatial
variability of the wind field in relation to various wind speed thresholds of interest.

As the reference height is standardised to 10 m above the surface, space-borne
observations of wind can not be very helpful to determine the vertical wind profile.
For this, in situ observations of temperature, pressure and humidity are required
so extrapolation to higher levels can be performed. For the implementation of
extrapolation techniques, SST observations from space can be used when water
temperatures are required to accurately describe the temperature of the surface
in contact with the atmosphere. Often, short term forecasting is performed for
the large offshore wind farms. Satellite observations of wind can be used to test
various model set-ups. Finally, both wind and SST observations from space can
be assimilated in the NWP models.
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SST and the vertical wind profile
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Figure 1.2: The shape of the diabatic wind profile for different stability cases,
i.e. different air-sea temperature differences.

Using the formulation for the diabatic wind profile one can visualize the impact
of the varying SST on the wind speed at 100 m. Considering a constant air
temperature at 100 m (Tair) and a constant friction velocity u∗, SST is allowed
to range from 1° lower to 4° higher than the Tair. Using Equation 1.1, the wind
speeds u at 1 m, 3 m, 6 m, 10 m, 20 m, 40 m, 60 m, 80 m and 100 m above the
surface are estimated. Figure 1.2 shows the wind profiles for the different SSTs.
When the SST is lower than the Tair (stable stratification), u at 100 m is higher
than when the SST is equal (neutral) or higher (unstable) than Tair.

Assuming that the conditions are neutral, which is very often the case over the
sea, an increase of the SST of 2° will cause an 8% decrease of the u100m while a
4° SST increase will drive an 11.5% decrease of the u100 m, when compared to the
neutral case. If the wind power density is estimated from Eq. 1.5 for using just 1
value for u instead of an average, then there will be a 22% and 30% decrease in
the estimates for an SST increase of 2° and 4°.

Example: Using SST and bulk sea temperature when extrapolating wind
speed measurements

In the following, extrapolation of the available 15 m wind speed measurements
from a cup anemometer to a height of 100 m, typical for offshore wind turbine
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Figure 1.3: a) Measured air and sea temperatures at Horns Rev on the
04/07/2006. SST refers to satellite derived temperatures and T -4 m is the
temperature from a sensor located at that depth. T 13 m is the air tempera-
ture from a sensor at that height. b) Measured wind speed at 15 m (blue) and
extrapolated wind speeds at 10 m (solid) and 100 m (dashed), always using the
T 13 m for the air temperature and either the T -4 m (black) or the SST (red)
for the sea temperature.

hub heights, is performed. It illustrates the impact of SST versus bulk water
temperatures. Air temperature measurements are available at 13 m, while water
temperature measurements are available at -4 m and at the surface (SST). The

surface roughness parameter z0 is described from Charnock (1955) (z0 = 0.015u
2
∗
g ),

where g is the gravitational acceleration. A value for z0 equal to 0.0144 is assumed,
according to Sathe et al. (2011). The extrapolation is performed using Equation
1.1.

Figure 1.3a shows the daily variability of the sea temperature at the surface (red
line) and at -4 m (black). Moreover, in combination with Figure 1.3b, it illustrates
the impact of low wind on the diurnal warming of SST. The measured wind speed
at 15 m (Figure 1.3b, blue line) shows a decrease from 6 o’clock, at which time the
SST starts to increase. As the wind speed constantly decreases, SST increases 3.7
� from its 6 o’clock value. The wind speed minimum observed at 14:00 is followed
by an increase forcing the SST to decrease due to mixing.

Figure 1.3b illustrates the impact of i) using the sea surface temperature instead
of a depth temperature and ii) properly resolving the diurnal cycle of SST, when
extrapolating wind speed measurements to various heights. The black curves show
the temporal variability of wind speed at 10 m (solid) and 100 m (dashed) when the
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extrapolation from the 15 m measurement is performed using the sea temperature
at -4 m. To the contrary, if the SST is considered instead of the temperature at
a depth, the extrapolated wind speeds at 10 m and 100 m are reproduced by the
red lines.

One can immediately see that there are differences between the extrapolated wind
speeds at both the 10 m and 100 m level. Especially for the warming period
between 09:00 and 14:00, the maximum differences at 10 m is less than 0.1 m s−1

but it reaches to 6.5 m s−1 at the height of 100 m. While the air temperature and
the SST significantly increase during the daytime, the -4 m temperature varies by
less than 1�within the course of a full day.

This drives a very large air-sea temperature difference when the -4 m temperature
is considered. This is unrealistic, as the surface is decoupled from the water below,
while it is the SST that drives the atmospheric stratification. The biases are small
close to the surface and to the measurement height of 15 m but they become large
at turbine hub-heights.

The example above demonstrates the interaction between the lower atmosphere
and the upper ocean. With persistently low enough winds, the mixing that dis-
tributes heat in the upper water column is blocked. That forces an increase of the
sea surface temperature, the peak of which is time-aligned with the wind minima.
Immediately after that, the wind starts to increase and the temperature decreases.

Moreover it highlights the importance of properly resolving the daily SST cycle in
the context of extrapolating wind speeds from measurement heights to different at-
mospheric levels. This can be achieved either through frequent SST measurements
or with the implementation of simple models that can predict diurnal warming.
The temperature predictions from such models can be superimposed on bulk water
temperature measurements, if SST observations are not available. Moreover, these
models can be implemented in NWP models that use bulk temperature fields in
order to resolve the daily cycle.

This example also shows the occurrence of diurnal warming which forces the de-
coupling of the upper few meters of the sea surface from the water below. Finally,
it allows the identification of a near surface wind speed threshold of 5 m s−1 (note
that this is above the cut in threshold for wind turbines) below which warming of
the sea surface starts under clear sky conditions, due to the lack of vertical mixing.
The aforementioned phenomena are explored and quantified in the present study
for the Northern European Seas, with the use of satellite observations.
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1.3 Satellite Data

Remote sensing from space provides frequent, high resolution observations of var-
ious environmental parameters on a global scale. The parameters under inves-
tigation are derived through the intensity and the frequency distribution of the
radiation received by the satellite sensor. The radiation received by the sensor
has three basic sources, the reflected solar radiation, the emitted blackbody ra-
diation and the energy emitted from satellite radars and backscattered from the
surface. Satellite data are being used in many applications ranging from weather
prediction, storm tracking and aerosol measurements to ship route monitoring.

Radiation from the ocean is received in three bands of the electromagnetic spec-
trum; the infra-red, visible and microwave bands. In the infra-red band, blackbody
radiation is emitted from the top few micrometers of the sea surface (Martin, 2004).
In the microwave band, observations are divided in passive and active observations.
In passive observations, the reflected solar radiation and blackbody radiation are
received by the sensor. Active microwave observations originate from active radars
that send pulses towards the Earth’s surface and measure the backscattered signal.

Both passive and active microwave observations are used to derive ocean near-
surface winds. Passive instruments include the Special Sensor Microwave/Imager
(SSM/I), the TRMM Microwave Imager (TMI) and Advanced Microwave Scanning
Radiometer-EOS (AMSR-E) that provide wind speed. Wind vector, i.e. wind
speed and direction, information from satellites is currently provided by active
radars, known as scatterometers. The main principle of function is to transmit
radiation towards the ocean surface and measure the signal backscattered due
to the small scale waves (in the order of 2 cm). Extended studies have related
the backscattered signal to the surface stress and developed algorithms to related
this to wind speed (for more information see Chapter 2.1). In addition, with
a similar principle of function as the scatterometer, Synthetic Aperture Radars
(SARs) are active radars that measure the backscattered signal but only wind
speed measurements can be retrieved.

SST is measured from space with the use of microwave and infra-red radiometers.
The operating principle is based on measuring the brightness temperature, i.e. the
equivalent blackbody temperature, in the microwave and thermal infra-red bands
of the electromagnetic spectrum. The signals registered from the detectors are
electronically processed and a variety of surface and atmospheric parameters are
estimated, including SST.

Due to the relatively long time period of available observations; up to 10 years
for the twice daily surface winds from scatterometers and 7 years for the hourly
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SST fields from an infra-red sensor, and the extended spatial coverage, satellite
observations are considered a valuable source of information for the description of
the wind and SST over large areas. For this reason, they are chosen in the present
study to describe the wind field characteristics and quantify the diurnal warming
of SST in the North Sea and the Baltic Sea.

Studies using satellite observations have attempted to explain the mechanisms by
which near surface wind and SST interact, mainly in the Tropics. The increase of
wind over an area with warm SST has been attributed by many to the buoyancy
instability and the mixing. Chelton et al. (2001) have found observational evidence
of ocean-atmosphere coupling in the eastern Tropical Pacific.

Chelton et al. (2004) used satellite observations of winds and SST to examine small
scale features in ocean winds. They attribute much of the small-scale variability
in the wind stress field to SST modification of the low-level winds, through air-
sea heat fluxes. Recently, large horizontal variations in surface wind speed near
meandering SST fronts, have been noted by O’Neill et al. (2010) in the mid-
latitudes. Stronger wind speeds were recorded over warmer water and weaker
wind speeds over cooler water.

Sweet et al. (1981) suggested that the observed wind variability across the SST
front of the Gulf Stream was due to increased turbulent mixing driven by the
stability change forced by the SST change across the front. Jury (1993) observed
increased wind stress and surface heat fluxes across an SST front. Xie (2004)
discussed the local and shallow atmospheric response on the vicinity of varying
SST over the cool oceanic part.

In the North Sea and the Baltic Sea, the diurnal warming of the sea surface may
give rise to situations mentioned in the studies above, where a warm SST anomaly
may give rise to instability that will force increased near surface wind speeds. The
present study will focus on quantifying the involved parameters, i.e. ocean surface
winds for wind resource assessment and the diurnal SST cycle with the use of
satellite observations and it is structured as follows.

1.4 Structure

The thesis consists of two parts. The synopsis is a collection of information that
will guide the reader through the main applications of satellite near surface winds
over the sea and SST. The second part is a collection of manuscripts published
and submitted to scientific journals, where the reader will be referred to, for all
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the background information.

Twice daily satellite observations of surface winds at 10 m from the QuikSCAT
scatterometer over the period 1999-2009, are compared with available in situ obser-
vations from meteorological masts erected for wind energy related purposes. The
scatterometer wind fields are then used to describe the average wind field, to eval-
uate the seasonal and spatial wind variability and for comparisons with re-analysis
fields from NWP models. SAR wind retrievals are processed with various resolu-
tions and are spectrally compared with the QuickSCAT wind product. The aim
is to evaluate the different spatial resolutions of the satellite wind products and
describe their spectral properties. The relevant results are presented in Chapter
2.

In Chapter 3 hourly satellite observations of SST over the period 2004-2009, are
validated against in situ measurements. They are then used to demonstrate that
diurnal variability does occur in the Northern European Seas and evaluate its
amplitude and occurrence. Finally, various parametrization models for the diurnal
cycle of SST are applied and compared with the satellite observations.

Discussion related with the applicability of scatterometer winds for offshore wind
energy purposes and the identification of diurnal warming events in the North Sea
and the Baltic Sea can be found Chapter 4. A short summary of the study and
the main conclusions are presented in Chapter 5. Finally, recommendations for
future investigations that have emerged from the analyses performed during the
present study are available in Chapter 6.

Results related to the objectives of this PhD study have been collected in the form
of manuscripts. These are referenced in the first part of the thesis and attached
at the end of the synopsis. The first three manuscripts listed below are related
to the applicability of scatterometer winds for wind resource assessment purposes
and the latter two, with the diurnal variability of SST through hourly satellite
observations and modelling.

1. “Wind characteristics in the North and Baltic Seas” submitted to Wind
Energy.

2. “Spatial and temporal variability of winds in the Northern European Seas”,
draft manuscript, to be submitted to Renewable Energy.

3. “Spectral properties of QuikSCAT and ENVISAT ASAR wind fields in the
North Sea”, draft manuscript, to be submitted to Geophysical Research
Letters.



1.4 Structure 13

4. “SST diurnal variability in the North Sea and the Baltic Sea” accepted in
Remote Sensing of Environment, in press.

5. “Observations and modelling of the diurnal SST cycle in the North and
Baltic Seas”, draft manuscript, to be submitted to Remote Sensing of Envi-
ronment.

During the PhD study, manuscripts appearing in journals or in Proceedings, but
not referenced in the study are:

1. Hasager, Charlotte Bay; Badger, Merete; Astrup, Poul; Karagali, Ioanna
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Chapter 2

Near-surface Ocean Wind

2.1 Scatterometry from Space

Scatterometry is the technique by which a microwave radar pulse is transmitted
towards the Earth’s surface and the reflected energy is measured. The backscat-
tered signal is then determined by subtracting the noise signal (arising from the
instrument noise and the natural emisivity of the atmosphere-earth system at the
frequency of the radar pulse) from the total measured reflected energy to finally
estimate the normalized radar cross section σ0. Currently, radar scatterometers
are most widely used to obtain near-surface wind vector information over the ocean
from space-borne platforms.

The small scale waves generated by the wind on the ocean surface are assumed to
be the driving force for the scattering of the radar signal over the ocean. Thus the
fraction of the radar signal backscattered to the instrument is a function of the
near-surface ocean wind velocity, relative to the orientation of the instrument. To
derive information about the wind velocity from the normalized radar cross sec-
tion, the relationship between the two, also known as Geophysical Model Function
(GMF) must be known. GMFs have an empirical form and during the decades of
scatterometer applications, several GMFs have been developed and are constantly
modified to improve the accuracy of the retrieved winds.

The empirical form of the GMFs has been relying on the correlation of the mea-
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Figure 2.1: Scattering geometry sketch from Naderi et al. (1991).

sured σ0 at a location with in situ wind velocity observations. The general form
of GMFs, as given in Naderi et al. (1991) is

σ0 = f (|u| , ξ, ...; θ, f, pol) (2.1)

where |u| is the wind speed, ξ the azimuth angle between the wind vector and
the incident radar pulse (χ in Figure 2.1), θ is the incidence angle of the radar
signal measured in the vertical plane, f is the frequency of the radar signal and pol
its polarization. The term ... accounts for non-wind variables such as long waves,
stratification and temperature, the effects of which are considered small (Naderi
et al., 1991).

A single σ0 measurement is not sufficient to determine both the wind speed and
direction, thus more measurements are required from different azimuth angles.
To obtain these multiple σ0 measurements, more than one beams are required.
Each σ0 measurement, also known as “footprint” corresponds to a cell of geome-
try depending on the scatterometer characteristics. Multiple nearly-simultaneous,
space-collocated σ0 measurements are averaged in cells called Wind Vector Cell
(WVC) with dimensions depending on the mission specifications.

Thus, for a given area of the ocean surface multiple radar backscatter signals are
obtained. Using a maximum-likelihood estimation (MLE) to determine the set of
wind speed and direction that maximize the probability of the measured σ0, the
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wind velocity can then be determined, during what is called the wind inversion
process. Typically, this results in more than one solutions with extreme MLE
values, referred to as “ambiguities”, that correspond to almost the same wind
speed but different wind directions. The extreme of the extrema is then chosen as
the “best” estimate.

Sources of error

Some of the physical parameters known to affect the backscattered signal are rain,
currents, sea surface temperature and the atmospheric stratification. Hilburn et al.
(2006) stated that rain changes the ocean surface roughness, backscatters the radar
pulse and reduces its transmission through the atmosphere. Ku-band instruments
are more sensitive to rain than the C-band ones.

SST influences the viscosity of the upper water layer, in contact with the atmo-
sphere, where the wind stress is applied. Higher (lower) SST results in lower
(higher) viscosity, which for a certain wind speed causes more (less) wind stress
therefore more (less) surface roughness. Thus, higher (lower) SST will cause more
(less) backscattering, the scatterometer will record higher (lower) σ0 values and
the derived wind speed will be higher (lower). Moreover, SST party adjusts the
atmospheric stratification which also affects the backscattered signal. Under very
stable conditions, the surface winds are decoupled from the higher layers and tend
to be lower, thus the surface stress is lower and also σ0 is lower. But the atmo-
spheric stability also defines if there is any discrepancy between the scatterometer
derived wind speed and the “surface truth” (see Section 2.1, The Equivalent Neu-
tral Wind).

Since the scatterometer receives the backatter signal from the sea surface, the
derivation of surface stress will be relative to the sea surface. Strong currents
can contaminate the wind velocity measurement. Halpern (1988) measured higher
(lower) stresses when the wind and current were in opposite (same) direction.
Dickinson et al. (2001) used measurements from the Tropical Atmosphere Ocean
(TAO) buoy array and found that NSCAT measured the stress relative to the
moving ocean surface and that when the current and wind had the same (opposite)
direction, the scatterometer speed was expected to be lower (higher) than in situ
wind speeds.

As stated in Hoffman & Leidner (2005), light winds can pose a problem for the
wind retrieval as in such cases the ocean surface is very smooth and acts more as
a reflector rather than a scatterer. Very high winds can also be problematic as
the buoy and modelled data used to calibrate the GMFs under-represent very high
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winds.

The range of applications for scatterometer winds is wide, including storm tracking,
climate studies, air-sea interactions, propagation of polluted air masses, CO2 fluxes
(Boutin et al., 2009), assimilation in Numerical Weather Prediction (NWP) models
and commercial applications, like ship route monitoring and recently wind energy.
An overview of the progress in scatterometry applications can be found in Liu
(2002).

Missions

The first operational space-borne wind scatterometer was the Seasat Scatterom-
eter (SASS), launched in 1978 and sponsored by the National Aeronautics and
Space Administration (NASA) of the United States. It operated at the Ku-band
frequency (14.6 GHz) and provided data for 105 days. More than a decade later,
in 1991, the European Space Agency (ESA) launched the first European Remote
Sensing (ERS)-1 satellite which failed in the year 2000. The Advanced Microwave
Imager (AMI) on board ERS-1 operated at 5.3 GHz (C band), allowing for a low
resolution scatterometer mode and a high resolution SAR mode.

ERS-2 was launched in 1995 and in 1996, the NASA Scatterometer (NSCAT)
was launched on board the Advanced Earth Observing Satellite (ADEOS) mission
of Japan. In 1999, NASA launched the SeaWinds scatterometer onboard the
QuikSCAT platform while in 2002, NASA in collaboration with the National Space
Development Agency of Japan (NASDA) launched another SeaWinds instrument
on board the Midori-II (ADEOS-II) satellite, with which communication was lost
as of October 2003.

ESA launched the Advanced Scatterometer (ASCAT), a C-band instrument on-
board the MetOp platform in 2007. Most recently, the Indian Space Research
Organization (ISRO) launched Oceansat-2 in the 23rd of September 2009, carry-
ing a Ku band scatterometer with a swath of 1400 km.

Throughout the years of scatterometer space missions, the geophysical model func-
tions have evolved as more scatterometer measurements were available and more
validation studies were performed. The SASS-2 GMF was developed by Wentz et
al. (1984), using the statistics from 3 months of SASS measurements and a mean
global wind speed from a climatology.

When the ERS-1 was launched, due its different operating frequency compared to
the SASS, a new type of GMF was required. Several campaigns collected data to
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relate σ0 from air-borne instruments with in situ observations from research ships
and buoys, resulting in the pre-launch CMOD2 GMF (Offlier, 1994). The oper-
ational ERS-2 CMOD4 function was developed by Stoffelen & Anderson (1997),
using satellite derived σ0 and 10 m winds from the European Centre for Medium-
Range Weather Forecasting (ECMWF) analysis.

Hersbach et al. (2007) released the CMOD5 function to correct for deficiencies
in the CMOD4 version, fitting measurements of extreme backscatter and winds,
obtained from aircraft and in situ data. Hersbach (2010) developed the CMOD5.N
version tuned to wind at 10 m above the surface assuming neutral atmospheric
stratification,

The NSCAT mission resulted in a new GMF, based on the correlation of the
radar backscatter with modelled winds from ECMWF and SSM/I wind speeds,
as described in Wentz & Smith (1999). The SSM/I GMF was based on a model
for the brightness temperature of the ocean and the atmosphere above, which is
calibrated using buoy and radiosonde data as described in Wentz (1997).

The Equivalent Neutral Wind (ENW)

The GMFs resulting from the SASS scatterometer in the Ku band of the elec-
tromagnetic spectrum, related σ0 to the wind at 10 meters above the sea surface
assuming a neutral atmospheric stratification. This is known as the ENW (Liu &
Tang, 1996). To get the ENW, observations from buoys are used to estimate the
friction velocity using the observed stability. The friction velocity is then used to
estimate the 10 m wind assuming a neutral atmosphere. Finally, this 10 m wind is
related to the observed σ0. The GMFs of the CMOD family refered to non-neutral
winds until CMOD5.N which is currently being used for the ASCAT scatterometer
(Hersbach, 2010).

The stratification between the sea surface and the first 10 m is not always neutral,
and depending on the conditions the ENW may be an overestimated (if unstable)
or underestimated (if stable) version of the true wind. Brown et al. (2006) found
that the globally averaged 10 m neutral winds from the ECMWF were 0.19 m s−1

stronger than the standard 10 m ECMWF winds and concluded that the marine
boundary layer is overall slightly unstable.



20 Near-surface Ocean Wind

2.2 QuikSCAT

The SeaWinds scatterometer on board NASA’s QuikSCAT platform, hereafter
named QuikSCAT, was the first scatterometer to operate for many consecutive
years. It provided valuable, consistent and frequent observations of the global
ocean both in terms of speed and direction. QuikSCAT was launched in June
1999 with a design life-time of 3 years, as a quick recovery mission to fill the gap
from the loss of NSCAT. The scatterometer’s antenna failed rotating on the 23rd
of November 2009, far exceeding the design life-time.

At an altitude of 803 km, QuikSCAT completed each orbit in approximately 101
minutes, ascending in the morning and descending in the afternoon (see Figure
2.2 for an example). With a wide swath of 1800 km it covered 90% of the global
ocean each day. The SeaWinds scatterometer, onboard QuikSCAT, was an active
microwave radar operating at 13.4 GHz (Ku band), radiating microwave pulses
through a 1 m diameter antenna, and measuring the power of the signal returning
back to the instrument. The σ0 “footprint” cell had dimensions of 25·37 km and
the averaging area, the Wind Vector Cell was a square box of 25·25 km.

Note that, each σ0 “footprint” cell, also called “the egg”, consists of 12 slices. σ0
is calculated for both the full “egg” and for each of the 8 inner slices. This means
that SeaWinds measures σ0 at a variety of sizes, i.e. the “footprint”, the inner
slices and a variety of “footprints” composed of combinations of slices. For more
information, see Martin (2004). Backscattered signals were received from the sea,
land and ice but the scattering processes over land and ice are different than those
over open ocean. Therefore, the scattering from land and ice can contaminate the
WVC and needs to be identified and removed. For this reason, a land and sea ice
mask is applied and σ0 measurements falling over this mask are not included in
the WVC.

The mission was managed by the Jet Propulsion Laboratory (JPL), operational
products were produced at the National Oceanic and Atmospheric Administration
(NOAA) for the international meteorological community and were released Near-
Real-Time (NRT), i.e. within 3 hours of the data collection. More information can
be found in http://winds.jpl.nasa.gov/missions/quikscat/index.cfm. The mission
requirements were i) an rms of 2 m s−1 for a wind speed range between 3-20 m s−1

and 10% within the 20-30 m s−1 range and ii) an rms of 20° for the direction within
the wind speed range 3-30 m s−1. Science products were distributed through the
Physical Oceanography Distributed Active Archive (PO.DAAC). More information
on the science data products can be found in JPL (2006).

Different scientific groups applied different GMFs and methodologies for the wind

http://winds.jpl.nasa.gov/missions/quikscat/index.cfm
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Figure 2.2: Examples of the ascending, in the morning (top) and descending,
in the afternoon (bottom) swath modes of QuikSCAT. The example is from
the 4th of July, 2006 like the measurements from Figure 1.1a. Note the low
wind speeds in the North Sea. Images are courtesy of RSS.
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Figure 2.3: Graphical representation of the scanning geometry of the Sea-
Winds scatterometer on the QuikSCAT platform. The darker areas are covered
by four looks of the antenna beams, while the light areas by two looks. Taken
from Martin (2004).

retrieval, resulting in a variety of different products. Some of these products are be-
ing reprocessed when new, improved GMFs are released. The initial GMF was the
NSCAT-2 but from 2000 to 2006 JPL derived wind velocity from QuikSCAT using
the QSCAT-1 GMF (PO-DAAC, 2001), developed during the calibration/validation
phase. From 06/2006 and afterwards, they used the QSCAT-1/F13, recalibrated
for wind speeds above 16 m s−1 using speeds from SSM/I 13. The Dutch Meteo-
rological Institute (Koninklijk Nederlands Meteorologisch Instituut (KNMI)) has
processed data using the NSCAT-2 GMF for the Ocean & Sea Ice Satellite Appli-
cation Facility (OSI SAF). They also applied a rather different methodology for
the ambiguity removal and selection of the “best” solution for the WVC. RSS has
been releasing swath and gridded QuikSCAT data using a family of descendants
from the NSCAT-2 GMF, named Ku-2000, Ku-2001 and recently Ku-2011.

In addition to the different GMFs used to derive winds, various products exist
ranging from the σ0 observations time-ordered and earth-located (Level 1 (L1)),
ocean wind vectors in a swath grid (Level 2B (L2B)) and gridded ocean wind
vectors (Level 3 (L3)). The data set used in the present study has been processed
with the Ku-2001 GMF which is a descendant of the NSCAT-2 GMF, itself being
an improved version of the NSCAT-1 GMF (Wentz & Smith, 1999). For this
product, σ0 values are mapped to a 0.25° Earth grid. The data and documentation
are available from RSS (see http://www.ssmi.com/qscat/qscat browse.html).

http://www.ssmi.com/qscat/qscat_browse.html
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2.3 Synthetic Aperture Radar (SAR)

Side looking SARs also transmit microwave pulses and receive the backscattered
signal from a surface, similar to the scatterometer. The difference is that, using
a variety of techniques, the return signal from a large area is separated in the
contributing signals from many small areas. The relative changes in the backscat-
tered signal are displayed as an image, where darker areas correspond to lower
backscattered signals and brighter signals, to stronger backscatter (Martin, 2004).

The high spatial resolution of SAR is of great importance for various applications
as a wide variety of surface phenomena can be displayed. Examples are ocean
swell, surface slicks, internal waves and sea ice (Martin, 2004). Meteorological
phenomena that can be visualized, after wind retrieval has been performed are
island and mountain wakes, gap flows, synoptic fronts and lows, meso-scale lows,
convection, coastal barrier jets (Beal et al., 2005) and offshore wind farm wakes
(Christiansen & Hasager, 2006; Hasager et al., 2006).

Depending on the signal processing, the resolution can be very high, in the order
of meters. Also, for the operating frequencies of SAR instruments, from 1 up to
9 GHz, the atmosphere is almost transparent except for heavy rain. For frequen-
cies less than 1 GHz, radar signals are affected by absorption and reflection in
the ionosphere, by terrestrial sources of radiation and by galactic radiance. At
frequencies higher than 10 GHz, the signal is affected by atmospheric absorption
(Martin, 2004).

SAR instruments consist of two parts; the antenna and the memory or “echo store”.
They depend on the spacecraft’s motion to generate an image and have very large
antennas; typical dimensions are 10 m in the along track and 2 m in the cross track
direction. The antenna looks at the side of the spacecraft, at incidence angles
ranging between 20° and 50°. It consists of many transmitter/receiver modules,
distributed over the area of the antenna, in what is known as an active phased
array. The cross track resolution is determined by the pulse length while the along
track resolution depends on the azimuth angle (azimuthal resolution). SARs can
achieve an optimum azimuthal resolution of half the antenna length.

Such resolutions are achieved due to the “echo store”, that stores the amplitude
and phase of each radar pulse backscattered from a small surface, forming what
is known as a coherent radar. Thus every point that has been illuminated by a
radar pulse, has a unique record of information stored. If the relative positions of
the surface elements do not change during the illumination period, then a compu-
tationally expensive processing of the pulse sequence takes place to produce the
high resolution image (Martin, 2004).



24 Near-surface Ocean Wind

SARs operate in different modes; the Standard mode has a 100 km swath and a
typical resolution of 25 m. The ScanSAR mode has a wider swath, between 350
and 500 km and a lower resolution of 75-150 m. In order to reduce random noise in
the SAR imagery (speckle) and effects of long-period oceanic waves, which affect
the radar incidence angle, it is necessary to average the pixels to approximately
500 m before wind retrievals are performed. Note that these resolutions are far
higher than the typical 25 km scatterometer ones. Routine wind retrievals from
SAR are not performed by the space agencies. The processing of radar backscatter
to wind speed must be performed by the data users.

A basic difference is that SARs operate with one viewing angle therefore multi-
ple wind speed and direction measurements correspond to one σ0 value thus no
ambiguity selection can be performed only based on the SAR data. An a priori
knowledge of the wind direction is required during the wind retrieval, to derive the
wind speed. This requirement introduces errors in the derived wind speed that de-
pend on the source of the wind direction input. Such inputs can be obtained from
NWP models, scatterometers, in situ measurements (improved accuracy (Chris-
tiansen et al., 2006)) or from streak features in the SAR images that are assumed
to be approximately aligned to the wind direction.

Missions

Like the first operational scatterometer, the first operational SAR at 1.3 GHz,
was on board NASA’s SEASAT mission. In 1991, the Soviet Union launched a
SAR instrument on the ALMAZ satellite, a mission that lasted 1.5 years. ERS-1
and ERS-2 had AMI, operating at 5GHz and with three modes, the SAR Image
and Wave modes and the wind scatterometer mode. The Japanese Earth Remote
Sensing (JERS)-1 platform carried a SAR instrument and the mission lasted for 2
years.

The Canadian RADARSAT-1 was launched in 1995, with a mission life-time of
5 years. The SAR instrument operated at 5.3 GHz and was the first operational
satellite SAR with a wide swath. RADARSAT-2 was launched in 2007. ESA’s
ENVironmental SATtelite (ENVISAT), launched in 2002, carries the Advanced
SAR (ASAR) operating at 5.6 GHz. The Phased Array L-band Synthetic Aperture
Radar (PALSAR) instrument on board the Japanese Advanced Land Observing
Satellite (ALOS) operates at 1.3 GHz and the mission started in 2006. TerraSAR-
X is a German earth observation platform, launched in 2007, carrying an active
phased array X-band SAR operating at 9.6 GHz. In 2010, a second satellite was
launched, TerraSAR-X Add-oN for Digital Elevation Measurement (TanDEM-X).
Future missions include ESA’s Sentinel-1, scheduled for 2013, that will carry an
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ASAR instrument on board.

The Johns Hopkins University Applied Physics Laboratory (JHU/APL) has devel-
oped the APL/NOAA SAR Wind Retrieval System (ANSWRS), currently used for
near-real-time SAR wind retrievals in various facilities, including the DTU Wind
Energy Department. ANSWRS produces high resolution SAR wind fields using
wind directions from the Navy Operational Global Atmospheric Prediction System
(NOGAPS) model (Christiansen et al., 2008). SAR retrieved wind maps can also
be accessed from Collecte Localisation Satellites (CLS), through the SAR Ocean
Products Demonstration (SOPRANO).

ENVISAT ASAR

The Advanced SAR on board the ENVISAT platform operates at the C-band
frequency (5.6 GHz), looking at the right of the flight path. It has a variety of
operational modes, ranging from the SAR Image and Wave modes, two types of
ScanSAR modes, one with a 1 km resolution and the other with 150 m and an
alternating polarization mode with a resolution ranging between 30 and 150 m
and a swath between 58 and 110 km. Its antenna consists of 320 transmit/receive
modules.

The data from the various operational modes can undergo several levels of pro-
cessing, to provide products of different levels. Level 0, or RAW data, contain all
the information required for imaging. Level 1 is the geo-coded version of the RAW
data while no gridded products are provided. The gridding procedure is up to the
user.

SAR for Wind Resource Assessment

SAR wind fields have been used in the past for wind resource assessment purposes.
Hasager et al. (2005) used C-band SAR retrievals from the ERS-2 to evaluate the
quality of the retrieved winds compared to high quality meteorological data from
an offshore mast. From a series of 56 SAR images, they found that when using
wind directions from an offshore met. mast to retrieve the wind speed from SAR,
the bias between in situ and SAR wind speeds was 0.5 m s−1, the standard error
0.9 m s−1 and the correlation coefficient (R2) was 0.88. They also noted a strong
spatial wind speed gradient at Horns Rev, in the west coast of Denmark where
an offshore wind speed of 8 m s−1 was reduced to 5 m s−1 near the coast, for a
distance between offshore and coastal areas of 60 km.
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Hasager et al. (2006) used 85 ERS SAR images and 4 years of QuikSCAT obser-
vations to quantify the offshore wind resources in the North Sea. They concluded
that SAR images were very appropriate for local-scale studies while QuikSCAT,
very useful for basin-scale studies.

Christiansen et al. (2006) used C-band SAR from ERS-2 and ASAR wind retrievals
at moderate wind speeds from 2 m s−1 to 15 m s−1 to quantify the total accuracy
of wind resource assessment. From a total of 91 SAR images, they found a wind
speed standard deviation of 1.1 m s−1 against in situ wind speeds when the in
situ wind directions where used to initialize the wind retrieval. They also tested
different GMFs for the wind retrieval, finding an agreement to ±15% of the in situ
measurements for all the tested methods.

Hasager et al. (2008) used SAR and QuikSCAT to evaluate their potential use for
offshore wind resource mapping. They produced average wind speed maps for the
Baltic Sea based on more than 100 SAR images, highlighting the variability from
coastal areas to the centre of the basin. From comparisons between QuikSCAT and
1-hr averaged in situ measurements they reported a standard error of 1.3 m s−1

for the wind speed and ∼15° for the wind direction.

Recently, Hasager et al. (2011) performed a study on the statistics of wind resources
in the Baltic Sea, using again ASAR retrievals from ENVISAT. Wind speeds from
10 offshore meteorological stations where compared to ASAR wind speeds. For a
set of 875 collocated samples, they reported a correlation (R2) of 0.783, standard
deviation of 1.88 m s−1 and root mean square error (RMS) of 1.17 m s−1.

2.4 QuikSCAT for Wind Resource Assessment

Studies

One of the scopes of this study is to examine the applicability of scatterometer
winds for the purposes of wind resource assessment. The main reasons are that,
in particular QuikSCAT has an extended spatial coverage and a long temporal
availability. Scatterometer winds are sensitive to the presence of rain therefore
rain contaminated retrievals have to be excluded. One may argue that removing
rain contaminated observations, alters the 10 year-long wind “climate” that this
study aims to describe. This would typically be the case in the Tropics where rain
is typically associated with storms and high wind speeds.

The impact of excluding rain contaminated QuikSCAT winds on the averaged
statistics is investigated by examining the bias in mean wind speed and wind
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power density. Figure 2.4 shows the estimated difference in data availability when
the rain-free winds are subtracted from the full record. Thus, the figure shows the
spatial distribution and amount of rainy grid cells.
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Figure 2.4: Difference in data availability between rain contaminated and
rain-free QuikSCAT wind fields.

Maximum data loss reaches up to 1650 observations, while there is a maximum
of 7215 rain contaminated observations and a maximum of 6913 rain free ob-
servations. In coastal areas of the North Sea differences are no more than 600
observations. The coastal areas of the Baltic Sea are excluded from the analysis
due to insufficient coverage during winter and spring. The difference in mean wind
speed (Figure 2.5) does not exceed 0.25 m s−1. The wind power density estimates
(Figure 2.6) differ by a maximum of 50 W m−2. When the data availability dif-
ference is up to 600 observations, biases are very small; ∼ 0 m s−1 for u and
∼ 5− 10 W m−2 for the wind power density.

The reduced difference in rain-contaminated versus rain-free data availability along
the coasts of the British Isles and Europe is an artefact of the SSM/I rain flag. The
QuikSCAT gridded product includes two different rain flags, one of which comes
from SSM/I observations. Due to the proximity to the land this flag does not
contain information in these coastal areas. Therefore, for these locations only one
rain flag is active and less observations are classified as rain-contaminated. The
remaining rain flag, is a ”goodness-of-fit” flag and provides information regarding
the match between the observation and the GMF. The scatterometer flag may be
zero while the collocated radiometer measures rain and vice versa. In general, the
scatterometer rain flag is less reliable at very high winds when it is more often
zero even in the presence of rain, due to a large variability of observations within
a wind cell (RSS support, personal communication).
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Figure 2.5: Mean wind speed difference between the rain contaminated and
rain-free winds.
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Figure 2.6: Difference in wind power density estimates from rain contami-
nated and rain-free winds.

One should keep in mind that these estimates refer to 10 m above the surface.
The possibility of underestimating the wind at 10 m, when using only rain free
wind retrievals, is thought to be a safer approach therefore more preferable. It is
important to clarify that no inter-comparison of different QuikSCAT products was
attempted. In Appendix B some basic sensitivity studies are presented, using the
JPL L3 product. Results show that this product has many gaps and that the rain-
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flagging schemes applied in the two products are different. The gaps in the JPL L3
product are interpolated in the RSS product, using a standard technique. Thus,
the RSS product is thought to be more appropriate for wind resource assessment
studies, as the interpolation of gaps is standardized. Further investigations were
not performed as it was outside the scope of the study to compare scatterometer
flagging schemes or products.

QuikSCAT and In Situ Measurements

Despite the extended validation studies existing for QuikSCAT that compare the
satellite observations with in situ measurements from buoys and research ships
and investigate potential biases, not many studies have used measurements from
the North Sea or the Baltic Sea. Winterfeldt (2008) compared a L2B 12.5 km
QuikSCAT product with in-situ observations from buoys and rigs in the Eastern
North Atlantic and the North Sea for 2002. The study concluded that biases
were negligible for all stations and that the mission requirements are met for these
areas of the global ocean. A study for wind resource assessment from Hasager et
al. (2008) compared the RSS product with in situ measurements from an offshore
met. mast with standard errors ∼1.3 m s−1 for the wind speed and ∼15 for the
direction. Moreover, there was a very small difference in their estimation of the
mean wind speed and the Weibull A and k parameters from ∼3.200 QuikSCAT
observations and ∼260.000 in situ measurements.

To evaluate the performance of QuikSCAT winds, observations from three offshore
meteorological masts in the North Sea are used for comparisons. Since QuikSCAT
represents the ENW, in situ observations must be converted to that. Measure-
ments at available heights closest to 10 m are extrapolated using local stability
information. As satellite winds represent near instantaneous spatial averages over
25 km, one would average the in situ measurements over a period of typically 1
hr. This is not performed in the present study due to the lack of good quality
extrapolated in situ measurements. For more information on the locations and the
data availability one is referred to Paper I.

Figure 2.7 shows the scatterplots for the wind speed and direction between collo-
cated QuikSCAT and in situ observations. Note the lower limit 3 m s−1 for the
wind speed as the QuikSCAT biases below that threshold are expected to be high.
Moreover, the scatter in speed is rather large for speeds above 15 m s−1 due to the
limitations of QuikSCAT and the GMFs. Nonetheless, overall biases for the wind
speed are in the order of zero (±1.2 m s−1) and 2.3° (±15°) for the wind direction.

To assess the impact of the relatively low temporal frequency (twice daily) of



30 Near-surface Ocean Wind

0 5 10 15 20 25
0

5

10

15

20

25

In Situ 10min

Q
ui

kS
C

A
T

 

 

MB=−0.1 m s −1

σ=1.2 m s−1

r=0.94
r.m.s.=1.2 m s −1

N=1629

Horns Rev
Fino 1
GG

(a)

0 50 100 150 200 250 300 350
0

50

100

150

200

250

300

350

In Situ 10min

Q
ui

kS
C

A
T

 

 

MB=−2.7°

σ=14.7°

r=0.98

r.m.s.=14.9 °

N=1617

Horns Rev
Fino 1
GG

(b)

Figure 2.7: Scatter plots of (a) wind speed and (b) wind direction. Only wind
speeds higher than 3 m s−1 are considered. For one met. mast, only the open
sea sectors are considered due to its proximity to land.

QuikSCAT as opposed to the high frequency 10-min in situ measurements, the
mean wind speed and the wind power density are estimated. Table 2.1 shows such
estimates, using the 10 m wind from QuikSCAT against the 10 m ENW and the
10 m Stability Dependent In Situ (SDIS). There is a maximum 2.7% deviation for
the wind speed and 14% for the wind power density.

Another way to evaluate the impact of the low temporal frequency of QuikSCAT
against the frequent 10-min measurements is to assess the monthly wind variability
over a long term mean, i.e. the intra-annual index. Figure 2.8 shows this variability
estimated using in situ measurements from one offshore location, QuikSCAT and
the NWP model Weather Reasearch & Forecasting (WRF) (more on QuikSCAT
and WRF follows in Section 2.5). All available 10-min in situ measurements are
used (50426), the QuikSCAT rain-free retrievals (956) and the time coincident
WRF 10 m neutral wind fields. No filtering for wind speed below 3 m s−1 is
applied. Values of 1 indicate monthly wind speeds equal to the averaged long-term
mean, while values above and below 1 indicate higher and lower mean monthly
winds.

Note that QuikSCAT provides a slightly higher index from January until March
and does not capture the local minimum of February. The variability during
spring, summer and early autumn is properly resolved. From September until
December the proper trend is reproduced but the magnitude of the variability
from QuikSCAT is smaller than the in situ winds. This is highlighted by the
value of the intra-annual index which for QuikSCAT is closer to 1, showing less
variability around the mean value.
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Table 2.1: Wind power density estimates from QuikSCAT and in situ obser-
vations for two of the three offshore locations.

Product Sample u u E E
N. (m s−1) Dev.(%) (W m−2) dev. (%)

M2
QSCAT 1601 7.97 2.7 515 14.0
10 m ENW 1601 7.93 2.2 479 6.0
10 m SDIS 1601 7.88 1.5 470 4.0
All 10 m SDIS 137717 7.76 – 451 –

Fino 1
QSCAT 642 8.42 0.8 593 2.6
10 m ENW 642 8.26 −1.1 563 −2.5
10 m SDIS 642 8.45 1.5 575 −0.5
All 10 m SDIS 50349 8.35 – 578 –

Product Sample U Weibull k E Weibull A
N. (m s−1) (W m−2) (m s−1)

M2
QSCAT 1601 7.98 2.38 509 9.00
10 m ENW 1601 7.94 2.55 477 8.94
10 m SDIS 1601 7.89 2.55 467 8.89
All 10 m SDIS 137717 7.77 2.54 449 8.76

Fino 1
QSCAT 642 8.43 2.45 588 9.51
10 m ENW 642 8.23 2.34 567 9.30
10 m SDIS 642 8.45 2.55 574 9.52
All 10 m SDIS 50349 8.36 2.43 575 9.42

The lowest below-mean variability from in situ measurements at FINO-1 is ∼48%,
observed in July. The QuikSCAT computed lowest below-mean variability is ∼45%
for the same month. Highest above-mean variability is observed in January, reach-
ing ∼10% from both in situ measurements at FINO-1 and QuikSCAT. In general,
QuikSCAT can be descriptive of the synoptic conditions, properly reproducing the
seasonal trends but lacks the local accuracy of the in situ wind measurements. For
more details see Paper II.

Wind Characteristics from QuikSCAT

A parameter of interest in wind resource assessment studies is the mean wind
speed. Figure 2.9 shows this as estimated from more than 10 years of QuikSCAT
observations over a large domain; information like that can not currently be ob-
tained from in situ measurements. Interesting local features include an area of
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Figure 2.8: Intra annual index at FINO-1 from in situ observations,
QuikSCAT and the neutral WRF model re-analysis.

significantly high wind speeds offshore from Belgium, the Netherlands and the
UK, due to channelling effects from the English Channel. Strong lee effects in
the western North Sea are likely due to land effects from the British Isles. In
the eastern North Sea, around 55°N–8°E, an area of lower wind compared to the
surroundings can be a result of lee effects when winds blow from southerly and
easterly directions. Another explanation may be linked with the tidal currents
existing in the area that will cause errors in the scatterometer winds. Note the
higher wind speeds in the North Atlantic and the northern North Sea.

Wind rose distributions can be computed from QuikSCAT to demonstrate the
wind direction frequency distribution. The extended spatial coverage of QuikSCAT
allows such estimations over large domains as seen in Figure 2.10, where a variation
according to topographic features can be identified. The spatial variation of the
wind direction from offshore to coastal areas is well captured. A strong channelling
flow is observed in the English Channel and the Baltic Sea. Also note the dominant
westerlies over the British Isles. In the North Atlantic when approaching the
Norwegian coast, the wind rose distributions adapt to the coastal morphology as
the main wind direction aligns parallel to the coast. However, the wind roses along
the Norwegian North-West coast show a strong land component most likely due
to katabatic winds from the mountains that extend at least 50 km offshore. For
further details see Paper II.

QuikSCAT due to the twice daily coverage in early morning and evening is not able
to properly resolve the diurnal variability. Figure 2.11a shows the mean morning
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Figure 2.9: Mean wind speed from QuikSCAT, using twice daily observations
from 08/99 to 10/09.

minus afternoon wind speed during summer. Warm colours indicate higher morn-
ing wind speeds, very pronounced in the east coast of the British Isles. This, in
parallel with the wind roses from Figure 2.10 that show dominant westerly di-
rections, may be an indication of land breezes, due to the faster cooling of the
land during the night compared to the adjacent relatively warm sea. To the con-
trary, the waters between Denmark and Norway, experience higher wind speeds
in the afternoon possibly due to diurnal warming of the sea surface temperature
that drives unstable conditions and an increase in the near-surface wind field. In
Section 3.5, Figure 3.7 shows a relatively high number of warming exceeding 2 K
in this area. Figure 2.11b shows the number of observations for which the wind
direction changes by 180°±45° between morning and evening. Most occurrences
are found along the coastlines.

The spatial correlation between different locations is another important parameter
as it can define the distances over which in situ measurements are representative. In
addition, wind farms in areas with high spatial correlation are likely to have similar
temporal wind power production as they will experience similar wind conditions.

Figure 2.12 shows the seasonal variability of the spatial correlation between one
location with available in situ measurements (M2) and all other locations in the
North Sea. The correlation is estimated using QuikSCAT observations. Values
higher than 0.9 are identified for an area with seasonally stable size, approxi-
mately 160 km by 200 km around the west coast of Denmark. During winter and



34 Near-surface Ocean Wind

   0o     6oE   12oE   18oE   24oE 

  52oN 

  56oN 

  60oN 

  64oN 

  68oN 

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

120

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

120

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

30

210

60

240

90270

120

300

150

330

180

0

1

�

� �
�

�

�� ��

�

��

��

�� ��

&EPXMG�7IE

�

�

2SVXL�7IE

*-23��

��

�

2SV[IKMER�7IE

Figure 2.10: Wind roses for various locations in the domain, computed from
10 years of QuikSCAT data.

autumn correlation is higher further away from M2, due to the dominant synoptic
weather patterns. This changes in spring and especially during summer, when
distances between well correlated areas decrease due to the very local conditions.
Nonetheless, high correlation is only limited to a fraction of the North Sea.

Typical quantities computed during a wind resource assessment study are the
Weibull A and k parameters along with the wind power density. QuikSCAT ob-
servations can be used to evaluate such parameters, see for example Paper I. In
order to estimate the wind power density, one can use the Weibull A and k param-
eters in Eq. 1.4 or directly the measured wind speed in Eq. 1.5. When QuikSCAT
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Figure 2.11: a)Mean morning minus afternoon wind speed from QuikSCAT
for summer. b) Number of observed cases with a 180°±45° change in wind
direction between the morning and evening pass.

winds are used, differences are observed between the two methodologies.

Figure 2.13a shows such differences; they are only around 10 W m−2, in most of the
domain. Both methods utilize the same number of rain free observations, shown in
Figure 2.13b. Increased biases, that do not exceed 50 W m−2, are identified for the
North Atlantic. There the higher wind variability causes this bias, where the time-
series method gives higher estimates. The Weibull fit is performed with a maximum
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Figure 2.12: Seasonal spatial correlation of wind speed between QuikSCAT
observations of the grid cell containing M2 and all other grid cells.

likelihood estimation algorithm that will maximize the fit of the distribution, thus
above mean values may be under-represented.

2.5 QuikSCAT and NWP models

NWP models have been assimilating QuikSCAT until the end of the mission. Spe-
cific near-real time QuikSCAT products were developed for such purposes (Hoff-
man & Leidner, 2005). Within the context of wind energy, meso-scale models are
used in different steps of the wind resource assessment study, e.g. as “observa-
tions” at heights or in locations where in situ measurements are not available, to
evaluate the climatological means and for wind forecasting.

The advanced WRF model, developed at the National Center for Atmospheric
Research (NCAR) is an atmospheric simulation and NWP system (http://www.

http://www.mmm.ucar.edu/wrf/users/docs/user_guide/users_guide_chap1.html
http://www.mmm.ucar.edu/wrf/users/docs/user_guide/users_guide_chap1.html


2.5 QuikSCAT and NWP models 37

   6oW    0o     6oE   12oE   18oE   24oE 
  48oN 

  50oN 

  52oN 

  54oN 

  56oN 

  58oN 

  60oN 

 

 

All Seasons

Difference in power density W m −2
−50 −40 −30 −20 −10 0 10

(a)

   6oW    0o     6oE   12oE   18oE   24oE 
  48oN 

  50oN 

  52oN 

  54oN 

  56oN 

  58oN 

  60oN 

 

 

All Seasons

Rain free Observations
0 1000 2000 3000 4000 5000 6000

(b)

Figure 2.13: a) Difference in estimated wind power density from the Weibull
fit to the QuikSCAT time-series (Eq. 1.4) and the QuikSCAT time-series
(Eq. 1.5). b) Number of rain free observations used to estimate the wind
power density.

mmm.ucar.edu/wrf/users/docs/user guide/users guide chap1.html) that can be used
for forecasting or producing re-analysis fields. A re-analysis is a climate or NWP
model simulation of the past, that includes data assimilation of historical obser-
vations. Detailed information on the methodology used to produce the WRF
climatography, hereafter mentioned as re-analysis, can be found in Hahmann et
al. (2010).

http://www.mmm.ucar.edu/wrf/users/docs/user_guide/users_guide_chap1.html
http://www.mmm.ucar.edu/wrf/users/docs/user_guide/users_guide_chap1.html
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Modelled wind fields can be compared with QuikSCAT at the 10 m level, to evalu-
ate potential discrepancies. For example, in Paper II QuikSCAT is compared with
the re-analysis dataset described in Hahmann et al. (2010). Figure 2.14a shows
the computed mean bias; negative values indicate higher WRF wind speeds and
positive values signify higher QSCAT wind speeds. Biases do not exceed 1 m s−1,
minimized in the North Atlantic. Generally, WRF wind speeds are higher for large
parts of the North Sea and the central part of the Baltic Sea.

Figure 2.14b shows the standard deviation (σ) of the mean bias. Highest values
are observed around Norway and the North Atlantic, in areas where the mean bias
is low. There seems to be a strong north-south component for which the standard
deviation is minimum in the South and increases towards the North. This signifies
an area of discrepancy between the modelled and satellite fields. An explanation
for this can be derived in combination with Figure 2.10, that shows the wind rose
distributions in various locations. Note the constant wind direction frequency in
the south-west, which indicates most frequent westerly winds. The wind roses
at higher latitudes (around 60°N) along the same meridian, show much higher
variability with wind directions from multiple sectors. This variability, likely not
captured by the model, is depicted in the standard deviation of the mean bias.

The correlation between QSCAT and WRF is shown in Figure 2.15a, where values
of R2 higher than 0.65 are observed in most parts of the domain. Note the lower
correlation in coastal areas and in the straight between Norway and Denmark, most
likely due to contamination of the model winds from land winds, as discussed in
Kara et al. (2009). The difference between the QSCAT and WRF estimated wind
power density, shown in Figure 2.15b, ranges between 0 and 100 W m−2 in the
largest part of the domain. An exception is the North Atlantic part, where the low
mean wind speed bias found before, gives rise to differences of up to 200 W m−2,
where mostly QSCAT is higher. The large biases in the observed minus modelled
wind power density in the North Atlantic are likely due to i) the wind variability
not captured by the model and ii) the smoothing of winds from WRF.

The WRF climatography is descriptive of the long-term conditions and is not
expected to be accurate when the day-to-day variability is of interest. Therefore,
while the daily QSCAT-WRF biases are averaged out during the years producing a
generally low mean bias not exceeding ±0.6 m s−1, the standard deviation is high,
at least three times the overall mean bias and the correlation does not exceed 0.8.

The largest standard deviations and smaller correlations are observed in coastal
areas of complex morphology and adjacent to land masses. There both data sources
may be contaminated by errors. Due to the proximity of land masses, QSCAT
may suffer from land contamination to the backscattered signal while WRF may
underestimate the wind due to an uncertainty in the land mask and a lag in the
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Figure 2.14: a) Mean bias and b) standard deviation of QSCAT minus WRF
re-analysis.

change of the surface roughness and its value.

Other than validating re-analysis fields, QuikSCAT can be used to test the model
set-up, as described in more detail in Appendix C. There, WRF is run with dif-
ferent set-ups for a test period of a month and the output fields are compared
with QuikSCAT to evaluate which produces better agreement with the satellite
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Figure 2.15: a) R2 and b) wind power density difference of QSCAT minus
WRF re-analysis.

observations. In addition, WRF can be used to test the temporal representativity
of QuikSCAT, which has a maximum of two daily observations.

The mean wind speed and power density are estimated using all the available
hourly WRF fields (maximum 87480) and only the ones time coincident with QS-
CAT (maximum 6913).The differences are shown in Figure 2.16. Data availability
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Figure 2.16: Difference between WRF on QSCAT times and all WRF fields
for a) mean wind speed, b) wind power density.

differences are ∼81000 fields. Discrepancies are remarkably small; mean wind
speed biases range between -0.1 and 0.15 m s−1 but they are around 0.5 m s−1

for a few grid cells in the Baltic Sea. The power density biases, see Figure 2.16b,
range between -10 and 15 W m−2 for the largest part of the domain, while biases
of 60 W m−2 are identified for the few grid cells mentioned above.

From this investigation it can be concluded that the temporal representativity of
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QuikSCAT is high when the full dataset of 10 years is considered, as derived from
a WRF re-analysis dataset. This conclusion is also supported by the very good
comparison of QuikSCAt’s intra-annual variability to the one derived from in situ
observations, shown in Figure 2.8.

Thus, QuikSCAT other than being assimilated in NWP models, it can be useful
for examining the model’s performance in terms of spatial variability, which could
only be achieved if a very dense network of in situ observations was available.
In addition, QuikSCAT can be used to evaluate the temporal variability of re-
analysis fields and help identify areas where the re-analysis datasets may not be
representative.

2.6 Spatial resolution of satellite winds

As has been mentioned, multiple σ0 values over the WVC of 25·25 km are used
during the wind retrieval to finally derive one set of wind speed and direction
estimates. Thus, QuikSCAT winds used in this study, represent near-instantaneous
spatial averages, where small scale variability is eliminated. This is the case not
only for QuikSCAT but for other types of satellite products as well, for example
from SAR.

Currently, winds retrieved from space-borne SAR instruments are used in DTU
Wind Energy to perform wind resource assessment studies (Christiansen et al.,
2006). Therefore, it is important to examine the resolvable length scales as very
often the mentioned resolution describes the field of view of the instruments (for
SAR) or the wind vector cell dimensions (for QuikSCAT) rather than the minimum
distance between two objects for them to be distinguishable.

SAR winds are available at much higher spatial resolutions compared to the
QuikSCAT used in this study. Therefore, it is of high interest to evaluate the
capabilities of the two products and examine their combined use. Due to tem-
poral, spatial and availability mismatches it is thought that an effective way to
evaluate them is the spatial spectral analysis. In this way, the spectral properties
of each can be examined and more information on their spatial resolution can be
obtained. While the QuikSCAT spatial spectral properties have been previously
examined by other studies, only scales down to 12.5 km were investigated. This
study examines the spectral slopes for scales between 2.5 and 800 km. Moreover,
no available study regarding the spatial spectral properties of SAR fields so far
exists.
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Figure 2.17: Averaged meridional (left) and zonal (right) spectra from SAR
of various resolutions and QuikSCAT. Black lines show the -5/3 (solid) and -2
(dashed) slopes.

QuikSCAT fields have a resolution of 25 km. SAR wind retrievals are performed
for a specific set of scenes after the image pixels have been averaged to different
dimensions; i.e. 600 m, 1.5, 3, 15 and 25 km. The area of interest is a rectangle
from 53°N–56°N and 6°E–8°E, selected as such due to the overlapping of 135 SAR
images. This number is further reduced to 87 scenes. For more details on the data
filtering, see Paper III.

Figure 2.17 shows the zonal and meridional component spectra of QuikSCAT
and SAR, where the impact of resolution in the spectral power range is evident.
QuikSCAT spectral tails turn and become horizontal for length scales around
60 km. This behaviour of QuikSCAT for spatial scales close to the Nyquist fre-
quency has also been mentioned in Stoffelen et al. (2010), where it is attributed
to noise. Similar findings are observed for the SAR 1.5 and 3 km products but for
much smaller scales of 6 km.

For the meridional component, the 25 km SAR product shows higher spectral
power content than the corresponding QuikSCAT. The length scales resolvable by
the 600 m product are in the order of 2.5 km while for QuikSCAT ∼60 km. The
spectral power of all SAR resolutions is higher than the QuikSCAT estimated one.
This indicates the higher potential of SAR to capture small scale variability even
when the resolution is coarse.

Comparisons are limited by the availability of SAR retrievals, for which frequent
observations of the same area are not consistent. To the contrary, QuikSCAT offers
10 years of twice daily observations for the area of interest. To investigate how
representative are the 87 available scenes, QuikSCAT spectra are also computed
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Figure 2.18: Averaged meridional (left) and zonal (right) spectra from
QuikSCAT 87 scenes vs. QuikSCAT 10 years. Black lines show the -5/3 (solid)
and -2 (dashed) slopes.

from the 10 years of available observations.

Figure 2.18 indicates that there is practically no difference between the 87 scenes
and the 10 year-long dataset, which has a maximum of approximately 7000 scenes.
When the seasonal variability is examined, the sample size ranges from 17-25 to
1200-1400 fields. In this case, there are more pronounced differences with general
higher spectral power content for the larger sample sizes and all length scales, es-
pecially in winter and autumn. A detailed description of the analyses and results
can be found in Paper III.
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2.7 Summary

The objective of this chapter was to provide a brief introduction to radar scat-
terometry and demonstrate the applicability of near-surface ocean winds from
scatterometers for wind resource assessment. Key concepts are summarized be-
low:

� Paper I discusses the evaluation of the scatterometer wind fields when
compared to in situ observations to asses the performance of the remotely
sensed observations. Moreover, it examines various wind characteristics and
provides wind resource estimates accounting for various different factors such
as the methodology, the sample size and the sampling time.

� Comparisons of QuikSCAT with in situ measurements show in general good
agreement, but the effective wind speed range limitations are obvious. Nonethe-
less, biases are found lower than in other studies.

� The biases of wind speed and wind power density estimates accounting for
sample size, sampling time and stability related biases for two locations show
a maximum 14% overestimation from QuikSCAT.

� Various parameters valuable for the wind resource assessment and the de-
scription of the synoptic conditions over large domains can be derived from
the QuikSCAT observations.

� The detail of the derived results is not comparable with that of in situ
observations. The extended spatial coverage of QuikSCAT provides unique
information about the synoptic patterns over very large areas. Information
that would require an extensive network of met. masts that is currently not
available.

� Caution needs to be taken when interpreting results due to biases inherent
in the scatterometer winds that arise from currents, SST variability and
long-term stability trends. In certain cases, QuikSCAT winds will provide
an overestimation of the true wind.

� Paper II examines the added value of scatterometer winds by comparisons
with long-term re-analysis fields from the NWP model WRF and in situ data
from an offshore location in terms of the spatial and temporal variability of
the 10 m winds.

� QuikSCAT successfully reproduces the seasonal wind variability observed by
in situ instruments. This is highly aided by the long time series of available
QuikSCAT observations.
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� QuikSCAT minus WRF biases are found low for the entire domain. Areas
with high biases are related to both satellite and model inherent biases due
to complex flow patterns and proximity to land.

� Paper III evaluates the spatial information that can be obtained from
different satellite wind fields and their applicability for different parts of the
wind resource assessment.

� The length scales identifiable from QuikSCAT and SAR winds are evaluated
through spatial spectral analysis of the wind speed fields.

� QuikSCAT represents spatial averages over areas of 25×25 km; its resolution
is a limitation for coastal areas where most of the offshore wind farms in
Northern Europe currently operate.

� SAR winds have a very high spatial resolution, able to resolve small scale
features on the ocean, not seen with scatterometers but until recently, their
availability has been a constrain.

� Such findings highlight the importance of using SAR winds for a detailed
analysis of the small scale features than cannot be resolved by the scatterom-
eter product used in this study.



Chapter 3

Sea Surface Temperature

3.1 SST from space

Most of the incoming solar energy is absorbed by the land and the ocean and since
oceans cover more that 70% of the Earth’s surface, most of the incoming solar en-
ergy is absorbed there. Moreover, the greatest part of the solar energy incoming in
the oceans, is absorbed within the first few meters, in the oceanic surface layer that
essentially has the same heat capacity as that of the entire atmosphere. Thus, the
temperature of the ocean surface is an important parameter, governing processes
that occur in the upper part of the water column. Biological activity, exchange of
gas, heat and momentum with the atmosphere depend on the near-surface ocean
layer and its properties. Activities of scientific, commercial and political interest,
such as weather forecasting, modelling of air-sea interactions, climate change stud-
ies, fisheries and coastal zone management respectively, require information about
the SST in order to be more accurate and effective.

Traditionally SST has been measured with the use of thermometers. It has been
one of the first oceanographic parameters to be measured, now having the longest
time series of observations. Such observations were made by either submerging
a thermometer in the water or in a bucket containing water retrieved from the
ocean. Measurements from automatic instruments located at the engine room of
ships increased the coverage of SST observations but were constrained only in the
sailing routes, thus leaving a very large fraction of the ocean unobserved.
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Satellites allow global and frequent observations and to determine SST from space,
thermal infra-red and passive microwave radiometers are used. Radiometers mea-
sure the radiant power of electromagnetic radiation. They actually measure the
emission from the Earth’s surface at different wavelengths of the electromagnetic
spectrum and these measurements are empirically related to the surface temper-
ature. This principle of operation is based on the black body, i.e. a theoretical
body that absorbs all incident electromagnetic radiation. Under thermal equilib-
rium, the black body emits radiation with a characteristic pattern that depends
on its temperature. The amount of energy emitted at a particular wavelength is
described by the Planck function (Eq. 3.1),

Bλ (T ) =
2hc2

λ5
1

e
hc

λkBT − 1
(3.1)

where B is the radiance at wavelength λ, T is the absolute temperature of the black
body, kB is the Boltzmann constant, h is the Planck constant and c is the speed of
light. Using the brightness temperature concept, i.e. the temperature a black body
should have in order to emit an amount of radiation at a specific wavelength, the
temperature of a surface is inferred from measurements of its radiance at various
wavelengths.

As stated in Anding & Kauth (1970), the radiance from the water surface is at-
tenuated by atmospheric components such as clouds and absorbing gases, which
also scatter and emit energy that contributes to the total signal received by the
satellite radiometer. To compensate for these effects the use of different bands of
the electromagnetic spectrum is suggested, to perform simultaneous measurements
of the incident radiance in two chosen bands.

This is similar to the scatterometry’s requirement of multiple backscatter signal
measurements from different viewing angles to determine the direction of the wind.
Similar with scatterometry, SST retrievals from space are performed with the use
of equations relating the temperature to brightness temperatures Tλ measured at
various wavelengths λ, in the form of Equation 3.2.

SST = f(Tλ1, Tλ2, ...) (3.2)

The coefficients for the equations can be derived either through regression anal-
ysis of measured brightness temperatures matched with in situ SSTs or, instead
of measured, using modelled brightness temperatures from radiative transfer func-
tions (Merchant, 2008). Typically, either the infra-red or microwave bands of the
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electromagnetic spectrum are used, with advantages and disadvantages for both.

Infra-red radiation is emitted by the very top part of the ocean surface, the “skin”
which has been found to be cooler than the water below (Saunders, 1967). More-
over, clouds absorb infra-red radiation therefore no measurement can be obtained
under overcast conditions. Aerosols and water vapour scatter these bands of radia-
tion thus atmospheric corrections are required prior to the retrieval of temperature.
Advantages of infra-red sensors include the very high resolution and that signal
retrieval close to land can be performed without many implications.

The emitted signal of microwave radiation is weaker, therefore the accuracy and
resolution of retrieved temperatures are not as high as in the infra-red case. Despite
that, microwave radiation is rather insensitive to clouds and not influenced much
by atmospheric effects. It is, though, affected by the surface roughness and rain,
as has already been described in Chapter 2.1.

Errors in space-borne SST retrievals are due to undetected clouds that absorb in
the infra-red band, thus attenuating the signal that reaches to the radiometer.
Stratospheric, from major volcanic eruptions, and tropospheric aerosols such as
dust, smoke and haze scatter and attenuate radiation. Near surface stratification
may cause biases between satellite SSTs and in situ measurements from buoys.
Errors may also occur when specifying the retrieval coefficients. For more infor-
mation see Merchant (2008) and references therein.

Applications for SST measurements from space include climate modelling, mod-
elling and estimation of CO2 fluxes, estimation of the Earth’s heat balance, studies
of the atmospheric and oceanic circulation, eddies, fronts, upwelling systems for
navigation and primary productivity, fisheries and aviation.

3.2 SST Definitions

The marine surface layer is the layer below the air-sea interface, where the vertical
temperature structure is variable and depends on the mixing and the exchange of
heat, moisture and momentum between the atmosphere and the ocean. Radiome-
try introduced different types of sensors with different properties that can measure
the temperature at different depths inside the water column and highlighted the
requirement for an accurate definition of SST. The vertical structure of SST is
depicted in Figure 3.1, described in this manner in Donlon et al. (2002) while
references therein support this vertical structure with observational findings.
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Figure 3.1: Vertical distribution of SST during night or under strong wind
conditions (red line) and during the day under light winds (black line). Taken
from Minnett & Kaiser-Weiss (2012), https://www.ghrsst.org/ghrsst-science/
sst-definitions/.

The Group for High Resolution SST (GHRSST) Science Team has defined the
“interface SST” as the temperature of the very top layer of the sea surface which
is in direct contact with the atmosphere; currently there is no available technology
to measure it.

The “skin SST” refers to the thin layer below the interface, between 10 and 20µm,
typically measured by infra-red radiometers operating at wavelengths between
3.7µm and 12µm. The “sub-skin” layer, extending from the base of the skin layer
down to approximately 1mm, has a temperature that is slightly different than the
one of the skin layer, and is measured by microwave radiometers operating in the
band from 6 GHz to 11 GHz.

Beneath the sub-skin layer, measurements of temperature are referred to as “depth
SST” and the exact depth at which they are taken is required. The “foundation
SST” refers to the temperature of the water column free of diurnal variability, thus
it is the temperature upon which the diurnal heating develops. It is defined as the
temperature at the first time of the day when the heat gain from the absorption
of solar radiation exceeds the heat loss at the surface.

A significant percentage of the incoming solar radiation is absorbed within the

https://www.ghrsst.org/ghrsst-science/sst-definitions/
https://www.ghrsst.org/ghrsst-science/sst-definitions/
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Figure 3.2: Temperature-depth measurements from the SkinDeEP profiling
instrument. The temperature is in °C, the evolution from left to right is time
from 11 LST to 14. Taken from Ward (2006), Figure 4a. Station 4 is located
at 25°09.49N, 112°59.52W, west of the Baja peninsula, Gulf of California.

few top meters of the ocean surface, thus increasing the temperature in a manner
that depends on the daily solar cycle. Lack of wind prevents mixing of the water
column, thus leading to the creation of a diurnal thermal layer, the “warm layer”
(Fairall et al., 1996). Diurnal differences between the temperature at the surface
and at some meters deep in the water column have been observed in the past. As an
example, Halpern & Reed (1976) noted an increase in the near-surface temperature
up to 1.4� from measurements 35 km away from the coast of Western Sahara in
the Atlantic Ocean.

More recently, Ward (2006) presented extended observational evidence, using ver-
tical profiles at various stations, for the creation of the diurnal warm layer con-
strained in the upper few meters of the water column. See for example Figure
3.2, where a warm layer is created after 12 00 local solar time with temperature
differences ∼0.6� between the sub-skin and the 5 m depth. This study attempted
to quantify the errors in the heat flux estimates; heat flux errors associated with
the warm layer were found in the range of 10 to 50 W m−2.

Other than errors in surface heat flux estimates, the diurnal variation of sea sur-
face temperature can complicate the assimilation of SST fields by ocean and at-
mospheric models, the derivation of atmospheric correction algorithms for satellite
radiometers and merging of SST data from different sources. A review on the
diurnal SST variation and its impact on the atmosphere and the ocean is available
by Kawai & Wada (2007).
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As noted in Donlon et al. (2009), identification of diurnal warming events across
the global ocean is required in order to improve understanding of their spatial and
temporal variability as well as their impact at daily, monthly, seasonal, annual and
multi-annual time scales as well as in climate data records. To quantify diurnal
warming, frequent observations of SST are required. Currently, hourly satellite
SST retrievals from an infra-red sensor are available for the North Sea and the
Baltic Sea. More information on space-borne infra-red radiometry follows in the
next section.

3.3 Infra-Red Sensors

The Advanced Very High Resolution Radiometer (AVHRR) is the standard in-
strument onboard NOAA’s Polar-orbiting Operational Environmental Satellites
(POES), first launched in 1978 and continuing until present. The European Organ-
isation for the Exploitation of Meteorological Satellites (EUMETSAT) launched
an AVHRR instrument on board the first European polar-orbiting meteorological
satellite MetOp-A, in 2006.

The first Along Track Scanning Radiometer (ATSR)-1 instrument was launched on
board the European ERS-1 platform in 1991 followed by ATSR-2 on ERS-2 and the
Advanced ATSR (AATSR) on ENVISAT. A new instrument based on the AATSR
will be onboard ESA’s SENTINEL-3 mission, thus continuing the monitoring of
SST from space. The Moderate Resolution Imaging Spectroradiometer (MODIS) is
onboard NASA’s Terra, launched in 1999, and Aqua, launched in 2002, platforms.

USA’s Geostationary Operational Environmental Satellite (GOES) is a series of
platforms, originally launched in 1975 and continuing until today. They are
equipped with a multi-channel imager, for the infra-red band and also for visible
reflected solar energy. The Meteosat First Generation (MFG) platforms, initially
launched in 1977 with the last in 1997, carried the Meteosat Visible and Infra-Red
Imager (MVIRI) with 3 spectral bands. The Spinning Enhanced Visible Infrared
Imager (SEVIRI) instrument, is on board the Meteosat Second Generation (MSG)
platforms first launched in 2002.

3.4 SEVIRI

SEVIRI is the main instrument on the geostationary MSG platforms, that consists
of a series of 4 platforms that will operate until 2020. Meteosat-8 was the first of
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Figure 3.3: Graphical representation of SEVIRI’s scanning principle. A bi-
dimensional scan is achieved by the platform’s spin (rapid from East to West)
and the scanning mirror (slow, South-North direction). Courtesy of ESA.

the series, called MSG-1 and was launched in 2002 becoming operational in 2004.
MSG-2 was launched in 2005. The mission is coordinated by EUMETSAT and
ESA. Each platform is expected to remain in orbit and in an operational condition
for at least seven years. The policy is to keep two operational platforms and launch
the next near the time when the oldest platform is close to the end of the on-board
fuel deposit. The main platform, currently MSG-2, is centred at 0° longitude and
∼0° latitude. The in-orbit spare MSG-1 is at 3.4°W and is expected to have 6
extra years of life-time, with original design life-time of 7 years.

SEVIRI at an altitude of ∼ 35800 km scans every 15 min through a 50·80 cm
opening. The incoming radiation is then focused on 12 different detectors, 4 in the
visible and near infra-red band (0.4-1.6 µm) and 8 in the infra-red (3.9-13.4 µm).
The sampling distance is 3 km at the sub-satellite point which increases to 1 km for
the high resolution visible channel. The full disc image is obtained in 12 min and
3 min are allocated for repositioning of the scanning mirror and calibration with the
use of an on-board black body (Schmid, 2000). The eight channels of the thermal
infra-red band allow the retrieval of cloud, land and sea temperatures. Using
channels at which ozone, water vapour and CO2 absorb the infra-red radiation
MSG platforms can provide information about these atmospheric properties.

SEVIRI transmits raw data to the EUMETSAT ground control centre which are
processed to geometrically and radiometrically corrected data (Level 1.5). The
Satellite Application Facilities (SAF) are responsible for extracting information
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Figure 3.4: Example of the SEVIRI disc on the 04/07/2006 at 13:00 UTC.
White areas signify missing data due to cloud coverage.

from the L 1.5 data and turn it to relevant products. The OSI SAF is producing
SST fields, as well as products for the sea ice, the radiative fluxes and the 10 m
ocean winds in an operational basis. The algorithms used for the retrieval of
SST and the processing chain are explained in detail in OSI-SAF (2006). The
operational algorithm used for day and night conditions for SEVIRI is described
by Equation 3.3.

SST = (a+ bSθ)T11 + (c+ dTCLI + eSθ) (T11 − T12) + fSθ + g (3.3)

T11 and T12 are the brightness temperatures at the 10.8 and 12.0 µm bands, respec-
tively. The a, b, c, d, e, f, g coefficients are determined by simulations of brightness
temperatures on a radiosonde profile database and TCLI is a climatological SST
value. Sθ = secant (θsat) − 1, where θsat is the satellite zenith angle. The ra-
diometric noise budget for the two infra-red channels is 0.18 K (Aminou et al.,
1999).

In addition, an experimental product from the Centre de Météorologie Spatiale
(CMS) of Météo-France, was produced since 2004 at an hourly basis and on a
regular grid from 60°N to 60°S and 100°W to 45°E with a spatial resolution of 0.05
degrees (Le Borgne et al., 2005). From 2010, this product is in pre-operational
mode (LeBorgne et al., 2011). This high resolution product is used in the present
study, as its high temporal availability is the most appropriate to study the diurnal
cycle. As an infra-red imager, the instrument does not provide information under
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overcast conditions, see for example a typical SEVIRI disc in Figure 3.4. Moreover,
as infra-red instruments measure the radiation emitted from the skin layer, an
adjustment to sub-skin temperatures is performed during the processing at CMS.
SST retrievals are accompanied by the corresponding confidence flag, ranging from
0 (unprocessed) to 5 (excellent), signifying the quality of the retrieved glsab:SST
value.

SEVIRI being in geostationary orbit, has a lower resolution in the Northern Euro-
pean Seas, compared to the 3 km at nadir. For the area defined between 48°S–60°N
and 10°W–30°E, the resolution varies from 6 km to 8 km, depending on latitude. In
addition, the infra-red radiances are sensitive to the incident angle due to different
absorption along different atmospheric paths and changes in the surface emissivity.
Finally, the algorithms used to derive SST are tuned to correct for water vapour,
that is much higher in lower latitudes. Therefore, an overcorrection is likely for
the higher latitudes. Brisson et al. (2002) reported a standard deviation of 0.5 K
for SEVIRI while Marullo et al. (2010) reported annual biases between 0.4 and
0.9 K and σ of 0.4 ± 0.1 K.

3.5 Observations of diurnal warming

As recommended in Donlon et al. (2009), there is a need to “identify and cata-
logue diurnal SST warming events across the global ocean using satellite and in situ
measurements in order to better understand the spatial and temporal variability of
such events”. Not accounting for the diurnal variability of SST can cause compli-
cations when validating satellite SST retrievals, when developing algorithms, when
merging observations from various sensors (see for example Høyer et al. (2012)),
when analysing climatic trends and when estimating the heat fluxes between the
ocean and the atmosphere. It has already been demonstrated in Figures 1.2 and
1.3 that not accounting for the proper water temperature and its variability may
also cause errors when extrapolating wind speed measurements to various heights,
within the process of obtaining a descriptive vertical wind profile.

Diurnal warming has been extensively studied and identified in the Tropics (Clayson
& Weitlich, 2007; Fairall et al., 1996), the mid-latitude region of the Western At-
lantic Ocean (Cornillon et al., 1985; Price et al., 1987), in the Pacific Ocean (Fla-
ment et al., 1993; Price et al., 1986), the Mediterranean Sea (Deschamps et al.,
1984; Gentemann et al., 2008), the Bay of Bengal and the Arabian Sea (Stuart-
Menteth et al., 2003). Studies for the high latitudes of the North Atlantic are rather
limited. Kahru et al. (1993) found that surface accumulations of cyanobacteria in
the South Baltic Sea caused local increase in AVHRR SSTs of up to 1.5�. Very
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SEVIRI dSST at 16 UTC
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SEVIRI dSST at 17 UTC
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SEVIRI dSST at 19 UTC
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SEVIRI dSST at 20 UTC
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SEVIRI dSST at 22 UTC
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Figure 3.5: An example of hourly daytime SST anomalies (in K) from SEVIRI
for the 04/07/2006.

recently, Eastwood et al. (2011) identified diurnal warming in the Arctic. There-
fore, a need for a qualitative and quantitative assessment of the diurnal warming
events in the North Sea and the Baltic Sea has been identified.

To achieve this, hourly observations from the SEVIRI instrument from 2004 to
2009 are used, for the area extending from 48°N to 60°N and 10°W to 30°E. Due
to the latitude dependent resolution, it is very important to evaluate the quality
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Table 3.1: Validation of hourly SEVIRI observations with quality≥3, against
in situ observations from the shallowest sensor of every location. The mean
bias is defined as satellite minus in situ. N is the number of observations.

Name Sensor Depth Mean bias [K] σ [K] R2 RMSE [K] N

Arkona Becken 2 m 0.2385 0.7188 0.9832 0.7573 8675
Darßer Schwelle 2 m 0.2382 0.7888 0.9778 0.8239 8008
Fehmarn Belt 1 m 0.0259 0.7055 0.9806 0.7060 6515
Kiel 0.5 m 0.0886 1.1747 0.9540 1.1779 5771
Oder Bank 3 m -0.0041 0.5985 0.9904 0.5984 2572
Nordseeboje II 4 m 0.0387 0.5035 0.9863 0.5048 1131
Nordseeboje III 4 m 0.0690 0.6291 0.9840 0.6327 1789
Deutsche Bucht 3 m 0.0031 0.5537 0.9860 0.5536 4002
EMS 3 m -0.0718 0.5514 0.9852 0.5560 3924
FINO-1 3 m 0.2386 0.7197 0.9798 0.7580 1353
M2 4 m 0.1744 0.5951 0.9880 0.6200 2153

of the SST observations at such latitudes. For example, Høyer et al. (2012) have
demonstrated that sensor biases are latitude dependent and that they are generally
lower for night-time observations compared to day-time. In situ water temperature
observations from various buoys, research platforms and met. stations are used
and the statistics can be found in Table 3.1. In general, biases do not exceed
0.24 K, while standard deviation σ ranges from 0.5 to 0.79 K. An exception is
found for the Kiel platform, where σ is 1.17 K. Correlation is high, with minimum
R2 values of 0.954, for the Kiel platform, and maximum of 0.99. Root mean
square errors (RMSE) range from 0.5 to 1.18 K. The latter is a unique case
for the Kiel sensor, that despite the very shallow depth (∼0.5 m) and the low
mean bias (-0.08 K), has the highest σ (1.17 K) and lowest correlation (0.95).
These comparisons are very good, considering the error from comparing spatially
averaged to point measurements, depth sampling errors and biases introduced by
the buoy locations (shallow, coastal areas).

Diurnal warming occurs during the day time when the insolation is high and mixing
in the water column is weakened by the lack of strong winds. At night the sea
surface emits the heat stored during the day back to the atmosphere. The night-
time sea surface temperature is considered the reference one and its difference
from the daytime SST is denoted the “anomaly” (see Figure 3.5). But the exact
definition of the night-time reference temperature can vary. In Section 3.2, it is
mentioned that the foundation temperature is defined as the value at the first time
of the day when the heat gain from the surface exceeds the heat loss. The last
pre-dawn value, i.e. the value prior to local sunrise is also sometimes considered.
In our case, as SEVIRI does not penetrate clouds, selecting one single value would
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most likely result in reference fields with many missing values because of cloud
cover.

Therefore, there is the need to define a proper night-time field which will be prefer-
ably composed by the SEVIRI SST. It is needed to establish a proper night-time
period referred to as “night-time window”, an averaging window of some days,
referred to as “day window”, in order to ensure minimum gaps due to cloud cover
in the foundation temperature fields and decide on the quality of SST retrievals
to be used. An important consideration regarding the “night-time window” is the
variation of the “length of day” for these latitudes, especially during spring and
summer, when most of the warming is expected to occur, in combination with the
potential residual warming that would persist during the night. Finally, regarding
the quality of SST retrievals, the amount of SST retrievals flagged as excellent (5)
as opposed to other categories (3, 4) was taken into consideration.

A sensitivity analysis is performed for the test period between April and December
2006, by estimating the anomalies between a validation field, which is selected to be
the last pre-dawn quality 5 SST retrieval, and some candidate night-time reference
fields (see Paper IV). These are composites from the SEVIRI SSTs using different
options for the “night-time window”, the “day window” and the quality flags. The
term pre-dawn describes the last SST retrieval before the local sunrise. From this
analysis, the optimal parameters for the foundation fields are defined. Ideally, the
choice of night-time SST fields should not influence the diurnal warming signals
drastically. This assumption is tested with the use of another night-time reference
product. The operational, blended SST product from the Danish Meteorological
Institute (DMI) is used (Høyer & She, 2007) for that purpose, produced with the
use of an Optimal Interpolation (OI) method. The statistics of the comparison
can be found in Appendix D.

In general, it is found that the DMI-OI product is warmer than the validation
field, similar to the results from the SEVIRI reference fields. For the DMI-OI
product, most anomalies range between -0.4 and -0.2 K while in the SEVIRI cases
this range is between -0.2 and 0 K. The standard deviation is slightly higher
for the DMI-OI case, mostly ranging between 0.3 and 0.5 K (0.2-0.4 K for the
SEVIRI reference fields). It should be noted here, that the DMI OI foundation
fields are composed of SST observations from various sensors. From such results, it
is decided to proceed using the SEVIRI reference fields because it is important to
be able to use night-time reference fields from the data set, as systematic SEVIRI
biases will not affect the results, and not to rely on external products that may
have resolution issues and unidentified errors from the various sensors used for the
blending.

To quantify diurnal warming it is required to establish a threshold above which
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Figure 3.6: a) Annual distribution of anomalies exceeding the threshold of
1, 2 and 3 K from June 2004 to October 2009 and b) temporal distribution of
anomalies≥2 K.

the anomaly will be considered as warming. Figure 3.6a shows the quantified
anomalies exceeding 1, 2 and 3 K. There is a dramatic difference of observed
anomalies between the 1 and 2 K thresholds; anomalies exceeding 2 K consist
∼20% of the ones exceeding the 1 K threshold. Previously, errors in the order of
0.8 K between SEVIRI and in situ measurements were identified, therefore the 1
K is not considered a safe threshold for the definition of a warming case. Diurnal
warming exceeding 2 K is recorded from April to August of every year (see Figure
3.6b).

Figure 3.7: Spatial distribution of anomalies≥2 K.

In such cases, the amplitude of the diurnal cycle ranges from 0 K at night-time to
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1.5 K at ∼10:00 local solar time and a maximum of ∼2.5 K around 14:00. 75%
of the observed anomalies do not exceed 3 K, but cases up to 6 K are identified.
Areas of frequent warming are typically coincident with areas of frequent low
winds and increased water turbidity (see Paper IV). Moreover, a dependence on
the bathymetry and distance to the coast is identified (see Figure 3.8). In both
basins, 75% of the warming events occurred at depths up to 80-90 m with most
cases occurring in depths between 20 and 40 m. Most of the warming cases are
also identified within 50 km from the closest land mass. This is a very interesting
finding, as these are generally the locations where most offshore wind farms are
currently located and the new ones are being planned.
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Figure 3.8: Distribution of anomalies larger than 2 K according to (a) depth
and (b) distance to the nearest coast, for the North Sea and the Baltic Sea.

To examine the depth of the near surface layer that experiences diurnal variability,
based on the recorded anomalies, a simplified 1D model is applied. It is found that
the penetration depth has a seasonal variability that resembles the one of the solar
elevation angle and no depths greater than 1.8 m are identified, shown in Figure
3.9. Thus, water temperature sensors located at 3 or 4 meters below the water
surface, typical for offshore meteorological masts, will most likely not record such
variability. This is also a reason why the observed anomalies from SEVIRI are
not compared with in situ observations as the available in situ sensors are mostly
located at least 2 m below the surface. The Kiel platform has a sensor located at
0.5 m below the mean water surface but that shows large errors when compared
with the available SEVIRI retrievals. For more information on the quantitative
assessment on diurnal warming in the North Sea and Baltic Sea, one is referred to
Paper IV.

It has been shown that it is important to use the SST instead of a bulk temperature
of the water column when attempting to accurately describe the vertical wind
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Figure 3.9: a) Averaged monthly penetration depth from February to Decem-
ber 2009. b) Average monthly values of penetration depth of light (dashed),
depending on solar elevation and accounting for defraction (dotted). Estimated
for 55oN, 4oE assuming a constant distance of 2 m in the water column.

profile using extrapolation methods. Diurnal warming may cause sudden stability
variations that for example, will not be described by a short-term wind forecasting
system that does not account for the diurnal cycle. This is, currently, often the
case. Therefore, the problem is twofold. It is not only enough to quantify diurnal
warming, it is also important to be able to successfully predict it numerically.

3.6 Modelling the diurnal cycle

One of the big advantages of SST from space, is the global spatial coverage and
the high temporal frequency as the concurrent availability of various polar orbiting
platforms results in at least some SST retrievals per day. Different locations are
observed during different fractions of the day, very often once during the day and
once during the night. Day-time observations may be contaminated by diurnal
warming, therefore there is “a desire to provide detailed error estimates with all
satellite SST retrievals” (Donlon et al., 2009). Properly modelling the diurnal
variability will also aid oceanic and atmospheric modelling as most often, the
temperature of the upper ocean is considered uniform and stable during the course
of a day, thus leading in errors when calculating the surface heat fluxes (Ward,
2006).

Within the context of the present study, it is sought to simulate the observed events



62 Sea Surface Temperature

with the use of different modelling schemes. This would be of great interest as such
a product could be directly incorporated in the in situ bulk temperature measure-
ments to improve their representativity. A diurnal warming model will need to
be of low computational cost and easy to implement. Such models are generally
referred to as parameterization schemes; the parameter of interest, in this case
the daytime anomaly dSST , is most often described by simple equations, based
on empirical relationships derived from in situ observations. A parameterization
able to reproduce the observational evidence to a satisfactory degree can also be
incorporated in NWP models that are used for short term wind forecasting, in the
context of offshore wind energy. The three different parameterizations applied in
this study, use as inputs modelled surface net heat flux and wind fields from the
NWP model High Resolution Limited Area Model (HIRLAM) citeprefHIRLAM,
and are briefly described below.

Filipiak et al. (2010) Model This statistical model, here referred as FMKLB,
evaluates dSST from dawn to next dawn. It has been derived using 1 year of
data over the Atlantic and the Mediterranean Sea from SEVIRI SST observations
and operational and analysis fields from the European Centre for Medium-Range
Weather Forecasts (ECMWF). Diurnal warming is described as a function of time,
maximum wind speed since the net heat flux became positive and integrated net
heat flux Q since the net heat flux became positive. Cooling periods are identified
when the integrated net heat flux is negative. It also requires the climatological
mixed layer depth, for which the entire water column depth is used in this study,
as both the North Sea and the Baltic Sea are characterized by very small depths.

Zeng & Beljaars (2005) Model The prognostic scheme of Zeng & Beljaars
(2005), referred as ZB, requires wind and surface fluxes, along with an a priori
knowledge of foundation temperatures. In this case, the SEVIRI reference fields
are used, as representative of night-time conditions. The scheme, as described in
Zeng & Beljaars (2005) consists of two parts; the first predicting the skin SST
and the second the sub-skin SST. It also includes a parameter than defines the
depth of the diurnal-free layer d. In the present study, two different thresholds are
selected, d1=3 m and d2=6 m. In addition, as the scheme computes both the skin
and sub-skin SST, we use the sub-skin to be comparable with SEVIRI.

Clayson & Curry (1996) Model The parameterization, referred from here-
after as CC, was developed within the framework of the Tropical Ocean-Global At-
mosphere – Coupled Ocean-Atmosphere Response Experiment (TOGA-COARE)
project and it is described originally in Webster et al. (1996). This scheme uses a
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peak solar insolation, the averaged daily wind speed and the daily average precipi-
tation through a regression equation. The coefficients of the regression equation are
derived using a Neural Network (NN) system, developed by Bogdanof & Clayson
(personal communication). The CC scheme estimates the skin SST and does not
resolve the full daily cycle but only produces a peak dSST value. Therefore, com-
parison with the other predicted dSST s and the SEVIRI observed ones can be
achieved only through the distribution of the peak dSST s and the mean peak
dSST and it will carry the “cool skin” bias.

Inter-comparisons

The distributions of peak modelled anomalies are compared with the distribution
of peak anomalies observed from SEVIRI, shown in Figure 3.10. Especially the
FMKLB parameterization reproduces very well the SEVIRI observed distribution.
75% of the daily maximum anomalies from SEVIRI do not exceed 0.8 K but 5%
is higher than 1.6 K. Note the relatively few number of total observations, due to
missing values either in the day-time SSTs or the night-time reference fields. The
99.9% of the maximum recorded anomalies does not exceed 5 K.

The distribution of peak dSST from the FMKLB model indicates that the 75th
percentile is lower; around 0.4 K, while the 95th percentile does not exceed 1 K.
The ZB d1 scheme has a 75th percentile at 0.5 K but the 95% and 97.5% of peak
dSST s are higher than the observed SEVIRI ones. The d2 version produces a
distribution of peak dSST s with percentiles similar to SEVIRI. Finally, the CC
scheme has a much narrower distribution with no dSST exceeding 1.1 K and 75%
not exceeding 0.3 K.

All candidate models significantly overestimate the number of warming cases. One
reason for this is that NWP fields contain no gaps, thus the FMKLB model will
estimate anomalies for the full domain. SEVIRI is bound by cloud cover and has
missing values in both the night-time reference fields and the day-time anomaly
fields while the ZB and CC use the SEVIRI night time fields as foundation tem-
peratures. The averaged peak dSST s are shown in Figure 3.11. Note the different
scaling for the FMKLB and CC models, so the spatial variability can be visible.
Averaged peak dSST from SEVIRI is between 0.3 and 0.5 K for the largest part
of the study area.

Peak dSST s higher than 0.6 K are observed in the west coast of Denmark, the
Baltic Sea, the west coast of Norway and the Irish Sea. The models capture the
peak dSST in some of these areas, like the west coast of Norway (58°N–60°N,
∼6°E), the Baltic Sea (54°N–60°N, ∼20°E–30°E) and the Irish Sea (52°N–54°N,
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Figure 3.10: Distribution of maximum anomalies, counted for every grid cell,
from 02/2009 to 01/2010. The distributions when random noise with a zero
mean and a 0.5 K standard deviation is added to the models, are also shown.
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Figure 3.11: Spatial extend of averaged daily peak warming from 02/2009 to
01/2010. Note the reduced range of dSST for the FMKLB and CC schemes,
to render spatial difference visible.

∼4°W). They also show a similar pattern as SEVIRI, where more warming is
identified in the Baltic Sea compared to the North Sea.

An example of the maximum dSST during a warming event on the 03/07/2009,
as estimated from SEVIRI and modelled by the different schemes is shown in
Figure 3.12. A peak dSST of 5.5 K is observed from SEVIRI in an extended area
of the west coast of Denmark and smaller areas where peak dSST is ∼4 K are
observed in the waters around the country. Another area with a peak dSST of
5 K is observed in the Baltic Sea. Each model shows a rather different behaviour,
with the FMKLB failing in the west coast area but capturing warming in the
inland waters and in the Baltic Sea with a spatial mismatch. The ZB d1 scheme
predicts dSST s of the correct magnitude but with a much larger spatial extend
while the d2 version essentially reproduces the same spatial extend but with a
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reduced amplitude. Finally, the CC scheme shows a much lower peak dSST , in
the order of 2 K .

Figure 3.13 shows the SEVIRI anomalies from 14:00 to 16:00 UTC and modelled
anomalies from the FMKLB and ZB d1 and d1 schemes, from 15:00 to 17:00 local
time. The date is the same as in the example shown before. Note the warm patch
on the west coast of Denmark around 55°N and 8°E with anomalies reaching up to
5.5 K, as observed from SEVIRI. Warming up to 4 K is found around 56°N, 11°E
and 57°N, 8°E. Very high anomalies are also observed in the Baltic Sea around
55°N, 15°E but the cloud masking unfortunately does not allow a full coverage of
the area.

Also note, the different results from the models. The FMKLB scheme (row 2),
reproduces better the warming in the Baltic Sea and the Danish waters but misses
warming in the west coast of Denmark. In particular the warm patch observed at
57°N–8°E does not appear or is misplaced towards the West. The ZB d1 (row 3),
highly overestimates warming but represents better the observed warm patches.
Finally, the ZB d2 version (row 4), shows a lower maximum anomaly but more or
less distributed over the entire area. The spatial comparisons can show discrepan-
cies because the modelled anomalies are driven by the input fields from HIRLAM.
Any spatial disparity between HIRLAM and the real wind, will be translated in a
mismatch between the observed and modelled anomalies.

When the daily cycle is averaged over a month, as shown in Figure 3.14 for July
2009, issues related to the spatial discrepancies of warming are excluded but other
features are highlighted. All modelled curves show less warming during largest
fractions of the day as the distributions are narrower. Moreover, both the ZB d1
and d2 versions show a time lag for the peak warming. They all account for a
residual warm layer persisting until late in the evening but they underestimated
its magnitude compared to SEVIRI.

The correlation between observed and modelled anomalies and other parameters
such as the wind speed u, the integrated heat flux Q, the Surface Solar Irradiance
(SSI) and the water turbidity Kd(490) is shown in Figure 3.15a. For the Kd(490),
two different products are used, one from DMI suitable for type-II water and one
from the ESA Global Colour Project (GlobCol), suitable for type-I water. To
estimate the correlation between observed and modelled dSST and u, Q, SSI and
SSI ′, the number of coincident match-ups ranges from 1368344 to 1429894. For
the correlation with Kd(490) this number is decreased to 510308 match-ups for the
DMI and 679884 match-ups for the GlobCol product. The models show a relatively
high negative correlation with u and a positive correlation with Q, as both u and
the heat flux Q are input fields. The observed dSST from SEVIRI has a low
correlation with both but the correct trends are captured.
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Figure 3.12: Spatial extend of peak dSST during a diurnal warming event
on the 03/07/2009 as observed from SEVIRI and reproduced by the models.
SEVIRI anomalies with quality ≥3 are used to avoid gaps in the field. Note
the reduced range of the CC dSST, to make the spatial variability visible.
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Figure 3.13: Warming from SEVIRI on the 03/07/2009 at 14:00, 15:00 and
16:00 UTC, along with the modelled fields from 3 different schemes.

There is also a positive correlation with the water turbidity, but of very low value.
This can be explained by the daily nature of the Kd(490) products used in this
study; the temporal variability of Kd(490) is not resolved therefore it can hardly be
correlated with the temporal variability of SST. When the time lag dependence
of the correlation is examined, shown in Figure 3.15b, a phase shift is identified.
As an example SEVIRI anomalies show a higher anti-correlation with HIRLAM
winds having a time lag of ∼ 2 hours.
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Figure 3.14: Averaged diurnal cycle based on grid cells that show anomalies
exceeding 2 K at least once during the day. Observed anomalies from SEVIRI
are shown in red and from the 3 models in black, green and blue.

Moreover, the dependence of the dSST parameterizations on the water turbidity
is examined, with the use of the diffuse attenuation coefficient at 490 nm (Kd(490)).
This is a parameter that describes the depth in which the light travels in the water
column. Hence, higher values are equivalent to more turbid waters. Results from
the sensitivity analysis of the modelled warming dependence on Kd(490) are shown
in Appendix E. Generally, a contribution of Kd(490) is identified, since there is
a stratification of warming for low and high Kd(490). For the ZB scheme, that
includes a parameter to account for the depth of the surface layer where warming
occurs, higher dependence on Kd(490) is found.

Robust conclusions that can be drawn from the modelling attempts are that, the
quality of the modelled anomalies highly depends on the input parameters. Most
conveniently such parameters will be the outputs of NWP models. Therefore it
is important to test the performance of such models in the area of interest. For
example, if the modelled wind speeds are biased low compared to reality, the
modelled anomalies will be more than in reality. In addition, it is considered
important to account for a warm layer depth that will in principle constrain the
heat in the upper few meters, thus leading to a more realistic representation.
Finally, in such models, dSST is more dependent on the wind as the correlation
matrix indicated. In addition, diurnal warming does depend very much on low
winds, that NWP models generally fail to capture properly. For more results and
relevant discussion, see Paper V.
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Figure 3.15: a) Correlation matrix of SEVIRI dSST, u, SSI, SSI′, Q and
dSST from the FMKLB and ZB models. b) Correlation of U, SSI, SSI′, Q and
dSST from the FMKLB and ZB models with SEVIRI dSST for different time
lag intervals. All correlations are for SEVIRI dSST between 13:00 and 16:00
LST.

3.7 Summary

This chapter has dealt with the use of hourly satellite SST fields for the identifica-
tion and quantification of diurnal signals in the sea surface temperature. Thus, by
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understanding the marine environment and its variability, a better representation
of the physical processes can be achieved.

� Paper IV assesses the use of hourly SEVIRI SST fields when compared to
in situ observations and provides a thorough statistical description of the
diurnal SST cycle in the North Sea and the Baltic Sea.

� SEVIRI observations have low biases compared to in situ measurements,
thus the satellite SST fields are representative of real conditions.

� Diurnal warming of the upper water column has been quantified in the North
Sea and the Baltic Sea. It occurs especially in areas relevant for offshore wind
farms.

� Warming of the sea surface exceeding 2 K has been identified, observable in
late spring and summer.

� The depth of the warm layer has been estimated to ∼2 m, much shallower
than typically installed thermistors for in situ observations.

� As the diurnal cycle of SST is very important for various applications, Pa-
per V addresses the comparisons between different models and SEVIRI
observations of the diurnal cycle in the North and Baltic Sea.

� The overall biases between maximum modelled and observed warming are
low and the models successfully reproduce more warming in the Baltic com-
pared to the North Sea.

� When SEVIRI and modelled temperatures are compared to measurements
from the shallowest available sensors at various locations, overall biases are
∼0.7 K independent of the dataset (SEVIRI or models).

� The statistical distributions are better resolved from some models but they
all somewhat fail to capture the spatial extend of warming.

� The correlation between observed and modelled warming and various other
parameters shows the correct trends but with low signal values.
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Chapter 4

Discussion

This PhD study has been performed within the context of offshore wind energy and
the community’s attempt to increase our understanding of the natural processes
that take place over the ocean and may affect the overlaying atmosphere, through
observational evidence. Systematic observations of the marine atmospheric bound-
ary layer and the underlying ocean are not easily available. Satellite remote sensing
observations can aid to overcome this issue, due to their extended spatial coverage
and temporal availability.

Since the main reason for using QuikSCAT ocean winds in this study, is for wind
energy related purposes and wind resource assessment, it is thought that the use
of an already gridded product, preferably with no gaps, is rather appropriate for
such an application. After, hopefully, demonstrating the potential of scatterometer
winds, in this case QuikSCAT, to aid the offshore wind energy sector, the author
hopes that more of the community members will consider satellite scatterometry
as a source of wind speed and direction measurements in future studies.

The applicability of scatterometer winds can be through assimilation in meso-
scale models, use of scatterometer data for validation of model performance and
calibration in specific areas and wind resource assessment, to complement other
data sources. Hence, a gridded product, ready to be used as is, will likely be
more applicable. In addition, it will be preferable if the product has the highest
data availability possible and if that needs to be achieved through gap filling, it is
probably better if it is standardized rather than leaving the option to the user.
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Despite the variety of QuikSCAT products, there does not seem to be a source
of information properly listing all the different scatterometer products and the
GMFs they have been processed with. The author feels that while this should
not be an important issue for the scatterometry experts, it will likely complicate
the end user that wishes to get access to some wind data and use it. The choice
of the RSS product was rather arbitrary. One may argue that many scientific
investigations, mainly validation and comparison studies between the observed
winds and modelled wind fields or in situ observations use typically L2B products,
very often from JPL. This alone is a reason for not choosing such a product, as
many studies are available and the performance of the assessed winds is already
well documented.

Parameters relevant for the wind resource assessment that have been derived from
QuikSCAT in this study, are the wind speed and direction in order to examine
the spatial and temporal wind variability. Persistent features of large scale chan-
nelling flows and lee effects are identified through observations of the near-surface
wind field. The spatial correlation amongst different locations demonstrates the
spatial scale of such features. The seasonal variability highlights the existence of
synoptic patterns. In addition, QuikSCAT observations have been used to evalu-
ate the Weibull A and k parameters, the annual and monthly wind variability in
comparison to the 10-year mean wind speed, to examine the spatial variability of
the wind rose distributions and of the spatial correlation of wind speed, to define
the frequency of the cut-in threshold and to examine the daily wind speed and
direction difference in an attempt to quantify land-sea breeze systems.

Certain limitations exist concerning the applicability of scatterometer winds, that
constrain the accuracy and the level of detail. Scatterometer wind biases are large
below 3 m s−1, which happens to be the typical lower cut-in threshold for wind
turbines. The accuracy of QuikSCAT is 2 m s−1 within the range 3-20 m s−1,
properly covering the typical range of rated wind turbine speeds; the upper limit
is coincident with the start of the cut-out range. For wind speeds above 15 m s−1,
there is a “failure” of the GMFs to retrieve the correct speed due to the lack of in
situ observations to correlate with the backscattered signal. As more scatterometer
observations become available, new and more accurate GMFs are being developed,
improving the accuracy of the retrieved wind and extending the effective range.
For example, recently RSS reprocessed the QuikSCAT σ0 with a new function that
is believed to increase accuracy for wind speeds up to 30 m s−1. Nonetheless, such
accuracies are nowhere close to the cup anemometer uncertainties used for in situ
measurements. Such uncertainties are defined by the calibration, mounting and
operation of the instrument and for wind speeds ranging from 4 to 25 m s−1, they
are between 0.16 and 0.25 m s−1.

The limitation of satellite winds to properly identify high and low wind speeds
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poses a constrain in their representativity. In this study it has been found that
when applying the Weibull fit to the QuikSCAT time series in order to estimate the
wind power density, lower estimates are computed as opposed to when estimating
the power density directly from the QuikSCAT observations. The biases did not
exceed 10 W m−2 in most areas, but increased up to 50 W m−2 in the North
Atlantic. This is thought to originate from a combination of the high variability of
the wind speed along with the fitting of the Weibull distribution to the QuikSCAT
time-series, for which very low and very high wind speeds are under-represented.
Such a limitation has to be taken into consideration when estimating long term
averages.

Satellite wind fields are near instantaneous measurements over large areas, that are
then averaged to provide measurements representative of spatial averages. This is a
disadvantage compared to in situ measurements at a specific location. QuikSCAT
winds are most commonly available at 25 km. This means that σ0 observations are
averaged over bins of 25 km·25 km, thus providing an averaged wind retrieval. This
eliminates any type of local features that can be captured by in situ observations,
at least in the product version used in the present study. Moreover, due to the
contamination of land to the backscattered signal, retrievals were so far obtained
at a distance of ∼30 km from the land. This has been a limitation, as most
offshore wind farms have been traditionally constructed within this distance from
the land. The solution to this issue is twofold. On the one hand, new offshore
foundation techniques are driving offshore wind farms very far from the coast,
where no land contamination to the backscattered signal is expected. On the other
hand, scientific working groups are improving the resolution of scatterometer winds
and are working towards products that are available closer to land than previously.

Considering the spatially averaged nature of satellite fields, it is very important
to identify the resolvable length scales, i.e. how much small scale variability is
preserved. For that, spatial spectral analysis of the coarser QuikSCAT product
and the much finer SAR wind retrievals was very useful to highlight the impor-
tance of using the most relevant type of satellite winds depending on the type of
investigation. SAR wind fields show higher spatial variability even when they are
processed with a resolution similar to QuikSCAT. This is a very interesting finding
as it creates new possibilities for combining the existing archives from QuikSCAT
and SAR to increase the daily temporal availability and improve the accuracy of
satellite based wind resource assessment when long-term averages are of interest.

The impact of rain on the quality of the retrieved scatterometer winds from
QuikSCAT is another issue, as it forces flagging and exclusion of the rain con-
taminated observations. This may bias the average statistics since high winds,
possibly associated with rainy conditions, have to be excluded. A sensitivity anal-
ysis performed during the present study, showed that biases were in the order of
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0.2 m s−1 but this may be different depending on the product and has to always be
taken into consideration. Note that if products from other scatterometers operat-
ing at other bands of the electromagnetic spectrum, like ASCAT, or from C-band
SARs, only heavy rain may pose a significant problem.

The temporal frequency of QuikSCAT winds, i.e. two daily observations, is not
useful for diurnal warming studies, as the daily cycle is not properly captured.
Still certain persistent features can be identified, for example areas where typi-
cally the early morning speeds are found higher compared to the early evening
even by 1 m s−1. Other studies (Barthelmie et al., 2005; Motta & Barthelmie,
2004) have found that the number of unstable conditions peaked at approximately
sunrise which is about the time of the QuikSCAT morning pass over the Northern
European Seas.

Also, such a temporal frequency is very low compared to in situ measurements, typ-
ically acquired as 10-min averages. When long term averages are described, such
a disadvantage has been shown to have a smaller impact than one would expect.
More specifically, by evaluating the 10 m mean wind speed and the wind power
density, at two offshore locations in the North Sea, between 1769 (643) QuikSCAT
twice daily observations and 137772 (50359) 10-min in situ measurements, it is
found that the mean wind deviation is 2.2% (0.9%) and the wind power deviation
is 11.2% (2.2%). On the other hand, the intra-annual variability, described by the
monthly wind speed over the long-term mean, is very well captured by QuikSCAT
when compared to in situ observations. All the above strengthen the conclusion
that for average, descriptive statistics the scatterometer winds can be very helpful.
Of course, this does not signify that in situ measurements can be substituted by
space-borne observations.

QuikSCAT has been found useful for the validation of re-analysis NWP fields from
WRF. Through comparisons it was possible to identify areas where the model does
not resolve the wind variability, as observed from QuikSCAT and from in situ
observations. Both QuikSCAT and WRF have certain limitations that can inflate
the estimated biases, especially in areas of complex morphology and in coastal
areas where QuikSCAT may be contaminated by land backscatter and WRF may
have issues with the land mask, the change of surface roughness and its value. It
is important to keep such limitations in mind when drawing conclusions from the
comparisons. In addition, QuikSCAT was tested against WRF outputs to evaluate
the use of different planetary boundary layer schemes in WRF. Such a task is valid
for winds at 10 m above the surface and cannot provide solid conclusions for the
model’s performance at higher levels, relevant for wind turbines.

The satellite observed winds are referenced at the height of 10 m above the surface.
This is a limitation, as wind turbine relevant heights extend from 20 or 30 m
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above the surface up to 180 m. Even with in situ measurements available, detailed
information at high levels is rarely acquired. In such cases, vertical extrapolation of
the measured quantities is performed using the diabatic wind profile formulation,
that describes the evolution of the wind profile with height as a function of the
atmospheric stratification, the surface roughness and the boundary layer height.
When the sea surface is considered in this methodology, water temperatures are
used, usually from a depth within the water column. But, large diurnal warming
of the sea surface temperature occurs under clear sky, strong solar insolation and
light winds.

Diurnal warming of the sea surface occurs under low winds. Thus, one may argue
that it is not relevant for wind energy purposes. Surface winds below 5 or 6 m s−1

may not be strong enough to promote mixing of the upper water column, but
they are well above the typical wind turbine cut-in thresholds. Therefore, turbines
can be operating for wind speeds that allow warming. In addition, most diurnal
warming cases have been found to occur in areas with water depth and at a distance
from the coast typically chosen for wind turbine installations. Thus, warming
events can affect the stability of the atmosphere, increasing turbulence that will
drive an increase of the near surface wind speed. Under unstable conditions,
the diabatic wind profile dictates that wind speeds at, for example, 100 m above
the surface will be lower than under neutral or stable conditions. In addition,
diurnal warming events may cause errors in the extrapolation of wind speed from
measurement heights to turbine relevant heights, if a water temperature other
than the SST is used. Measuring campaigns, providing information at various
atmospheric levels would be very relevant for the exact description of instability
caused by the sudden warming of SST and how it progresses further up in the
atmosphere.

A recent study by Sathe et al. (2011) for the atmospheric stability in two offshore
locations of the North Sea, used water temperatures at -3.8 m and -4 m and air
temperatures at 21 m and 15 m respectively. They did not find any pronounced
daily variation of stability, most likely due to the depth of the water temperature
sensors. Nonetheless, they identified a “marked increase” of unstable conditions
during the late summer and an overall prevalence of neutral to unstable conditions.
The author can not help but wonder what would their findings be, if actual SST
observations were used rather than bulk water temperatures. The increase of
unstable conditions during late summer is due to the seasonal increase of the
water temperature. Similar results could be expected during a day when diurnal
warming occurs.

Chelton et al. (2004) used QuikSCAT swath winds to examine the curl and di-
vergence of the surface wind stress. This study revealed small scale variability in
the divergence filed over open ocean, which was attributed to the acceleration and
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deceleration of the surface winds blowing across SST fronts. They stated that the
resulting convergence and divergence generates vertical motions which can influ-
ence higher atmospheric levels. Such a study clearly demonstrates the coupling of
the oceanic winds and the SST. Similar investigations, although very interesting,
have not been performed in the present study. The author strongly believes that
such features can be identified only using swath winds and that in higher level
products, such information is not preserved.

Regarding the quantification of diurnal warming in the North Sea and the Baltic
Sea, one may argue that the occurrence of very large warming events, above 2 K,
is not frequent enough to be of importance in these latitudes. There is some doubt
regarding the severity of the cloud masking and the quality flagging. SEVIRI
data have been recently reprocessed with a new cloud mask control and revised
algorithms (LeBorgne et al., 2011). Users are advised to use quality levels 3 and
above for quantitative purposes. This new processing and in particular the cloud
mask control may alter the findings of the current study, possibly towards the
identification of more diurnal warming cases.

SST measurements from SEVIRI have been validated for the North Sea and Baltic
Sea. They have proven valuable for the identification and quantification of diurnal
warming of the sea surface temperature. As such, they could be considered in
cases when in situ temperature measurements are not available and for the eval-
uation of potential diurnal warming in prospective sites for offshore wind turbine
installations.

Observations from other sensors, on board polar orbiting platforms would solve the
resolution issue, as SEVIRI resolution is much lower for the high latitudes. It would
also compensate for the accuracy and land mask issues. But polar orbiters usually
have a much longer re-visiting time, thus observations from various sensors on
various platforms would have to be combined to resolve the daily cycle. This would
increase uncertainty on the quantification of warming due to different resolutions
of the sensors and sensor-dependent biases.

Modelling the diurnal cycle of SST is of high interest, in order to compensate
for biases in day-time satellite SST retrievals, to improve the representativity of
bulk temperature measurements and to improve the performance of NWP models
that use night-time composite SST fields. The three models used in the present
study are easily applicable and of low computational cost. They have been found
very sensitive especially to the input wind field that typically is taken from NWP
model outputs. Such model outputs perform poorly in low wind speeds, i.e. when
diurnal warming occurs. This is a limitation of the dSST models that could be
compensated by the use of actual wind speed measurements, e.g. from satellite
observations.
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From the diurnal warming model inter-comparisons, the FMKLB scheme success-
fully reproduces the statistical distribution of warming as observed from SEVIRI.
The ZB scheme performs better in modelling the spatial extend of warming, but
more sensitivity tests are required to find the optimal combination of its warm
layer depth parameter and the shape exponent of the warm layer parameter. This
may improve the overall performance of the model. Both the FMKLB and ZB
schemes perform well in reproducing the averaged daily SST cycle especially in ac-
counting for the residual warm layer that persists at night-time. The CC scheme
produces a peak warming for the skin SST and it that sense it is not as relevant if
the full daily SST cycle needs to be resolved. In addition, the skin bias is expected
to be larger under low wind conditions and therefore comparisons with sub-skin
SST are not straightforward. Such a scheme is applicable for properly estimating
the surface fluxes and improve heat budget approximations.

Other types of models for diurnal warming include diffusion and bulk models.
These models include turbulence quantities, do not resolve the upper few meters
of the water column discretely, and in order to do so the computational cost will
be enormous. As such they are useful for coupled ocean-atmospheric models. The
author feels that if the daily cycle needs to be resolved in a simple and efficient
manner, for example in order to be included in daily composite SST fields from
multiple sensors, such complicated and computationally heavy models will not be
practical.

This study has hopefully demonstrated that in addition to the many well estab-
lished scientific applications of scatterometry from space, offshore wind energy
is yet another. Lifting the satellite winds from the reference height of 10 m to
higher levels, relevant for wind turbines, will strengthen their applicability for off-
shore wind energy purposes. To successfully achieve this, accurate information
about the atmospheric stability and the boundary layer height over large areas
is required; such information can currently be obtained through NWP models.
Studies attempting such a task are currently available, e.g. Badger et al. (2012)
and their results are promising but not as accurate as expected. The information
obtained from the NWP models is questionable as the lower atmospheric levels
are not best resolved by such models. The typical use of bulk, multi-day averages
of SST as inputs to such models surely does not aid their improved performance.
Higher spatial and temporal resolution SST fields, able to capture the daily vari-
ability are thought to improve the model performance at low levels thus improving
the accuracy of the output fields that will then be implemented for the lifting of
the satellite winds.

The author would like to highlight a personal difficulty to sort out all the available
QuikSCAT products and their specifications. The common platform for scatterom-
etry and ocean vector winds is the International Ocean Vector Winds Science Team
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(IOVWST). But, for example, the RSS QuikSCAT product is missing from their
list of products. A personal opinion is that a more general scatterometry platform
would be useful, especially for the dissemination of scatterometer winds. This
could somewhat simplify the access to different products and gather all the infor-
mation available under one common group, thus simplifying the process for the end
users. Something similar exists for the space-borne SST observations. The Group
for High Resolution SST has successfully created such a common platform where
organizations interested in SST observations but also individuals can find complete
information on the available products and the background of their development.
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Conclusions

The aim of the present study has been twofold. To demonstrate the applicability
of satellite observations of near-surface ocean winds over large areas, for the pur-
poses of wind resource assessment and for general implementation in the offshore
wind energy sector. Moreover, to promote the understanding of factors that may
influence the marine atmospheric boundary layer, through identifying and quanti-
fying the diurnal warming of the sea surface temperature. To achieve this, hourly
satellite observations have been used, over the North Sea and the Baltic Sea where
most of Europe’s offshore wind farms operate.

Within this context, it has been shown that space-borne scatterometer winds from
QuikSCAT can be used for the initial wind resource mapping to highlight areas
where more accurate measurements are required. The long-term data availability
aids at capturing the average statistics but QuikSCAT observations have certain
limitations in terms of accuracy; 2 m s−1 for speeds between 3-20 m s−1. Depending
on the algorithm used to relate the backscattered signal to the 10 m wind, the range
of derived wind speeds can vary and there are now well documented biases above
and below certain wind speed thresholds.

Comparisons of QuikSCAT with in situ observations from three offshore locations
in the North Sea indicate very good agreement. The mean wind speed bias was
found to be almost zero when wind speeds above 3 m s−1 were used, while the
standard deviation was 1.2 m s−1. The wind direction mean bias was =2.3° with
a standard deviation of 15°. Nonetheless, satellite winds are instantaneous spatial
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averages and in that sense they are not comparable neither can they substitute in
situ measurements that capture the temporal wind variability in a specific location.

The 10-year long QuikSCAT dataset provided multi-year statistical properties and
coverage of large areas. Even though the North Sea and the Baltic Sea are domi-
nated by strong westerly winds, it has been shown that the North Sea is particu-
larly subjected to spatial variability of various wind related parameters. Adjacent
land masses with complex terrain and the complex coastal morphology result in lee
effects and strong jet and channelling flows. The spatial correlation of wind speed
indicates that correlation higher than 0.9 is identified for an area with seasonally
stable size, approximately 160 km by 200 km.

The temporal representativity of QuikSCAT’s twice daily observations was eval-
uated against the frequent 10 min in situ measurements. From a total of 1769
QuikSCAT observations compared against 137772 in situ measurements, a maxi-
mum 2.2% deviation for the wind speed and 11.2% for the wind power density was
found for a location ∼14 km offshore. For a location further offshore (∼35 km),
such estimated deviations were 0.9% for the wind speed and 2.2% for the power
density, between 643 QuikSCAT retrievals and 50359 in situ measurements.

QuikSCAT was found to reproduce the temporal wind variability as observed from
in situ measurements at an offshore location. When examining the mean monthly
wind speed variability over a long term mean wind speed, the lowest below-mean
variability from in situ measurements was ∼48% for July while the QuikSCAT
computed variability was ∼45% for the same month. Highest above the mean
variability was observed in January and reached ∼10% from both in situ measure-
ments and QuikSCAT.

The spatial representativity of satellite winds is a limitation when seeking to de-
scribe local conditions. For such a purpose, SAR wind fields are found to better
capture the spatial variability of the wind field, compared to QuikSCAT and they
are appropriate for a more detailed description of local scales. Even when SAR
winds are re-processed to match the resolution of QuikSCAT, the spectral power
of SAR is still higher for the same wave number range and the spectral slope of
SAR is smoother.

It is shown that QuikSCAT spectral slopes for the mid-latitude region of interest
follow the theoretical predicted value of −5/3. The SAR spectral slopes are lower
and increase for decreasing resolution. SAR fields maintain a high energy content
for length scales of 2 km. Such findings demonstrate the ability of SAR winds to
resolve spatial scales and their lower degree of averaging. Thus, SAR fields can
be used along coarser resolution scatterometer products to improve the spatial
information available from satellite winds.
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For a detailed wind resource assessment, satellite observations of winds are not
sufficient and more sources of information should be combined. The extended spa-
tial and temporal coverage of scatterometer near-surface ocean winds can provide
an initial description of the conditions over large areas, serving as a “road-map”
for specific site selection. It can also serve for the initial set-up of meso-scale NWP
models used for wind energy purposes, be assimilated in them or for the validation
of the model set-up.

The extended spatial comparisons between QuikSCAT and WRF re-analysis out-
puts, indicate areas where discrepancies are very small. The largest discrepancies
between QuikSCAT and WRF are observed in coastal areas, of complex morphol-
ogy and adjacent to land masses. There both the satellite winds and the re-analysis
fields suffer from issues related to the land proximity. This kind of comparison
though, may not be entirely fair as the WRF re-analysis is not formulated to
capture the day-to-day wind climate but rather the long-term trends.

If the wind resource assessment studies are to be as accurate as possible, all avail-
able information for the wind over the ocean has to be integrated. Moreover,
better understanding of the processes that can influence the wind conditions off-
shore should be achieved. As over land the surface temperature is considered
important because it varies significantly within the course of a day, also above
water it is the surface temperature that should be taken into consideration.

It is commonly accepted that the water temperature does not vary much during a
day, but this study has demonstrated that this is not actually the case especially
when the temperature within the first meter is considered. The very top of the
water column is the part where most of the incoming solar radiation is absorbed
and where the exchange of heat with the atmosphere takes place. Rapid increase
of the SST can occur during the course of a day and it should be taken into account
for the extrapolation of surface winds to wind turbine hub-heights.

Hourly satellite observations from SEVIRI have been found accurate when com-
pared to in situ measurements and very useful to quantify the occurrence of diurnal
warming in the North Sea and the Baltic Sea. Biases are generally low and cor-
relation high, when hourly SEVIRI retrievals of quality 3-5 are compared against
in situ observations from platforms and moored buoys. On average validation
results of the hourly SEVIRI fields show a bias of 0.65 K when compared to in
situ observations. Diurnal warming exceeding 2 K was observed from April to
August, mainly occurring from 1400 to 1600 local time. The maximum amplitude
reached 6 degrees in a few cases. The spatial extend of warming reaches 180 km2

or more, and has a dependence on bathymetry and distance to coast. Estimation
of the vertical extend of the warm layer, showed maximum depths of 1.8 meters in
June that rapidly decrease towards autumn. Thus temperature sensors, typically
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located at 3 or 4 m will most likely not capture this daily variability.

Since detailed SST observations are not always available, modelling the diurnal
cycle is necessary to compensate for the loss of vertical structure information in
bulk water temperature measurements. The simplified models for predicting diur-
nal warming used in the present study represent possible candidates due to their
simple implementation and their low computational cost. Collocated maximum
warming has almost zero biases for the Zeng & Beljaars (2005) scheme, ∼0.14 K
for the Filipiak et al. (2010) scheme and a 0.39 bias is found for the Clayson &
Curry (1996) scheme. The overall correlation of maximum warming between the
models and SEVIRI does not exceed 0.5. When hourly SSTs are compared to in
situ measurements from different locations, the correlation with SEVIRI, the Zeng
& Beljaars (2005) and the Filipiak et al. (2010) schemes is ∼0.98-0.99, the biases
are ∼0.1 K and the standard deviations range between 0.63 and 0.72 K.

The correlation between observed and modelled warming and parameters such as u
and u from HIRLAM, SEVIRI SSI and Kd(490) shows the correct trends. Negative
correlation with u is found, low for SEVIRI and rather large for the models, as
they are forced by the field. Positive correlation is found for Q, SSI and SSI ′,
higher for the models (∼0.1-0.3) than for the SEVIRI warming (∼0-0.2). SEVIRI
correlations with u and SSI are maximum when there is a 3-hour time-lag.

It is shown that the FMKLB model is representative of the distribution of warming
cases as observed from SEVIRI. The ZB scheme is able to resolve the spatial extend
of the observed warming also accounting for the depth of the warm layer. The CC
scheme provides a quick estimation of the peak skin dSST which is useful for an
estimation of potential warming but not representative enough, as the “cool skin”
bias is expected to be rather large under very low wind conditions. All models are
sensitive to the input wind fields and should be further investigated.

Hopefully, this study has successfully demonstrated the applicability of near-
surface ocean wind observations from satellite sensors. QuikSCAT has proven
valuable for the description of the average wind characteristics over large areas.
SAR winds have been shown to contain much more spatial variability. SEVIRI,
on a geostationary orbit, has been found accurate when compared with in situ
measurements and appropriate for the identification of diurnal warming of the sea
surface.

Diurnal warming of the upper ocean has been found to occur in latitudes up to
60°N, routinely observable during spring and summer. Sush findings highlight the
importance of properly accounting for SST and its daily variability in order to
better describe the processes that influence the wind field over the ocean. Simple
models that can predict diurnal warming are thought to be of aid when accurate
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SST measurements are not readily available but their implementation needs to be
investigated further.
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Chapter 6

Future Work

Despite the end of the QuikSCAT mission, other scatterometers such as the Eu-
ropean ASCAT on Metop-A and the Indian OCEANSAT-2 are currently in orbit.
This continuity of scatterometer observations is of high interest for the offshore
wind resource community. Investigations on the differences between the past and
existing products will result in methodologies of merging the data, thus creating
long, almost continuous time-series of ocean vector winds.

Some higher resolution scatterometer products are available and KNMI has an
ASCAT 12.5 km product available in operational mode and a coastal product in
pre-operational mode. Such products will be useful for wind resource assessment
studies as they achieve higher proximity to the coast, where most typically offshore
wind farms are currently installed.

The spectral properties of the satellite wind fields can be further investigated. As
the coverage of SAR observations is not fixed, it is difficult to obtain continu-
ous datasets that frequently cover the same area. In this context, it would be
interesting to examine the sensitivity of the spectral slopes as a function of the
domain.

This spectral analysis study was constrained only in a small part of the North Sea,
due to an overlapping of 135 SAR images. It would be interesting to examine the
impact of keeping a constant domain size and applying it as a “moving window”,
in different areas of the North Sea depending on the availability of SAR scenes.
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The time mismatch between the SAR and scatterometer fields can possibly be
used to create a daily tandem product. By processing the SAR fields to a 25 km
resolution, both products can be combined to ensure a maximum availability of 4
times per day.

When quantifying diurnal warming from SEVIRI observations, the night-time ref-
erence fields are composed of SST retrievals with quality 3 and above. But the
anomaly fields require only quality 5 day-time retrievals. It would be of interest
to examine the quantitative impact of lowering the quality flag for the anomalies
as well.

Moreover, the night-time reference fields have gaps due to cloud masking that
prevent day-time anomalies to be computed. A solution would be to apply some
interpolation scheme to fill the gaps and re-evaluate diurnal warming. Such a study
has been performed for the Tropical Atlantic with promising results, see Marullo
et al. (2010).

Such an interpolation scheme can be actually applied to all the hourly SEVIRI
SSTs, to achieve a better description of the anomalies. This has to be done in a
proper manner, to ensure that the interpolated fields are realistic and represen-
tative of the physical conditions. Moreover, the hourly interpolated SSTs can be
used in an NWP model, such as WRF in order to evaluate the impact of prop-
erly resolving the diurnal SST cycle on the modelled wind fields. Regarding the
modelling of the diurnal cycle, other parameterizations can be tested and other
model inputs can be used. Especially for some parameterizations tested already,
derivation of new coefficients may be required.

To examine the exact impact of diurnal warming on the vertical wind profile, in
situ observations at multiple heights will certainly aid to shed light on the exact
processes that take place during diurnal warming events. With such information
at hand, it can be possible to evaluate the response of the air temperature and
wind speed at various heights to the sudden increase of SST.
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Météo France (2005). Surface Solar Irradiance Product Manual, Ocean & Sea Ice
SAF, Version 1.5, SAF/OSI/M-F/TEC/MA/123, November 2005.

LeBorgne P, Legendre G, & Marsouin A, 2005. Ocean and Sea Ice SAF hourly prod-
ucts of Sea Surface Temperature and Radiative fluxes. Météo France/DP/CMS,
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Appendix A

Offshore wind farms in Northern
Europe

Table A.1: List of the Northern European offshore wind farms in the planning
stage (U.P.) and under construction (U.C.) shown in Figure 1.1.

Name Stage Latitude Longitude
Dogger Bank U.P. 54° 43’ 28” N 02° 46’ 06” E

Irish Sea U.P. 55° 45’ 43” N 01° 23’ 41” W
Hornsea U.P. 53° 57’ 54” N 01° 28’ 47” E

Firth of Forth I U.P. 56° 35’ 41” N 01° 49’ 12” W
Firth of Forth II U.P. 56° 21’ 57” N 01° 36’ 28” W
Blekinge Offshore U.P. 55° 56’ 15” N 14° 59’ 37” E

Atlantic Array U.P. 51° 21’ 00” N 04° 30’ 39” W
Moray Firth U.P. 56° 08’ 38” N 02° 48’ 03” W
Triton Knoll U.P. 53° 28’ 44” N 00° 50’ 13” E

London Array U.C. 51° 38’ 38” N 01° 33’ 13” E
Greater Gabbard U.C. 51° 52’ 48” N 01° 56’ 24” E
Borkum West II U.C. 53° 57’ 25” N 06° 29’ 38” E

BARD Offshore 1 U.C. 54° 22’ 00” N 05° 59’ 00” E
Anholt U.C. 56° 36’ 10” N 11° 12’ 32” E

Sheringham Shoal U.C. 53° 07’ 00” N 01° 08’ 00” E
Lincs U.C. 53° 11’ 00” N 00° 29’ 00” E

Walney Phase 2 U.C. 54° 05’ 02” N 03° 36’ 46” W
Ormonde U.C. 54° 06’ 00” N 03° 24’ 00” W

Thorntonbank Phase II U.C. 51° 33’ 46” N 02° 59’ 05” E
Thorntonbank Phase III U.C. 51° 32’ 16” N 02° 55’ 15” E
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Table A.2: List of the operating Northern European offshore wind farms
shown in Figure 1.1.

Name Latitude Longitude

Thanet 51° 26’ 00” N 01° 38’ 00” E
Horns Rev II 55° 36’ 00” N 07° 35’ 24” E
Rodsand II 54° 33’ 00” N 11° 42’ 00” E

Lynn & Inner Dowsing 53° 07’ 39” N 00° 26’ 10” E
Walney 1 54° 02’ 38” N 03° 31’ 19” W

Robin Rigg 54° 45’ 00” N 03° 43’ 00” W
Gunfleet Sands 51° 43’ 16” N 01° 17’ 31” E

Nysted 54° 32’ 00” N 11° 43’ 00” E
Bligh Bank 51° 39’ 36” N 02° 48’ 00” E
Horns Rev I 55° 31’ 47” N 07° 54’ 22” E

Princess Amalia 52° 35’ 24” N 04° 13’ 12” E
Lillgrund 55° 31’ 00” N 12° 47’ 00” E

Egmond aan Zee 52° 36’ 21” N 04° 25’ 08” E
Kentish Flats 51° 27’ 36” N 01° 05’ 24” E

Barrow 53° 59’ 00” N 03° 17’ 00” W
Burbo Bank 53° 29’ 00” N 03° 10’ 00” W
Rhyl Flats 53° 22’ 00” N 03° 39’ 00” W

North Hoyle 53° 26’ 00” N 03° 24’ 00” W
Scroby Sands 52° 38’ 56” N 01° 47’ 25” E
Alpha Ventus 54° 01’ 00” N 06° 36’ 00” E

Baltic 1 54° 36’ 36” N 12° 39’ 00” E
Middelgrunden 55° 41’ 27” N 12° 40’ 13” E

Vindeby 54° 58’ 08” N 11° 07’ 44” E
Beatrice Demo 58° 05’ 52” N 03° 04’ 40” W

Hywind 59° 08’ 24” N 05° 01’ 55” E



Appendix B

RSS and JPL L3 QuikSCAT
Gridded Products

After an initial analysis of the RSS QuikSCAT product the use of the JPL L3
product was also considered. There seems to be a fundamental difference between
the two products as the JPL L3 has systematic gaps, related to the retrieval of the
wind vector cells and remapping. An example of a typical ascending pass for both
products is shown in Figure B.1. From a visual inspection, the effective range of
wind speeds is the same, the spatial patterns are the same and the only difference
is the appearance of gaps in Figure B.1a. Figure B.2 shows the spatial distribution
of the valid wind vector cells for the JPL L3 product, where 0 signifies no retrieval
and 1, a valid WVC count. The RSS product has no such quality flag. As stated
in the user’s manual for the JPL L3 product (PO-DAAC, 2001),

The L3 data are given on a global grid of 1440 pixels in longitude by
720 pixels in latitude (0.25° grid). This is nearly the same sampling
resolution as the Level 2B. Therefore, users wishing to use their own in-
terpolation schema to fill data gaps can do so easily...A list of alternate
QuikSCAT Level 3 products created by members of the QuikSCAT
Science Working Team is available on the PO.DAAC QuikSCAT Links
Page for those users who require lower resolution or gap-filled QuikSCAT
data but do not wish to perform their own averaging or interpolation.

This is already a good reason not to proceed with the JPL L3 product as it contains
gaps, that need to be interpolated. This interpolation will be based on the user,
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(a) (b)

Figure B.1: a) QuikSCAT JPL L3 ascending (morning) pass on the
19/11/2007 with no flagging applied. b) QuikSCAT RSS ascending (morning)
pass on the 19/11/2007 with no flagging applied.

Figure B.2: Wind Vector Cell count for the JPL L3 pass shown in Figure
B.1a. The white areas are grid cells with no wind information.

thus allowing different handling of the data. For wind resource assessment, it is
useful to have a standard product that will not give different results depending on
who uses the data. Therefore, the RSS product, already interpolated to fill gaps
seems more appropriate for a standard use.

Nonetheless, a sensitivity analysis is performed to quantify any potential differ-
ences between the two products. No rain contaminated retrievals are allowed, so
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(b) JPL rain free observations

Figure B.3: Mean u and number of rain free retrievals from the JPL L3
gridded product.

both the RSS and JPL products are flagged for rain. More specifically, the JPL
flagging scheme and the selected values were “rain flag” 0 or 4, “rain prob” 0 and
“wvc count” 1. The RSS flagging scheme and the selected values were “scatflag”
0 and “radrain” 0 or -999. For the entire 10-year long available data sets the mean
wind speed u and the number of rain free retrievals are estimated, shown in Figure
B.3 for the JPL L3 product and in Figure B.4 for the RSS gridded product.
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Figure B.4: Mean u and number of rain free retrievals from the RSS gridded
product.

When the independent rain flags are applied in each product data availability
is significantly different and wind speed biases may reach up to 2.5 m s−1. The
difference in data availability and mean u is shown in Figure B.5. The difference in
mean wind speed is thought to arise from the difference in data availability, which
can be attributed to i) the original gaps in the JPL L3 product and ii) the different
rain and sea-ice flagging schemes applied. The RSS products uses data from SSM/I
for the rain and ice mask while JPL uses an ice mask generated from weekly
National Ice Center ice edge data. The rain flag of JPL is the Multidimensional
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Figure B.5: Difference in the mean u and the number of rain free retrievals
between the RSS gridded and JPL L3 products.

Histogram Rain Flagging (MUDH) technique (JPL, 2006) that relies solemnly on
QuikSCAT data.



104 RSS and JPL L3 QuikSCAT Gridded Products

   6oW    0o     6oE   12oE   18oE   24oE 
  48oN 

  50oN 

  52oN 

  54oN 

  56oN 

  58oN 

  60oN 

 

 

Mean U difference ms −1
−1 −0.75 −0.5 −0.25 0 0.25 0.5 0.75 1

Figure B.6: Difference in the mean u between the RSS gridded and JPL L3
products when the JPL rain-flagging scheme is applied to both products. Areas
with zero data difference between the two products are shown as white areas.

When the JPL rain flags are applied to the RSS product, the number of available
data is almost the same for both products. By almost it is meant that, there
are differences in the areas where RSS undercovers, such as the Gulf of Riga and
Finland and the South Baltic. The wind speed biases are mostly within the 0.1
m s−1 range, shown in Figure B.6. This indicates that the actual differences
between the two products are, in this case, very small.

One may argue that the rain flag of the JPL product is not properly applied.
That was not investigated further as the purpose of this sensitivity test was not to
compare different QuikSCAT products but to identify if the choice of one product
rather than another, would significantly change the results of the analysis. The
author has concluded that qualitatively the two products do not seem to have
significant differences. Given the original gaps in the JPL product, that can be
interpolated but that is a choice of the user, it is thought more reasonable to
avoid using such a product for wind resource assessment studies. Especially when
the purpose is to disseminate the applicability of scatterometer observations to
the offshore wind energy community, it is most probably better to use a standard
product that does not provide much room for subjective data handling.
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Using QuikSCAT to test WRF
set-ups

In this part of the study, the applicability of QuikSCAT for testing and validation
of the WRF set-up is demonstrated. During a particular study for the South
Baltic, we were called to decide which is the optimal Planetary Boundary Layer
(PBL) scheme for the particular characteristics of the domain of interest. Six
PBL parameterizations are used in WRF. The experiments consist of month-long
simulations for the period 1–30 October 2009, using the 6 different PBL and their
respective surface layer schemes listed in Table C.1.

Table C.1: Summary of PBL schemes used the model sensitivity study.

Scheme Closure type Surface scheme
YSU 1st order M-O scheme
MYJ TKE 1.5 order M-O scheme

QNSE TKE 1.5 order QNSE
MYNN2 TKE 1.5 order MYNN
MYNN3 TKE 2.5 order MYNN
BouLac TKE 1.5 order M-O scheme

The WRF 10 m wind speeds are derived from extrapolating the wind speed values
from the first 3 WRF levels. WRF values are interpolated to the QuikSCAT grid
and only times available in both datasets are used, thus early morning (05:00-06:00)
and evening conditions (18:00-19:00) are captured. A comparison of the mean
biases, standard deviations, correlation r and root mean square error (RMSE)
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of the 10-m wind speeds in the various WRF simulations as compared to the
QuikSCAT data is shown Figures C.1, C.2, C.3 and C.4 respectively.

In general, the mean biases are very similar among the simulations. Over the
North Sea and most of the Baltic Sea 10 m wind speeds simulated by WRF are
within ±1 m s−1 of those observed. Over the eastern coast of Poland, Russia and
Lithuania biases are slightly larger (1–2 m s−1) in all simulations. Small areas
with negative biases (i.e. WRF wind speeds larger than observed) occur in the
MYNN2 and MYNN3 simulations over the western Baltic Sea.

The RMSE errors between WRF simulations and QuikSCAT observations are also
quite similar among the various schemes. Most areas show RMSE<2.5 m s−1. As
seen in the biases, the RMSE are slightly larger along the southeastern Baltic coast
(2.5-3.5 m s−1) and the western Danish coast.

Since QuikSCAT represents “neutral” winds some of these errors are a consequence
of differences in stability between the model simulations and the observations.
Much larger errors are seen in the north-west corner of the domain. This feature
is also observed in the comparisons between QuikSCAT and the WRF derived
climatography (see Paper II) and they may be attributed to the observed wind
variability from QuikSCAT that may not be captured by the model.

Based on these results it is not at all clear which PBL outperforms the others.
Good performance at 10 m, does not guarantee good agreement further up in
the boundary layer. Nonetheless, it is helpfull to identify any systematic features
common for the different PBL schemes and areas where observations and modelled
fields are systematically different.
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(a) BouLac (b) MYJ

(c) MYNN2 (d) MYNN3

(e) QNSE (f) YSU

Figure C.1: Mean bias for QuikSCAT minus WRF with different PBL
schemes for October 2009.
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(a) BouLac (b) MYJ

(c) MYNN2 (d) MYNN3

(e) QNSE (f) YSU

Figure C.2: Standard deviation for QuikSCAT minus WRF with different
PBL schemes for October 2009.
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(a) BouLac (b) MYJ

(c) MYNN2 (d) MYNN3

(e) QNSE (f) YSU

Figure C.3: Correlation coefficient r for QuikSCAT minus WRF with different
PBL schemes for October 2009.
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(a) BouLac (b) MYJ

(c) MYNN2 (d) MYNN3

(e) QNSE (f) YSU

Figure C.4: RMSE for QuikSCAT minus WRF with different PBL schemes
for October 2009.



Appendix D

Deriving a proper foundation
temperature

In order to define the day-time anomalies in the SST fields, a foundation tem-
perature is required. This represents the temperature of the upper water column
under well mixed conditions, free of diurnal warming. In the beginning of Sec-
tion 3.5, some sensitivity analyses are described, performed in order to conclude
on the composition of night-time reference fields from SEVIRI. These candidate
composites were inter-compared with the use of “validation” fields, serving as the
day-time warming fields. The “validation fields” were composed from the last pre-
dawn SST retrieval of the day. Thus, anomalies were defined as validation minus
candidate nigh-time reference field and the statistics of this analysis are shown in
Paper IV, Figure 2(a,c,d).

To examine the sensitivity of the statistics to the candidate reference fields, an
independent foundation temperature field is used in this analysis. The operational,
blended SST product from the DMI is produced with the use of an OI method
and is described in detail in (Høyer & She, 2007). The methodology followed
here is the same as described above, i.e. the DMI-OI product is subtracted from
the SEVIRI “validation fields” and the statistics of the anomalies are estimated,
similar to Figure 2(a,c,d) in Paper IV.

The distribution of the mean bias, i.e. the anomaly between the SEVIRI validation
field (generated daily from the last pre-dawn, quality 5 SST retrieval) and the
DMI-OI product, is shown in Figure D.1. The number of cases in each bin of
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Figure D.1: Mean bias of the last SEVIRI pre-dawn SST field minus the
DMI-OI field.

the distribution has been divided with the total number of days included in the
test period and for which data are available (273), thus estimating the normalised
count, shown in the ordinate.

In most cases the DMI-OI fields are found somewhere between 0.2 and 0.4 K
warmer than the validation fields. The standard deviation ranges mostly between
0.3 and 0.5 K. This blended product uses night-time retrievals from approxi-
mately 10 sensors, including polar orbiting infra-red and microwave sensors and
geostationary sensors.

The main purpose of this analysis is to evaluate if the DMI-OI blended fields
behave very different when compared to the SEVIRI reference fields, against the
same validation fields. The differences found are rather small, especially if one
considers that the blended product uses observations from 10 different sensors
while the SEVIRI fields are the products of aggregated night time SST fields from
a single sensor.

Figure D.3 shows the distribution of valid pixels used to estimate the mean bias
and the standard deviation shown in the previous figures. Since the DMI-OI fields
are interpolated, they have no gaps. Therefore all water pixels, 74645 in total, have
an SST value. This figure shows the number of available pixels in the validation
fields which are composed from the last pre-dawn, quality 5 SST retrieval. If the
last pre-dawn value has a lower confidence level, then no value is considered and
no anomaly is estimated for that grid cell.

What can generally be seen is that the validation fields have rather poor coverage
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Figure D.2: Standard deviation of the last SEVIRI pre-dawn SST field minus
the DMI-OI field.
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Figure D.3: Pixels with anomalies from the last SEVIRI pre-dawn SST field
minus the DMI-OI field, as a normalised count of the total available water
pixels in the domain.

and this provides some confidence on the choice to compose the night-time refer-
ence fields not from a single hour and day but by aggregating observations over a
night-time window and a day window, to ensure as few gaps as possible.

In summary, the distribution of the mean bias and standard deviation of the “val-
idation” minus the DMI-OI field is not radically different than the corresponding
distributions estimated from the “validation” minus candidate night-time refer-
ence fields from SEVIRI. For the DMI-OI product, most anomalies range between
-0.4 and -0.2 K while in the SEVIRI cases this range is between -0.2 and 0 K. The
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standard deviation is slightly higher for the DMI-OI case, mostly ranging between
0.3 and 0.5 K while it is between 0.2 and 0.4 K for the SEVIRI reference fields. The
number of valid grid cells radically changes, as the DMI-OI product has no gaps
while all candidate composites from SEVIRI suffer from missing values. Consider-
ing all the above and that the DMI-OI product is blended using observations from
multiple sensors that have different error characteristics in the area of interest, it
is decided to proceed to the quantification of diurnal warming using a SEVIRI
composite night-time reference field.



Appendix E

Sensitivity tests on the FMKLB
and ZB models

The purpose of this analysis is to examine the dependence of modelled anomalies
dSST from two different simple parameterization schemes on the different physical
parameters.

Some of the parameters considered are the input fields for the parameterizations,
i.e. wind speed u and the integrated heat flux Q. Others such as the surface solar
irradiance SSI and the mean attenuation coefficient at 490 µm Kd(490) are not
included in the models.

For Kd(490) the DMI product is used, which is specifically developed for case-II
waters that generally characterise the Baltic Sea and the North Sea. The surface
solar irradiance SSI is another product from the SEVIRI observations, described
in Paper V.

This analysis is performed by creating match up datasets of time coincident and
space collocated dSST , u, integrated Q from 08:00 until the time of dSST , one
daily Kd(490) value and the SSI value from the time of dSST . Then, according to
the type of dependence under examination, dSST is categorize according to u, Q
and SSI values.

Ideally, one would expect that dSST increases for increasing Q and SSI and de-
creasing u. Once the relationship between the different parameters is established,
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the impact of Kd(490) is examined. This is done by identifying a threshold to clas-
sify Kd(490) values as low or high; this is set to the 75th percentile of the entire
Kd(490) range.

All the other parameters, i.e. dSST , u, Q and SSI are separated in two groups
based on the coincident value of Kd(490). For each of the two sub-groups, the same
analysis as described previously is performed. Ideally, one would expect that at
least for the high Kd(490) sub-group, stratification will be very clear.

The results are presented first for the dSST from the Filipiak et al. parameteri-
zation, referred to as FMLKB scheme and then for the Zeng-Beljaars parameteri-
zation, referred to as ZB scheme.

Filipiak et al. parameterization Initially, the dependence of the modelled
dSST on the input wind fields u and integrated net heat flux Q is examined.
Figures E.1a and E.2a, highlight this dependence. Ideally, one would expect that
for increasing u, dSST will decrease which is generally the case.

Moreover, for a certain u, dSST should be higher for higher Q or SSI values. This
is, also, generally the case but the signal is not very clear for the medium range of
values of SSI or Q. Figures E.1b and E.2b show the dependence of dSST on Q and
SSI for different u ranges, where u increases from top to bottom. The top curve
in these figures corresponds to winds of 1 ms−1 and the bottom one, to 9 ms−1.

For the lower wind speeds, the increase of dSST with increasing Q or SSI is not
very clear. For Q up to 3000 W hr m−2 there is an increase, but at that threshold
there is a kink especially for low u. Similar for SSI, for low u, dSST varies for
increasing SSI values and not always increasing.

Daily Kd(490) values have been collocated with dSST , u and Q. Note that due to
the daily nature of the Kd(490) product, only one value is available for every grid
cell therefore the temporal variability of dSST can not be correlated with Kd(490).
Based on the 75th percentile value of 0.37 m−1, Kd(490) has been classified as low
(≤0.37) or high (>), and the associated dSST , u and Q values have been split in
two groups.

Figure E.3 shows the dependence of dSST on u and Q for the different Kd(490)

levels along with the corresponding numbers of observations in each subgroup. In
general, the correct trends are there but especially for the high Kd(490) level, one
would wish the stratification for increasing Q to be more prominent.

Figure E.4 shows a similar analysis but for SSI instead of Q.
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Figure E.1: a) Dependence of the FMKLB dSST on u for different Q ranges.
b) Dependence of dSST on Q for different u ranges, with increasing u from the
top curve (1 ms−1) to bottom (9 ms−1).
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Figure E.2: a) Dependence of dSST on u for different SSI ranges. b) De-
pendence of dSST on SSI for different u ranges, with increasing u from the
top curve (1 ms−1) to bottom (9 ms−1)
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(a) dSST dependence on u and Q for low
Kd(490)
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(b) dSST dependence on u and Q for high
Kd(490)
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(c) Number of observations
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Figure E.3: Stratification curves as in Figure E.1a but separated in low and
high Kd(490) values.

Zeng & Beljaars scheme Similar as before, the sensitivity analysis of dSST
on u, Q and SSI for different Kd(490) levels has been performed for the modelled
anomalies from the Zeng-Beljaars scheme. Initially, the dependence of dSST using
the d =3 m value on u, Q and SSI independent of the Kd(490) values is examined
(Figures E.5a and E.5b).

The Zeng-Beljaars scheme shows more clear trends on the dependence of dSST on
u and Q as the curves are more clearly apart, i.e. the stratification is more apparent
when compared to the Filipiak et al. scheme. The kink for Q =3000 W hr m−2 is
still there for low u thresholds but much less prominent than in Figure E.1b.
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(a) dSST dependence on u and SSI for low
Kd(490)
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(b) dSST dependence on u and Q for high
Kd(490)
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(c) Number of matchups
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Figure E.4: Stratification curves as in Figure E.2a but separated in low and
high Kd(490) values.

Similar for Q, the stratification of dSST for different SSI ranges is clear between
the very high and very low values, but for high SSI thresholds above 500 W m−2

the curves almost collapse. Note how the curves collapse also for u higher than
5 m s−1, indicating practically no warming independent of the SSI value.

Now, using as a threshold the 75th percentile of Kd(490) (0.37 m−1), the dSST
dependence on u and Q has been examined for the low (≤0.37 m−1), in Figure
E.7a, and high (>0.37), in Figure E.7b, Kd(490) values.

The Zeng-Beljaars scheme has also been evaluated for a value of the near surface
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Figure E.5: a) Dependence of the ZB dSST on u for varying Q levels, b)
dependence on dSST on Q for different u thresholds, with increasing values
from top to bottom. All for the Zeng Beljaars dSST for d=3 m.
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Figure E.6: a) Dependence of the ZB (d=3 m) dSST on SSI for varying Q
levels, b) dependence on dSST on SSI for different u thresholds, with increas-
ing values from top to bottom.
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(a) ZB dSST dependence on u and Q for low
Kd(490)
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(b) ZB dSST dependence on u and Q for
high Kd(490)
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Figure E.7: Stratification curves as in Figure E.5a but separated in low and
high Kd(490) values.

layer of d =6 m. The dSST produced by this set-up, is also examined in terms
of its stratification depending on Q, u and Kd(490). For high Kd(490) values, the
stratification is very clear as generally has been observed for the Zeng-Beljaars
scheme when compared to the Filipiak et al. one.

The main reason for this different behaviour of the schemes to the possibility of
including the Kd(490), is that the Zeng-Beljaars parameterization already includes
the d parameter, to control the depth of the near surface layer where warming
occurs. This acts somehow as the Kd(490) parameter would, by limiting the pen-
etration depth of the incoming radiation to shallow layer, thus advancing diurnal
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(a) ZB dSST dependence on u and SSI for
low Kd(490)
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(b) ZB dSST dependence on u and SSI high
low Kd(490)
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Figure E.8: Stratification curves as in Figure E.6a but separated in low and
high Kd(490) values.

warming.

In summary, it has been shown that Kd(490) does have an impact on the diurnal
warming predicted by the two schemes and therefore it is a relevant parameter to
consider. The ZB scheme already includes a parameter that behaves in a similar
manner as the Kd(490) would. The FMKLB scheme does not and the author
believes that at least for the Northern European Seas, the model would benefit by
including Kd(490) as an extra parameter to adjust the climatological mixed layer
depth d that is already in the model. In addition the model coefficients could be
derived again accounting for Kd(490). The latter is a rather complicated task that



125

1 2 3 4 5 6 7 8 9
0

0.5

1

1.5

2

2.5

Wind Speed (m/s)

d
S

S
T

 Z
B

 (
6
m

)

DMI K
d
(490)<=0.37 Obs: 32328

 

 

1000=<Q’<2000

2000=<Q’<3000

3000=<Q’<4000

4000=<Q’<5000

(a)

1 2 3 4 5 6 7 8 9
0

0.5

1

1.5

2

2.5

Wind Speed (m/s)

d
S

S
T

 Z
B

 (
6
m

)

DMI K
d
(490)>0.37 Obs: 10774

 

 

1000=<Q’<2000

2000=<Q’<3000

3000=<Q’<4000

4000=<Q’<5000

(b)

1 2 3 4 5 6 7 8 9
0

500

1000

1500

2000

2500

3000

3500

Wind Speed (m/s)

N
o

. 
o

f 
O

b
s
e
rv

a
ti

o
n

s

DMI K
d
(490)<=0.37 Obs: 32328

 

 

1000=<Q’<2000

2000=<Q’<3000

3000=<Q’<4000

4000=<Q’<5000

(c)

1 2 3 4 5 6 7 8 9
0

200

400

600

800

1000

1200

1400

Wind Speed (m/s)

N
o

. 
o

f 
O

b
s
e
rv

a
ti

o
n

s

DMI K
d
(490)>0.37 Obs: 10774

 

 

1000=<Q’<2000

2000=<Q’<3000

3000=<Q’<4000

4000=<Q’<5000

(d)

Figure E.9: Stratification curves as in Figure E.7 but separated in low and
high Kd(490) values

requires a longer time period of investigation than the one year of modelled results.
During the PhD study, there was no time to investigate further this topic but it
is considered as a task to be undertaken in the feature.
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1. INTRODUCTION

Space-borne scatterometer observations of the ocean surface have been traditionally used in data assimilation1

for weather prediction, storm tracking and ocean and atmospheric modelling. Scatterometers have provided2

long records of wind speed and direction observations from space. NASA’s QuikSCAT mission was launched3

in July 1999 and kept functioning until November 2009, far exceeding the mission’s original design life-time.4

At a height of approximately 800 km, completing each orbit in 100 minutes and observing a wide swath of5
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1800 km, it provided daily near-global coverage of the ocean’s surface. The final product is the Equivalent6

Neutral Wind (ENW, [28]), i.e. the wind at 10 m assuming neutral atmospheric stratification. The mission7

characteristics for wind speed are in the range of 3 to 20 m s−1, with an accuracy of 2 m s−1 while for direction8

the accuracy is 20° (http://winds.jpl.nasa.gov/missions/quikscat/index.cfm).9

The purpose of the present study is to demonstrate the applicability of scatterometer observations for10

wind resource mapping in the North and Baltic Seas. The mean wind speed, the spatial correlation of mean11

wind speed, the Weibull A and k parameters and the power density are mapped using 10 years of twice12

daily QuikSCAT observations. Assessment of the uncertainty associated with each step in the calculation of13

wind resources is just as important as the final resource estimates. Other studies, e.g. [5, 39], have attempted14

to characterize such uncertainties, introduced by different averaging periods, the satellite sampling, and the15

truncation of time series to certain wind speed ranges, amongst others. For the purposes of the present study,16

we evaluate QuikSCAT winds with in situ observations from three offshore meteorological masts, installed17

for wind farm siting studies. In addition, we provide estimates of the mean wind and wind power density for18

different sample sizes in order to account for the biases introduced by the different size of available in situ19

and remotely sensed data, any possible diurnal bias inherent in the satellite observations and stability related20

biases.21

The North Sea has an area of approximately 750000 km2 and an average depth of 90 m. The Baltic22

Sea covers an area of approximately 337000 km2 and, on average, is 55 m deep. Both basins are located23

within the North Hemisphere storm track, thus strong prevailing westerly winds are frequent. Due to their24

shallow depth and exposure to strong winds, the North and Baltic Seas have been in the centre of offshore25

wind energy activities for more than 10 years; most of the planned offshore wind farms are being installed26

there (http://www.4coffshore.com/offshorewind/). Thus, it is of high interest to expand the sources of27

observations in order to achieve a better representation of the physical conditions. Demonstrating that satellite28

observations can be successfully implemented for such purposes will strengthen their applicability in the field29

of wind energy, thus providing one more reason for future missions. Studies of remote sensing for offshore30

wind energy in the Northern European seas, such as [17, 18], used a fraction of the available QuikSCAT31

dataset and were limited in comparisons with in situ locations. In addition, studies on offshore wind energy32

have revealed some long-term features, regarding mean wind statistics and atmospheric stability but they33

were restricted to areas of reduced size, where in situ observations were available [35].34

QuikSCAT data are available from different processing and distribution centres. Various products have been35

released by members of the SeaWinds on QuikSCAT Science Working Team. An extensive list of distributors36

can be found in the Physical Oceanography Distributed Active Archive Center (PO.DAAC, [38]). Different37

processing levels result in various products available to the users. Level 0 (L0) products refer to raw instrument38

data at original resolution. L1A data are reconstructed but unprocessed instrument data at full resolution39

with ancillary information. L1B data are radiometrically corrected and geolocated L1A data. L2 data include40

the derived geophysical parameters at the same resolution and locations as L1 data. L3 data are L2 data that41

have been spatially and/or temporally re-sampled.42

Numerous studies deal with inter-comparisons between different QuikSCAT products from different43

algorithms and various levels and their validation using in situ observations. [36] compared QuikSCAT swath44

and gridded winds with nearshore and offshore buoy data and found a maximum wind speed bias of 0.5 m s−1
45

with a root mean square (r.m.s.) error of 1.6 m s−1. The maximum mean bias, for the direction, was 11°46

with 26° r.m.s. error, while r.m.s. errors up to 38° were also found. The quality of QuikSCAT retrievals using47

different algorithms (JPL L2B, DIRTH, RSS v2) has been discussed in [12]. They used offshore buoy data48

and found wind speed r.m.s. differences of 1 m s−1 and ∼20° for the direction, when wind speeds higher than49

3 m s−1 were used. [6] evaluated the Ku-2000 QuikSCAT from RSS against winds from research vessels and50

found a maximum wind speed bias of 0.7 m s−1 and 10° for direction.51
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Especially for gridded (L3) products like the ones used in this study, [41] compared the gridded QuikSCAT52

product from RSS with buoy data from the Indian Ocean; they reported a wind speed bias of 0.37 m s−1
53

and r.m.s. error of 1.57 m s−1 when all wind speeds were used. For the wind direction, the bias was 5.81°54

and the r.m.s. error was 44.1°. [32] evaluated QuikSCAT L3 from JPL against buoy data in the Lingurian55

Sea, reporting maximum mean bias of 1.09 m s−1 and r.m.s. error of 1.97 m s−1 for wind speed and bias of56

−8.7° and r.m.s. error of 79.5° in direction. [30] stated that the smoothing effect caused by the interpolation57

schemes used to produce the gridded data (L3), reduced the original variance of swath data. In particular for58

the Northern European Seas, [44] compared QuikSCAT L2B products with buoy wind speeds in the eastern59

North Atlantic Ocean and the North Sea, addressing the sensitivity of biases to collocation criteria and60

algorithms for converting in situ measurements to ENW. Average wind speed biases ranged from 0.18 to 0.3061

m s−1 depending on collocation criteria and from 0.1 to 1.6 m s−1 depending on the conversion algorithm.62

Different QuikSCAT products have been used for the description of mean spatial wind characteristics and63

the climatology of the Mediterranean Sea [45], the Nordic Seas [26] and the global ocean [40]. Within the64

context of offshore wind energy, [29] estimated the wind power distribution over the ocean from eight years of65

QuikSCAT measurements. [8] estimated the global ocean wind power potential from QuikSCAT and lifted the66

satellite winds from 10 m to 100 m, relevant for wind turbine hub heights. [14] used eight years of QuikSCAT67

for wind resource mapping in the Mediterranean Sea, concluding that the satellite observations are valuable68

for the first phase of wind farm planning, e.g. during the identification of promising sites. While many of the69

studies listed above used lower level QuikSCAT products, L3 data are thought appropriate for wind resource70

mapping purposes as the data handling and filtering required by the end user are minimised. Although not71

bankable, satellite observations can be extremely valuable to assess the wind regime and various wind energy72

related quantities with extended spatial coverage. They can help for an initial evaluation of high interest73

areas, to highlight attractive locations where in situ instruments may later be installed.74

A description of the data and the methodologies applied in this study is presented in section 2. Results75

from comparisons of satellite and in situ observations, and an overview of the various wind energy related76

parameters are presented in section 3. Discussion concerning the results and conclusions can be found in77

sections 4 and 5, respectively.78

2. DATA AND METHODS

2.1. In situ Measurements79

In situ observations are obtained from three different locations in the North Sea (Figure 1a). More information80

regarding the exact locations and measurement heights can be found in Table I. The meteorological mast81

M2 was operated by DONG Energy, located north-west of the Horns Rev (HR) offshore wind farm (Figure82

1b). Due to the mast’s position relative to the wind farm and its proximity to the land, only QuikSCAT and83

in situ winds from the south to the north sectors will be considered for comparison (174°< θM2 <13°, where84

θM2 is the in situ wind direction). Meteorological observations were collected at 2 Hz and stored as 10 minute85

averages.86

Due to the nature of the satellite (instantaneous spatial) and the in situ (point temporal) averages, it is87

common to aggregate in situ observations, normally on a 10-min basis, to hourly values. In the present study88

this is not performed due to the frequent lack of six consecutive 10-min high quality in situ measurements.89

From a sensitivity analysis it was found that the statistics between satellite and 1-hr in situ averages are similar90

to the ones between satellite and 10-min averages. In the former combination the number of coincident match-91

ups decreased and therefore, the latter combination was preferred. The QuikSCAT grid cell that contains the92

in situ location is selected for spatial collocation, while the 10-min in situ observation closest to the QuikSCAT93
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Figure 1. a) Location of the three platforms (GG:Greater Gabbard, F1:Fino-1 and M2:Horns Rev 1) in the North Sea (grey dots) and
the number of available QuikSCAT rain-free observations. b) The meteorological mast M2 (grey dot) relative to land, the Horns Rev

offshore wind farm (black dots) and the surrounding QuikSCAT grid cell.

overpass time is selected for temporal collocation. Both satellite and in situ observations are required to be94

higher than 3 m s−1 for the estimation of the biases and mean wind speed and direction residuals.95

When estimating the wind direction statistics, to avoid discrepancies occurring from the discontinuity96

at 0/360°, the QuikSCAT wind direction is corrected based on the difference (∆θ) between satellite97

(θQSCAT ) and in situ (θinsitu) direction, following the approach in [6, 32]. Thus, if ∆θ > 1800, then98

θQSCAT = θQSCAT − 3600, while if ∆θ < −1800, then θQSCAT = θQSCAT + 3600.99

2.2. QuikSCAT Gridded Data100

The SeaWinds instrument on board the QuikSCAT platform was an active radar operating at 13.4 GHz.101

Radar pulses transmitted from the instrument are backscattered from the sea surface, due to small scale102

waves assumed to be in equilibrium with the surface stress. Multiple backscattered signals, σ0, are measured103

within the instrument’s footprint. Empirical algorithms, known as Geophysical Model Functions (GMFs) are104

applied to σ0 in order to obtain wind speed and direction information.105

Daily gridded data from RSS are processed with the v3 Ku2001 GMF (http://www.remss.com/qscat/106

qscat_description.html). Grid resolution is 0.25°, thus the grid cell size is 16.83 km × 27.82 km in the107

area of interest. Overpass time is approximately at 06:00 and 18:00 UTC, capturing early morning and early108

evening conditions.109

Due to the scatterometer’s principle of function no wind information can be obtained over sea ice. In110

addition, QuikSCAT is sensitive to rain because it changes the ocean surface and attenuates and scatters111

the radar energy at 13.4 GHz [37, 22]. Thus, RSS uses contemporaneous satellite microwave radiometer112

measurements for sea ice and rain detection from SSM/I (Special Sensor Microwave/Imager).113

To guarantee rain free observations, only data with scatflag = 0 indicating no rain, radrain = 0 (no rain114

from collocated radiometer) or radrain = −999 (no collocation available) are used. Data between 01/08/1999115

and 31/10/2009 are considered, accounting for 3745 days. If for all days both passes were available, there would116

be 7490 wind retrievals. The total number of available passes is 7417; i.e. 99% of the time. The maximum117
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number of obtained rain-free retrievals for a given grid cell is 7085, corresponding to a maximum of 95.5%118

data availability.119

One may argue that the wind turbines located within the QuikSCAT grid cell used for comparisons with120

M2 can have an impact on the backscattered signal. In such a case, the wind field observed from QuikSCAT121

will be biased towards higher speeds. After tests using two other grid cells, one north and one south of the122

cell shown in Figure 1b, no such evidence was found.123

Table I. Characteristics of in situ and satellite measurements.

QuikSCAT Horns Rev M2 Fino 1 Greater Gabbard

Max. Available Obs. 7085 153041 50426 4234
Days 3542 1594 1071 1627

Period 08/99-10/09 01/03-05/07 02/04-01/07 01/06-07/10
Measurement Height [m]

Wind speed 10 15 33 42.5,52.5,72.5,82.5
Wind direction 10 28 33 62.5

Temperature – 13, −4 30, −3 83
Latitude – 55°31’N 54°00’N 51°52’N

Longitude – 07°47’E 06°35’E 01°54’E
Minimum distance – 20 km 40 km 36 km

from land

2.3. Methods124

2.3.1. Atmospheric Stability Corrections125

Since scatterometers provide ENWs at 10 m above the sea surface, in situ measurements need to be126

corrected according to the stability conditions. According to the definition of ENW by [28], the wind speed is127

calculated by using stress and roughness length consistent with the observed atmospheric stratification but128

the stability term of the modified logarithmic wind profile is set to zero. Several correction algorithms exist to129

estimate the ENW. Differences between them, as discussed in [44], are in the order of 0.01 m s−1, at various130

locations in the North Sea. In the present paper, to parameterize the sea surface roughness we use Charnock’s131

roughness length model [9]132

z0 = αc
u∗

2

g
, (1)

where z0 is the sea roughness length, u∗ is the friction velocity, αc is the Charnock parameter and g is the133

gravitational acceleration. Here, we use a value of 0.0144 for αc, in agreement with [42]. To extrapolate winds134

within the surface layer the modified logarithmic wind profile is used,135

u = u∗
κ

[
ln

(
z

z0

)
− ΨM

]
, (2)

where u is the wind speed at height z, κ is the von Kármán constant (0.4) and ΨM the stability correction.136

When air and sea temperature measurements are available, in situ wind speed observations from the available137

height (15 m for M2 and 33 m for Fino-1) are used to compute the 10 m ENW. This is done by first138

estimating ΨM , which is stability and height dependent, using the bulk Richardson number derived from the139

sea-air temperature difference and the wind speed as in [33, 35]. Then, u∗ is estimated from Eq. 2 using the140

wind speed at the available height, z0 from Charnock’s model (Eq. 1) and the ΨM value previously estimated.141

Finally, the ENW is computed at 10 m using u∗ from the previous step, Charnock’s model for z0 and assuming142

ΨM = 0.143

At Greater Gabbard there is only one temperature measurement, so atmospheric stability cannot be144

estimated. We therefore only compare winds under neutral conditions by estimating z0 using the wind speed at145
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two different heights and assuming ΨM = 0. For each 10-min wind profile, 3 different z0 values are estimated146

using the 42.5 m and 52.5 m, the 42.5 m and 72.5 m, and the 42.5 m and 82.5 m levels. When the conditions147

are near-neutral, the logarithmic wind profile (i.e. Eq. 2 with ΨM = 0) gives similar values for the three148

different estimates of z0; values are allowed to be between 1.5×10−5 and 3.0×10−3 m. When this is the case,149

the 10 m wind speed is derived using Eq. 2 with the z0 obtained from the 42.5 m and 52.5 m calculation.150

2.3.2. Wind Speed Distributions151

The seasonal wind characteristics are calculated from 11/1999 to 10/2009. Only grid cells with at least152

730 rain-free retrievals are considered, to avoid spurious grid cells from being included in the processing.153

The seasonal distribution follows the conventional separation, i.e. September-October-November (S-O-N) as154

autumn, December-January-February (D-J-F) as winter, March-April-May (M-A-M) as spring and June-July-155

August (J-J-A) as summer. Thus, each season has an average of 182 passes. Wind direction information is156

separated in 12 sectors of 30°, with North between 345° and 15°. The frequency distribution of wind speed,157

f(u), can be represented by the Weibull distribution [43] expressed as158

f(u) = k

A

(
u

A

)k−1
exp

[
−

(
u

A

)k
]

, (3)

where the scale parameter A is associated with the mean wind speed and the shape parameter k indicates159

the spread (width) of the distribution. The mean wind speed U estimated from the Weibull distribution is160

U = AΓ
(

1 + 1
k

)
. (4)

For wind resource assessment, the wind power density (E) can be estimated in different ways but two161

approaches are common. One can derive the A and k parameters of the Weibull distribution using, for162

example, the maximum likelihood estimation (mle) method. Then E is estimated as163

E = 1
2ρA3Γ

(
1 + 3

k

)
, (5)

where ρ is the air density (assumed to be constant and ∼1.225 kg m−3 at 10 ℃). Alternatively, the wind164

speed time-series can be directly used to get the best power density estimate from165

E = 1
2ρu3, (6)

where ρ is normally taken as constant thus moved out of the overbar which denotes the ensemble mean. In166

the present study, both methods are applied to evaluate potential differences.167

3. RESULTS

3.1. RSS Gridded Data vs. In Situ Measurements168

The statistics of the comparisons between QuikSCAT and in situ observations are presented in Table II.169

Two approaches have been implemented; all collocated observations are considered, regardless of wind speed170

thresholds or wind direction sectors. In addition, a threshold for wind speeds lower than 3 m s−1 and a171

direction threshold for M2, to avoid wind farm and land affected sectors is applied. Wind direction estimates172

for which the direction bias exceeds 90° are excluded, hence the different amount of match-ups for the speed173
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and direction. In total, the number of discarded match-ups is 59 for all match-ups and 11 when applying the174

u >3 m s−1 threshold correspondingly.175

The mean bias, defined as in situ minus satellite, does not exceed 0.23 m s−1 and is always negative for the176

wind speed. For the wind direction the mean bias is negative for M2 and Fino-1 and does not exceed 5.1° but177

it is positive for Greater Gabbard, reaching up to 8°. The correlation is high for both wind speed (r ≥0.92)178

and wind direction (r ≥0.96). Mission requirements are met both for the wind speed and the wind direction,179

independent of filtering. When the wind direction is separated in the U and V components for u >3 m s−1
180

and 174°< θM2 <13°, the mean bias for the U component is −0.02 m s−1, the standard deviation (σ) and181

RMSE are 1.9 m s−1 and r =0.95 for a total number of 1617 match-ups. The V component has a mean bias182

of −0.39 m s−1, the σ is 1.76 m s−1 while the RMSE is 1.80 m s−1 and r =0.96.183

Table II. Statistics of the comparison between QuikSCAT and in situ measurements using all observations (first column) and filtered
for speed and/or direction (second column). Mean bias (MB), standard deviation σ and root mean square error (RMSE) are in m s−1

for wind speed and degrees for direction. The correlation coefficient r is also given. N indicates the number of collocated pairs.

Horns Rev M2 Fino 1 Greater Gabbard All
All u >3 m s−1 All u >3 All u >3 All u >3 m s−1

Obs 174°< θM2 <13° Obs m s−1 Obs m s−1 Obs 174°< θM2 <13°

Mean Bias Spd −0.04 −0.09 −0.16 −0.07 −0.23 −0.19 −0.08 −0.09
Dir −1.2 −2.1 −4.8 −5.1 7.6 8.0 −1.9 −2.7

σ Spd 1.36 1.32 1.04 0.96 1.43 1.43 1.28 1.21
Dir 17.4 14.4 16.1 14.3 18.4 15.3 17.3 14.7

r Spd 0.92 0.93 0.96 0.96 0.93 0.92 0.94 0.94
Dir 0.98 0.96 0.98 0.99 0.97 0.98 0.98 0.98

RMSE Spd 1.36 1.33 1.02 0.97 1.43 1.43 1.28 1.21
Dir 17.5 14.5 16.8 15.2 19.8 17.2 17.4 14.9

N Spd 1601 951 642 594 88 84 2331 1629
Dir 1562 946 629 587 88 84 2279 1617

Figure 2 shows the residuals of wind speed and direction, defined as in situ minus satellite observations184

for all three locations. When binned according to the in situ wind direction, observed differences in wind185

speed (a) are very small, with the highest median reaching approximately 0.3 m s−1 for the North-NorthEast186

(NNE) sector. The standard deviation is relatively constant with respect to direction, highest for the North-187

NorthWest (NNW) and North sectors.188

The median of direction residuals (c) does not exceed ∼8°, observed for the South-East and South sectors.189

The standard deviation is highest, ∼20°, for the South sector, but generally does not exceed 15°. For two of the190

three locations, westerly and south-westerly sectors correspond to large fetch. In these cases, westerly winds191

may cause large swell that may introduce a bias in the retrieved direction [11] explaining the larger scatter192

seen for these sectors. The distribution of observations (e) binned according to the in situ wind direction193

indicates that winds are most frequently from the South to North sectors.194

When residuals are binned according to the mean wind speed, the median of speed biases (b) does not195

exceed 0.4 m s−1. Values of σ are increasing for increasing wind speeds and are rather constant (around 1.2196

m s−1) within the range 5–13 m s−1. Biases and σ increase above 16 m s−1, where observations are sparse.197

This is related to the overestimation of wind speed from QuikSCAT, arising from the GMF due to the lack198

of high wind speed observations for the calibration of the algorithm.199

Direction residuals (d) have an almost constant median of ∼3° for speeds up to 16 m s−1. The standard200

deviation, for the direction, increases with decreasing wind speed. This finding has been well documented in201

previous studies [13, 11] and is related to the weak nature of the radar backscatter for very low winds and the202

problematic ambiguity removal during the wind retrieval process. When observations are binned according203

to the mean wind speed (f) it is evident that most observations are within the 4–13 m s−1 wind speed range.204
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Figure 2. a) Wind speed residuals and c) wind direction residuals binned according to the mean wind direction. e) Histogram of
number of collocated pairs as normalised counts. Figures b, d, f are as a, c, f but binned according to the mean wind speed. Grey

circles are the residuals, black circles the median values and the bars correspond to ±1σ.

In the comparisons above, collocated observations from all locations are included. For M2 and Fino-1205

western winds are ideal for comparisons as they correspond to unperturbed offshore directions. For Greater206
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Gabbard, the land mass located 40 km west of the mast may increase discrepancies between the in situ and207

satellite observed winds. As seen from Table II, most collocated observations are from M2, thus the general208

statistics will be strongly influenced by the local statistics at M2.209

Figure 3a shows the monthly variation of in situ (all stations) and QuikSCAT wind speeds and of the mean210

wind speed residuals (all stations). Minimum wind speeds are observed in July and maximum in December211

and January. QuikSCAT winds are lower from April to July, when compared to in situ observations, but212

are higher from October to March. Mean wind speed residuals peak in May and during October-December;213

however they do not exceed 0.5 m s−1.214
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Figure 3. a) Monthly variation of mean wind speed from QuikSCAT (black line), in situ observations from all stations (dashed line)
and wind speed residuals (grey line). b) Averaged diurnal cycle of 10 m ENW from M2 for December (black) and May (grey) 2003
(20 days). QuikSCAT mean morning and afternoon wind speeds are shown as circles. The dashed lines correspond to the stability

dependent in situ (SDIS) wind speed at 10 m.

Figure 3b shows the monthly averaged diurnal wind speed cycle for May and December at M2, because215

these months exhibit the highest wind speed residuals. The year 2003 is the one with most days (20) when216

coincident M2 and QuikSCAT observations exist, thus the derived mean diurnal cycles are based only on217

these occurrences. The 10-min observations for every hour are averaged during 20 days of December and May218

(2003) to produce the mean diurnal cycle. Both the 10 m ENW and the stability dependent in situ wind219

at 10 m (SDIS) are shown. The latter one is estimated using almost the same procedure as the ENW, with220

the difference that ΨM is not assumed to be zero at 10 m, but the actual value estimated from the bulk221

Richardson methodology, is used. In December, QuikSCAT is found higher both for morning and afternoon222

passes, while in May the opposite occurs.223

[27] and [42] showed that for the Danish and Dutch parts of the North Sea, conditions were most often224

neutral or unstable. In addition, [42] showed that for the offshore sectors at M2, stable conditions were most225

often observed in December and a mix of neutral and unstable conditions in May. They used 7 years of in226

situ observations exceeding 4 m s−1, from specific sectors. If the conditions in December and May are indeed227

as stated in [42], QuikSCAT will underestimate the wind in winter and overestimate it in spring compared228

to in situ winds. The results in this study show the opposite, but they are only based on one specific year229

(2003) and only 20 days in each month are considered; this can explain the difference from the long-term230

trends presented in [42].231

In December, in situ winds decrease, by ∼0.5 m s−1, from a local maximum around 03:00 to a morning232

minimum at 07:00. QuikSCAT winds are found lower for the morning compared to the afternoon pass. In233

May, in situ winds are lower in the early morning and late evening while they become slightly higher during234
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daytime (06:00-18:00). QuikSCAT morning winds are higher than the afternoon ones, during May at M2. For235

both months, QuikSCAT afternoon winds differ more from the in situ winds when compared to the morning236

case. For the Danish straits, [31] and [4] found an overall prevalence of near-neutral and slightly unstable237

conditions. Moreover, they found that the number of very stable conditions peaked in the early afternoon238

while unstable conditions were mostly observed around sunrise. This can explain the diurnal signal seen from239

QuikSCAT in May but there is no pronounced diurnal signal seen from the in situ data.240

3.2. General Climatological Features241

The advantage of satellite observations is the instantaneous coverage of extended areas, and in the particular242

case of QuikSCAT, this is complemented by a valuably long temporal coverage. Figure 4 shows the seasonal243

availability of rain free observations. A maximum of 1820 passes is expected for the 10 years of available244

observations but neither all passes are available nor rain-free conditions are always satisfied. A maximum of245

1757 rain-free observations is recorded in autumn.246

One may argue that removing rain contaminated QuikSCAT wind retrievals may bias the derived results247

due to the exclusion of, typically, higher winds speeds associated with rainy conditions. It is found that248

by excluding rain-contaminated retrievals, data availability is reduced by a maximum of 1600 observations249

offshore from Norway. In all coastal areas this difference is about 600 observations. In the North Sea and250

North Atlantic it is around 1000, while in the Baltic Sea differences range from zero in coastal areas to 900251

in the centre of the basin. Nonetheless, mean wind speed differences between rain-contaminated and rain-free252

observations do not exceed 0.2 m s−1. The reduced difference of data availability between rain-contaminated253

and rain-free retrievals on coastal areas when compared to offshore locations is associated with one of the254

rain flags which is derived from collocated SSM/I observations. Due to the nature of the microwave signal,255

no information close to land is obtained, thus this rain flag is not active.256

At the three sites used for the in situ comparisons, the seasonal variability of data availability is very257

small; the maximum number of observations is 1702, recorded at Fino 1 during winter. The minimum is 1467,258

recorded at M2 during autumn. Data availability at the coastal areas of the Baltic Sea is severely reduced259

during winter and a part of spring, due to the sea ice mask applied. This is obtained from SSM/I which has260

an extended land mask, thus all coastal areas of the Baltic Sea are masked out during the months that the261

ice flag is active. Therefore, QuikSCAT captures the yearly variation of wind speed only in the central part262

of the basin where the amount of data is comparable to that in the North Sea. At the coastal areas of the263

Baltic Sea, results will be biased towards the summer and autumn wind regimes.264

The seasonal mean wind speed over the 10 years is shown in Figure 5. Arrows indicate the most frequently265

observed wind direction. This is estimated from the wind direction distribution for each grid cell as the266

sector from which most occurrences are observed. Spatial variability is lowest in the Baltic Sea compared to267

the North Sea, independent of season for both wind speed and direction. Local features include an area of268

significantly high wind speeds offshore from Belgium, the Netherlands and the UK, due to speed-up effects269

along the English Channel. Especially offshore from the harbour of Rotterdam (52°N, 3°E), higher winds are270

partially associated with the increased backscatter from ships anchored in the area (Ad Stoffelen, personal271

communication). Strong lee effects in the western North Sea are due to land effects from the British Isles.272

Another explanation may be related to the nature of the ENW and long-term stable conditions in this area273

[35]. In the eastern North Sea, around 55°N-8°E, an area of lower wind compared to the surroundings is274

observed in the winter and autumn. It can be a result of lee effects when winds blow from southerly and275

easterly directions.276

Within the context of wind energy, when in situ observations are limited, it is of interest to relate the277

available information at one location to adjacent areas and to investigate the spatial extend for which278

information can be used. Figure 6 shows the spatial correlation estimated using two different locations,279
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Figure 4. Seasonal availability of QuikSCAT rain free observations.

shown as grey circles. For the grid cell containing M2, correlation is higher than 0.9 for 68 adjacent grid cells,280

thus covering an area of ∼32×103 km2 which is about 4% of the North Sea. This pattern is independent281

of seasonal variability. During winter and autumn correlation is higher further away from M2, due to the282

dominant synoptic weather patterns. Correlation higher than 0.9 is found for 94 grid cells adjacent to the283

location of Figure 6b, i.e. ∼44×103 km2.284

The diurnal variability of wind speed is of importance due to its impact on the planned power production.285

The seasonal mean differences of daily morning and afternoon wind speeds are shown in Figure 7. Maximum286

differences do not exceed 0.6 m−1 while higher spatial variability is observed during spring and summer; local287

effects are pronounced due to the lack of synoptic weather patterns. In the North Sea, differences are close288

to zero for a large part of the basin in autumn and winter while higher morning winds are observed during289

spring and summer. In the Baltic Sea winds are higher in the afternoon for the largest part of the basin290

during all seasons but very close to zero. The signal is stronger in autumn and this can be explained by the291

complex morphology of the basin, which is surrounded by land masses. Advection of cold air from the land292

when the sea is still warm may create unstable conditions thus giving rise to higher afternoon winds.293

The spatial variation of the standard deviation (not shown) has a strong South-North component, where294

lower wind variability is observed in the South compared to the North, with a boundary at 56°N. Especially295

around western Norway and in the North Atlantic the wind variability is highest. The Baltic Sea has the296

lowest variability and is spatially uniform. The variability of the wind speed decreases from winter towards297

summer but the North-South component is present for all seasons. Visually inspecting the seasonal patterns298

of the wind variability did not provide any conclusive results regarding its correlation with the mean morning299

minus afternoon wind speed differences. As an example, during summer, in the area east of the British Isles300
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Figure 5. Seasonal mean wind speed with most frequently observed direction.
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Figure 6. Spatial correlation of wind speed from QuikSCAT observations of the grid cell a) containing M2 and b) across M2 in the
North Sea. The locations are shown as grey circles.

where morning wind speeds are found higher, the standard deviation of the wind speed had some of the lowest301

observed values. To the contrary, for Skagerrak, where the winds are found higher in the afternoon during302

summer, the standard deviation was highest compared to other areas. In particular for the North Atlantic303

and the northern North Sea, higher standard deviation was found for the seasons and areas that have morning304

minus afternoon differences exceeding 0.2 m s−1.305
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Figure 7. Seasonal mean wind speed difference defined as morning minus afternoon passes.

For the identification of sea-land breeze systems the difference in direction between morning and afternoon306

passes should be approximately 180°. During early morning hours when the land is colder than the sea, the307

land breeze flows towards the ocean while the opposite occurs during afternoon. The occurrences of wind308

direction differences in the range of 180±45° are shown in Figure 8. Only wind directions associated with309

wind speeds higher than 3 m s−1 are used due to the ambiguity in the wind retrieval for low winds. To310

estimate such differences, it is required that both the morning and afternoon retrievals are rain-free. Results311

are shown for the grid cells with at least 2000 rain-free occurrences, to eliminate the bias possibly introduced312

by the seasonal variability of the data availability in the coastal areas of the Baltic Sea.313

Most observations within this range are recorded in the Skagerrak strait, between Denmark and Norway314

and the southern part of the English Channel. In most coastal areas of the North Sea there is an indication315

of such diurnal direction differences, with higher number of observations in sheltered areas. In the central316

part of the North and Celtic Seas, away from land, occurrences are very rare. The western Norwegian coast317

exhibits a relatively high number of such occurrences. In the central Baltic Sea, the number of observed cases318

is relatively low.319

The seasonal variability of such occurrences (not shown), indicates that ∼27% of the events occur in the320

winter months, ∼22% in spring, ∼27% in summer and ∼25% in autumn, when grid cells with less than321

400 rain-free observations are excluded. In general, during winter, diurnal direction differences are mostly322

found in Skagerrak, Western Norway, the Atlantic and around the coasts of the North Sea. In spring, most323

occurrences are found in the English Channel, Skagerrak and the Wadden Sea; a situation that persists over324

summer. Visual inspection of the wind direction distributions showed that land components exist especially325

in the east coast of the British Isles, the Wadden Sea, the Baltic Sea, the English Channel and the Outer326
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Figure 8. Number of occurrences where the morning minus afternoon wind direction is 180±45°.

Hebrides. Such components strengthen the theory of sea-land breezes. For the Western Norwegian coast and327

Skagerrak, visual inspection of the wind direction distributions showed no such land components but rather328

flows parallel to the land, supporting the steering effect explanation. Sea-land breezes have been previously329

reported in particular around the southern coast of Norway [16], mainly during the spring and summer. In330

the present study, it is not possible to verify similar findings from QuikSCAT, likely due to the fact that such331

systems are of scales that may be eliminated during the wind retrieval process and may occur close to the332

coast where the retrieval of the backscattered signal is contaminated from the land.333

The estimation of wind power density is of extremely high interest within the context of wind resource334

assessment and for offshore wind energy. In order to apply the Weibull fit for each grid cell, the all sectors335

wind time series is retrieved and the Weibull parameters are estimated from the timeseries. Figure 9a shows336

the spatial distribution of the scale parameter A. Highest values are observed in the eastern North Atlantic337

and the northern North Sea while lowest values are observed in the Baltic Sea in agreement with the mean338

wind speed shown in Figure 9c. The spatial variability of A is generally low.339

For the shape parameter k (Figure 9b), higher values are associated with narrower wind speed distributions340

with a clearly defined, dominant peak. Maximum values are observed in the English Channel. Lower k values341

are expected close to land because of the increased turbulence, caused by the change in surface roughness and342

the varying stability conditions. This is indeed the case for some areas but no clear trend of increasing k with343

the distance from land can be identified other than the corridor of higher k in the centre of the North Sea344

with a South-East to North-West direction. High values are found in the Wadden Sea and the area between345

Belgium, the Neatherlands and England.346

Wind power density using the estimated Weibull A and k parameters is illustrated in Figure 9d. Only347

grid cells with at least 730 rain free observations are included. Higher values are found in the North Atlantic348

and northern North Sea, where also the mean wind speed is higher. When estimating the difference in mean349

wind speeds derived from the Weibull fit (Eq. 4) to the QuikSCAT observations and by simply averaging the350

QuikSCAT observations, differences are in the range of 0.02 m s−1 to −0.06 m s−1 (not shown). Therefore,351

differences are expected between the power density from time series (Eq. 6) and that from the Weibull352

parameters (Eq. 5).353
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Figure 9. a) Weibull A and b) k parameters. c) Mean wind speed. d) Mean wind power density estimated from Eq. 5.

Such differences are shown in Figure 10. They are around 10 W m−2, in most of the domain. Both methods354

utilize the same number of rain free observations, shown in Figure 1a. Increased biases, not exceeding 50355

W m−2, are identified for the North Atlantic. There the higher wind variability causes this bias, where the356

time series method gives higher estimates. The Weibull fit is performed with an mle algorithm that maximizes357

the probability of the observed data. By visual inspection of the Weibull fit versus the wind speed histogram358

from a grid cell in the North Atlantic area (not shown), an underestimation from the Weibull methodology359

of the probability for wind speeds in the range 8-10 m s−1 is identified and a very good fit for the observed360

QuikSCAT winds exceeding 30 m s−1 is found.361

Regarding the rain-contaminated versus rain-free retrievals, the difference in the estimated wind power362

density does not exceed 40 W m−2 in any location of the domain, when using Eq. 6. Rain-contaminated363

retrievals yield higher estimates due to the higher wind speeds retrieved by scatterometers under rainy364

conditions. Biases are minimised along the coasts where the more accurate SSM/I flag, which filters most of365

the rain associated winds, is inactive. When applying the Weibull fit, power density differences are similar366

to the ones mentioned above. In general the difference between methodologies when evaluating the biases367

between rain-contaminated and rain-free retrievals does not exceed 10 W m−2.368

To evaluate the difference of estimated wind power density between QuikSCAT and in situ observations369

accounting for sample size, sampling time and stability related biases, the locations of M2 and Fino 1 are370

selected. Greater Gabbard is excluded due to the very low availability of collocated pairs (approximately371
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Figure 10. Difference in estimated wind power density from the Weibull fit (Eq. 5) and the time-series (Eq. 6) for grid cells with at
least 4500 rain-free observations (see Figure 1a).

90). Table III shows the results for the mean wind speed, the wind power density (Eq. 6) and the Weibull372

estimates from QuikSCAT, the in situ derived ENW and the SDIS wind at 10 m. Only times of available373

rain-free QuikSCAT observations are used. For completeness we also compute the wind power density from374

all the available SDIS wind speeds at 10 m.375

Table III. Wind power density estimates from QuikSCAT and in situ observations for M2 and Fino 1.

Product Sample u u E E Weibull A k E U
N. (m s−1) Dev.(%) (W m−2) dev. (%) (m s−1) (W m−2) (m s−1)

M2
QSCAT 1601 7.97 2.7 515 14.0 9.00 2.38 509 7.98
10 m ENW 1601 7.93 2.2 479 6.0 8.94 2.55 477 7.94
10 m SDIS 1601 7.88 1.5 470 4.0 8.89 2.55 467 7.89
All 10 m SDIS 137717 7.76 – 451 – 8.76 2.54 449 7.77

Fino 1
QSCAT 642 8.42 0.8 593 2.6 9.51 2.45 588 8.43
10 m ENW 642 8.26 −1.1 563 −2.5 9.30 2.34 567 8.23
10 m SDIS 642 8.45 1.5 575 −0.5 9.52 2.55 574 8.45
All 10 m SDIS 50349 8.35 – 578 – 9.42 2.43 575 8.36

Table III highlights how relatively small differences in measured wind speed can cause significant differences376

in the estimated wind power density. Differences between satellite and in situ observations are more377

pronounced at M2, possibly due to its proximity to land and the possible contamination of the backscattered378

signal. The deviation of the E estimate from QuikSCAT, compared to the in situ SDIS, at M2 is higher379

than at Fino-1. Nonetheless, the QuikSCAT E estimate at M2 is in good agreement with results from [1],380

who found E to be around 500 W m−2 from Synthetic Aperture Radar (SAR) retrievals and in situ data for381

2005–08. When the Weibull fit is applied to the time series of wind speeds, estimates of mean wind speed and382

power density are almost the same regardless of the dataset; thus no significant difference in the estimates383

arises from the different methodologies. In general QuikSCAT over-predicts the wind power density in both384

sites, independent of the methodology (Weibull fit or time series). The deviation arising from the sample size,385

evaluated using the SDIS winds of different sizes, is in the order of 1% for the speed and 3% for the wind386

power density, when the time series of wind speed measurements are used.387

Regarding the estimation of the A and k parameters, [5] stated that the bias introduced due to the388

truncated wind speeds from satellite sensors, especially by excluding very low wind speeds, is typically seen389

as an increase in the mean of the wind speed distribution. In addition, the Weibull scale parameter A increases390

and the shape parameter k decreases. For the estimates shown in Table III, wind speeds below 3 m s−1 have391
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not been explicitly excluded. Despite that, the results agree with the findings from [5], where higher A and392

lower k estimates are provided by QuikSCAT compared to in situ measurements from M2. For Fino-1 both393

A and k QuikSCAT estimates are higher. When wind speeds below 3 m s−1 are excluded (independently for394

each dataset), the corresponding wind power density estimates increase independent of the dataset or the395

methodology. When using the time series of wind speed measurements, E estimates at M2 are 545.5 W m−2
396

from QuikSCAT, 502.1 W m−2 from the 10 m ENW, 491.5 W m−2 from the 10 m SDIS and 471 W m−2 from397

the large dataset of the 10 m SDIS. Thus, the deviation in the estimates from the time series increases to398

15.8% for QuikSCAT, 6.7% for the 10 m ENW and 4.4% for the 10 m SDIS. When the Weibull fit is applied399

to the truncated time series, E estimates at M2 are 540 W m−2 from QuikSCAT, 500 W m−2 from the 10 m400

ENW, 489.7 W m−2 from the 10 m SDIS and 468 W m−2 from the large dataset of the 10 m SDIS.401

4. DISCUSSION

The aim of the present study is to obtain an overview of the wind regime over large domains through an402

evaluation of a QuikSCAT gridded product for wind resource assessment and an examination of the seasonal403

variability of various wind characteristics as captured by the 10-year long dataset. In situ observations from404

three masts in the North Sea are used for comparison with QuikSCAT, where the satellite winds are found405

to meet the mission requirements. In addition, a close examination of the previously reported error estimates406

from the available literature shows that the bias estimates in this study are lower than in other studies.407

Despite the good comparison between QuikSCAT and in situ observations, a number of factors introduce408

uncertainties in the satellite winds. The presence of rain, the varying sea surface temperature (SST),409

atmospheric stability trends, the proximity to land and oceanic surface currents can complicate the retrieval410

and accuracy of scatterometers. The spatial series of QuikSCAT cannot substitute the high frequency time411

series of in situ observations but it can serve as a road map for the description of averages and their spatial412

variation. Such information would otherwise only be provided by models. Care has to be taken especially in413

areas with particular conditions such as strong currents, SST fronts and atmospheric stability trends; there414

QuikSCAT will provide an over/underestimation of the true wind.415

Regarding the stability and SST influence, for example, the North Atlantic part of the domain is a416

challenging area, as the warm North Atlantic surface current continues the Gulf Stream towards northeast.417

Over this area of warm water, scatterometer wind retrievals are challenging due to the impact of SST on418

both the surface winds and the backscatter signal. Surface winds will increase over the the warm water [10],419

while higher SST will cause a decrease in the water viscosity thus more backscatter for a given wind speed.420

The current’s direction will also introduce a bias [11]. [25] have shown that QuikSCAT wind directions in421

this area are very often following the general flow of the current, in which case the backscatter signal will be422

lower for a given wind speed. The interaction of these phenomena certainly renders the accurate retrieval of423

winds problematic over this area.424

Discrepancies between QuikSCAT and the in situ observations converted to ENW also arise by the425

accuracy of the in situ measurements and in particular the temperature measurements used for the vertical426

extrapolation. In the area of M2 frequent diurnal warming of the SST has been recently reported [24]. This427

can increase the wind at 10 m due to unstable conditions but it will also introduce a bias in the scatterometer’s428

algorithm, thus QuikSCAT may provide an overestimate of the true wind. Also, at M2 the water temperature429

sensor is located at a depth of 4 m, where the daily variability of SST will most likely not be captured.430

Thus, errors in the stability information obtained by the in situ measurements will also cause biases between431

QuikSCAT and the in situ winds.432
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As an example, the peak satellite−in situ wind speed residuals found in December and May are rather433

difficult to connect with the long-term stability trends described in [42]. They used 7 years of in situ434

observations from only some specific sectors for specific locations in the North Sea, including M2. In the435

present study much less observations are used and more wind direction sectors are included. In addition, the436

results shown in Figure 3b are for one year and only 20 days in each month. Moreover, we would expect more437

unstable conditions in December when the sea is still warm but the atmosphere is cooling while the opposite438

is expected in May. In such cases, indeed the trends we have identified in Figure 3b would be justified due to439

the nature of the ENW compared to the stability dependent winds.440

[23] found that on average the ENWs are 0.2 m s−1 higher than stability dependent winds from 208 buoys;441

in some locations this difference reached to 0.5 m s−1. We have identified similar trends for M2 and Fino-1,442

where the 10 m stability dependent winds have been computed (Table III); biases did not exceed 0.2 m s−1.443

For wind energy purposes, atmospheric stability is very important as modern offshore wind turbines operate444

at approximately 80 to 100 m above sea surface. Extrapolation of satellite observations to these levels is of445

high interest, although it is not the scope of the present study. Such a task requires accurate information of446

the atmospheric stability conditions and other related parameters such as the boundary-layer height [33, 34].447

[35] estimated a long term stability correction for the long-term wind profile at the North Sea area, which448

may be used for extrapolation of the long term satellite observations to offshore wind turbine heights. They449

found that a long term correction for stable conditions should be applied for an area that matches the area450

of lower mean winds on the east of the British Isles (Figure 9c). If stable conditions are often present in this451

area, the ENW provided by QuikSCAT is an underestimation of the true wind speed and the feature of lower452

mean winds speed may not be entirely related to lee effects.453

The observed higher winter and autumn wind speeds are the result of the increased storm activity as low454

pressure systems cross especially the North Sea and the eastern North Atlantic. In addition, during these455

months the atmosphere is colder than the ocean surface, leading to prevailing unstable conditions, which drive456

momentum transfer from higher atmospheric layers and result in increased wind speeds. Unstable conditions457

have been reported in these areas [44]; in this case the QuikSCAT ENWs provide an overestimation of the458

true wind. Thus, the high wind speeds observed in winter and autumn may not completely correspond to real459

conditions but be overestimated.460

Rain is known to affect the backscattered signal and the overall effect is to increase the retrieved wind461

speed [21]. The QuikSCAT gridded product includes two different rain flags, one of which comes from SSM/I462

observations. Due to the proximity to land this flag does not contain information for coastal areas. For the463

coastal waters of the British Isles and Europe, where the data availability is higher than offshore, only one464

rain flag is active and less observations are classified as rain-contaminated. The remaining rain flag, is a465

”goodness-of-fit” flag and provides information regarding the match between the observation and the GMF.466

The scatterometer flag may be zero while the collocated radiometer measures rain and vice versa. In general,467

the scatterometer rain flag is less reliable at very high winds when it is more often zero even in the presence468

of rain, due to a large variability of observations within a wind cell (RSS support, personal communication).469

Diurnal variations of the wind speed are of interest in wind energy applications due to their impact in470

the planned power production. QuikSCAT, because of the overpass time, covers the area of interest twice471

per day during early morning and late afternoon. This is not sufficient to capture diurnal variability, forced472

by the variability of other physical parameters such as the land and the SST. [15] quantified the sea breeze473

over the world ocean using QuikSCAT swath winds and found a very weak signal for the North Sea. In this474

study, a diurnal difference between morning and afternoon wind speeds has also been identified mostly during475

spring and summer. Recently, [24] reported diurnal warming of the SST observed from a geostationary sensor,476

occurring in spring and summer. The spatial extend of warming (see their Figure 6b) especially in the Baltic477

Sea and the Skagerrak Strait coincides with higher afternoon winds from QuikSCAT.478
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The higher occurrences of morning minus afternoon directional differences in the order of 180±45°, found479

in the Skagerrak Strait and the English Channel, can be partially attributed to steering that forces the480

wind direction to often be from two opposite sides. This is also verified by wind roses estimated from the481

QuikSCAT retrievals [25]. [7] discussed the mechanisms behind the strong speed-up effects for the Dover482

Straits in the English Channel, mentioning the sharp orographic and roughness changes that characterise483

the area. Especially for the Skagerrak Strait, dominant south-westerly flows are described in [3]. Along the484

western Norwegian coast, wind roses from QuikSCAT showed wind directions aligning parallel to the coast485

and having mainly north-west or south-east directions [25].486

Weibull A and k parameters estimated from QuikSCAT at M2 are in good agreement with results obtained487

from SAR images in [1]. In the south Baltic Sea, QuikSCAT estimated A and k parameters are also similar to488

the findings from [19], using 1000 SAR images. Values of the k parameter range between 1.8 and 2.3 for most489

of the areas in the North and Baltic Seas in good agreement with the findings from meteorological stations490

in [43]. E estimates for M2 are consistent with the ones estimated from SAR winds and in situ observations491

for 2005–08 [1]. Wind speed biases between the in situ observations and QuikSCAT will be propagated to the492

wind power density estimates as this is dependent on the cube of the wind speed. In the present study, the493

Weibull methodology does not yield very different results from the time series estimation for neither the in494

situ data nor QuikSCAT.495

The QuikSCAT dataset includes wind speed values below 3 m s−1 and despite the lower accuracy of the496

wind retrieval for low wind speeds, we have not truncated the QuikSCAT dataset. When excluding wind497

speeds below 3 m s−1, the wind resource estimates were found higher independent of the methodology and498

the dataset (QuikSCAT or in situ data). In addition, the deviation from the long SDIS dataset increased. By499

including speeds below 3 m s−1, the Weibull A and k estimated from the 10 m SDIS are closer to the ones500

reported in [1] at both locations (M2 and F1). This occurs for the E estimate at F1, but for M2 it is the501

truncated time series that gives an estimate closer to the one reported in [1]. These results are valid for two502

locations where the comparison between QuikSCAT and the in situ data is generally good (see Table II) but503

are not conclusive regarding whether or not one should explicitly exclude low satellite wind speeds.504

RSS QuikSCAT data have been recently reprocessed with the new GMF Ku-2011 (http://www.remss.505

com/qscat/qscat_description.html), which is believed to improve the performance of the new data set.506

Unfortunately, no validation study or technical report exists so far. It is of high interest to use the new dataset507

for comparisons with the same stations in the North Sea and to evaluate potential differences in the derived508

wind resource parameters. In addition, other scatterometers such as ASCAT and OCEANSAT are currently in509

orbit and continue the long-term data record of QuikSCAT. Specifically for ASCAT a 12.5 km and a coastal510

product are available from the Dutch Meteorological Institute (KNMI); these can be very appropriate for511

wind resource estimates close to the coasts, where many offshore wind farms are sited and more are planned.512

An overview of existing and future missions and their applicability for wind resource assessment can be found513

in [20]. As satellite winds refer to 10 m above the sea surface, their use for wind resource estimation will514

be magnified if estimates at heights relevant for offshore wind turbines can be produced. This is a task that515

requires information over large areas that can be obtained through NWP models and is currently of high516

interest [2].517

5. CONCLUSION

In this study satellite observations are used to describe the wind regime of the North and Baltic Seas in terms518

of wind energy statistics. For this purpose, QuikSCAT with high a spatial coverage and extended period of519

operation provides valuable observations over these areas, where in situ measurements are sparse, rare and520
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expensive. Comparison of scatterometer winds with in situ observations from three offshore locations in the521

North Sea, resulted in lower biases than previously estimated. The mean wind speed bias is −0.09 m s−1 when522

wind speeds above 3 m s−1 are used and the standard deviation is 1.2 m s−1. The wind direction mean bias523

is −2.7° with a standard deviation of 15°. Thus, the QuikSCAT mission requirements are satisfied in these524

offshore sites. The wind resource has been estimated for two offshore locations from in situ measurements525

and QuikSCAT. Deviations in the mean wind speed ranged from 0.8–2.7% compared to the available 10-min526

in situ winds at 10 m. The deviations in the wind power density ranged from 2.6–14%, highlighting the527

propagation of the bias due to the cubed relation between the wind speed and the wind power density.528

Rain-contaminated QuikSCAT winds are biased towards higher winds and have been excluded from this529

study. In areas where only one of the two rain flags is available, i.e. in coastal areas relatively close to land,530

an increase in the number of available rain-free observations is found. The inclusion of rain-contaminated531

retrievals in these areas is a cause for the higher estimates from QuikSCAT compared to in situ observations.532

In addition, due to the nature of the signal backscattered from ice and the lack of wind retrievals over ice533

covered parts of the Baltic Sea, QuikSCAT is only representative in the central part of the basin. Coastal534

areas are properly covered only a fraction of the year, thus results there will carry seasonal biases.535

The 10-year long dataset used in this study provides multi-year statistical properties and coverage of large536

areas. Even though the two basins are dominated by strong westerly winds, it has been shown that the North537

Sea is particularly subjected to spatial variability of various wind related parameters. Adjacent land masses538

with complex terrain and the complex coastal morphology result in lee effects and strong jet and channelling539

flows. The results of this study highlight the importance of satellite observations, when observations over540

large areas and with a long temporal availability are required. Scatterometer winds provide the averaged wind541

characteristics over the North and Baltic Seas and can be used as a roadmap for the initial understanding of542

the seasonal and spatial variability. For more detailed analyses, in situ measurements or satellite observations543

able to reveal small scale variability, like the SAR imagery, are required.544
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Abstract

Satellite data are used to characterise the near-surface winds over the Northern European Shelf Seas. We
compare mean winds from QuikSCAT with reanalysis fields from the Weather Research and Forecasting
(WRF) model and in situ data from the FINO-1 offshore research mast. The aim is to evaluate the spatial
and temporal variability of the near-surface wind field, including the inter- and intra- annual variability
for resource assessment purposes. This study demonstrates the applicability of satellite observations as the
means to provide information useful for selecting areas to perform higher resolution model runs or for mast
installations. Comparisons between QuikSCAT and WRF reanalyses show biases ranging mostly between
0.6 and −0.6 m s−1 with a standard deviation of 1.8–2.8 m s−1. The combined analyses of inter- and intra-
annual indices and the wind speed and direction distributions allows the identification of 3 sub-domains
with similar intra-annual variability. Local characteristics observed from the long-term QuikSCAT wind
rose distributions are depicted in high resolution satellite Synthetic Aperture Radar (SAR) wind fields. The
winds derived from the WRF reanalysis dataset slightly do not resolve all the seasonal features observed by
QuikSCAT and at FINO-1.

Keywords: Offshore wind energy, satellite remote sensing, QuikSCAT, WRF, SAR, in situ measurements

1. Introduction1

Current offshore wind turbine prototypes are suitable for depths up to 200 m. Future plans for wind farms2

extend at greater depths far offshore where installations and cabling are expensive. Thus, there is a need3

to identify locations that offer a compromise between potential production and costs. To identify offshore4

areas suitable for wind farms, observations of the wind over the ocean are required. Such observations are5

traditionally acquired from masts equipped with meteorological instruments. But this practise is expensive6

and limited to shallow depths and point locations. Hence, funding of such installations is difficult, especially7

for site identification studies [35].8

For offshore wind resource assessment studies, where water depths exceed 200 m, classical in situ obser-9

vations are not available. Remote sensing techniques from space-borne platforms provide global wind vector10

information over the ocean. Scatterometers and Synthetic Aperture Radars (SAR) are the most common in-11

struments used for such purposes. Previous studies have investigated the applicability of space-borne sensors12

for wind resource assessment and compared the satellite observations with in situ winds.13

[7] estimated the global ocean wind power potential from QuikSCAT, concluding that the 2000–200614

mean wind power increased by 69% between 10 and 100 m within the Northern Hemisphere extratropics.15

[12] used eight years of QuikSCAT for wind resource mapping in the Mediterranean Sea, concluding that the16
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satellite observations are valuable for the first phase of wind farm planning, e.g. for site identification. [16]17

used 85 ERS SAR images and 4 years of QuikSCAT scatterometer observations to quantify the offshore wind18

resources in the North Sea. They concluded that SAR images were appropriate for local-scale studies and19

QuikSCAT useful for basin-scale studies. [9] used a total of 91 SAR scenes for wind retrievals at moderate20

wind speeds (2–15 m s−1) to quantify the total accuracy of wind resource assessment. They found very good21

agreement in the wind statistics between SAR and in situ measurements (see Table 1 in their paper). [17]22

used SAR and QuikSCAT to evaluate their potential use for offshore wind resource mapping. Average wind23

speed maps for the Baltic Sea, from more than 100 SAR images, highlighted the variability between coastal24

and offshore areas. Yearly averaged ocean winds from the space-borne Special Sensor Microwave/Imager25

(SSM/I) were found in phase with the yearly averaged produced wind energy in Denmark during 20 years.26

Outputs from Numerical Weather Prediction (NWP) models are used as alternatives when in situ mea-27

surements are not available, for short term forecasting of the wind and for deriving the wind climatology28

over extended domains. They can be of extreme value for wind resource assessment and during the wind29

farm’s operation. [15] described a reanalysis system and tested its ability to define unassimilated near-surface30

winds over the eastern Mediterranean and Black Sea, reporting underestimation of wind speeds in the range31

of 1–2 m s−1 for January 2000–2007 when compared to QuikSCAT. Mean absolute differences were mostly32

below 1 m s−1 for July 2000–2007.33

[25] concluded that the regional climate model REMO is well suited for wind resource assessment applica-34

tions in Northern Europe as various REMO wind parameters were in agreement with in situ observations. The35

North American Regional Reanalysis was used in [27], to examine the climate variability of the wind power36

resources in the Great Lakes region. A wind atlas for the South Baltic [32] was based on the Weather Re-37

search and Forecasting model (WRF), developed at the National Center for Atmospheric Research (NCAR)38

but also includes analysis based on QuikSCAT and ENVISAT ASAR. Onshore wind atlases using mesoscale39

models include the Finnish Wind Atlas [37] the South Arfica one [14].40

Comparisons between QuikSCAT and NWP model reanalysis fields from NCEP/NCAR were performed41

by [21], reporting a correlation between QuikSCAT and reanalysis daily and monthly mean wind speeds of42

0.9. rms differences were 1.1–1.81 m s−1 for the daily and 0.75–1.00 m s−1 for the monthly means. [34] used43

ECMWF analysis and reanalysis fields, NCEP reanalysis and blended fields for comparisons with QuikSCAT44

in the Mediterranean Sea. The accuracy of the modelled fields compared to buoy data was lower than that45

of QuikSCAT.46

While the studies above have used either remotely sensed or modelled wind fields, no available study47

known to the authors combines the different sources of information for offshore wind resource assessment.48

The aim of the present study is to examine the spatial and temporal variability of the near-surface wind49

field for large areas using satellite observations, model reanalysis outputs and in situ measurements when50

available. The spatial variability of wind is important for large-scale wind farm planning regarding the51

expected timing of energy production. It is relevant to quantify both the spatial and temporal variability in52

ocean winds, as the expected offshore energy yield is a function of location and time. This study also aims53

at demonstrating the use of satellite winds as the means to provide information useful for selecting areas54

where to perform high resolution model runs or to install meteorological masts. Such an approach will be55

useful for overcoming the lack of in situ measurements for the initial part of planning future offshore wind56

farms.57

The data used and the methodologies applied are presented in Section 2. Section 3 includes results58

regarding the spatial wind variability. The temporal analysis is performed comparing QuikSCAT, the ad-59

vanced WRF model and in situ observations when possible and results are presented in Section 4. Section60

5 contains discussions and the conclusions are presented in Section 6.61

2. Data62

2.1. Satellite observations63

Satellite-based wind observations from scatterometers or SARs have the advantage of combining large64

spatial coverage and long temporal availability. Scatterometers typically cover an area once or twice per day.65

2



SAR winds have been so far available at non frequent intervals. There is a trade off between the spatial66

coverage and resolution.67

2.1.1. QuikSCAT68

The polar orbiting, sun-synchronous QuikSCAT platform, with a wide swath of 1800 km, provided daily69

near global coverage of the oceans from June 1999 to November 2009. The SeaWinds scatterometer, on board70

QuikSCAT, was an active microwave radar transmitting signals towards the Earth’s surface and measuring71

the radiation backscattered from the sea surface. Multiple measurements of the normalized radar cross72

section σ0, from different viewing angles, were used to determine the wind speed and direction, through73

empirical algorithms known as Geophysical Model Functions (GMFs). The final product is the equivalent74

neutral wind (ENW), i.e. the wind speed at 10 m above the sea surface assuming neutral atmospheric75

stratification [26]. Scatterometer wind retrievals are sensitive to rain as it changes the ocean surface and,76

attenuates and scatters the radar energy at the operating frequency.77

[6] validated QuikSCAT against winds from research vessels and reported a maximum bias of 0.7 m s−178

for the speed and 10° for the direction. [11] reported RMS differences of 1 m s−1 for the speed and 20° for the79

direction. Comparisons with buoy data in [33] indicated larger speed and direction differences at nearshore80

locations when compared to offshore ones. In the studies where reported biases between QuikSCAT and in81

situ observations were lower than the mission requirements [6, 11, 33, 24], in situ data were converted to82

10 m ENW to match QuikSCAT. Hence we also adopt this method in our study.83

This study uses already retrieved winds from a gridded daily product obtained from Remote Sensing84

Systems (RSS). The scatterometer orbital data are mapped to a 0.25°×0.25° Earth grid. Contemporaneous85

microwave radiometer measurements are used for sea ice and rain detection. For the domain of interest86

(Figure 1a), the grid cell size is approximately 16.83 km×27.82 km and the overpass time is around 06:00 and87

18:00 UTC. Only rain-free QuikSCAT observations are included in the analysis. To exclude rain contaminated88

retrievals, the relevant flags available from RSS are set as scatflag = 0 indicating no rain, radrain = 0 (no89

rain from collocated radiometer) or radrain = −999 (no collocation available).90

2.1.2. SAR91

Wind fields can be retrieved from SAR backscatter observations at a resolution up to ∼500 m, which also92

facilitates coverage of coastal seas. The SAR operating principle is similar to the scatterometer’s, except that93

a SAR operates with a single viewing angle. Thus, a given backscatter coefficient can be related to multiple94

wind speed and direction pairs. Consequently, the wind direction must be obtained from other sources in95

order to retrieve the wind speed at 10 m.96

Systematic comparisons with mast observations in the Baltic Sea have shown that the RMS error of 10 m97

wind speeds from SAR is 1.17 m s−1 with a negative bias of -0.25 m s−1 when the wind speed retrieval is98

initiated with model wind directions [18]. Similar analyses in the North Sea have given larger RMS errors99

(1.76–2.33 m s−1) without any bias [2]. The accuracy of SAR wind retrievals at specific points can be100

improved if mast observations of the wind direction are used as input [9]. [18] performed a study comparing101

wind speeds from 10 offshore meteorological stations in the Baltic Sea with ASAR wind speeds. For 875102

collocated samples, they reported R2 of 0.783, standard deviation of 1.88 m s−1 and root mean square (rms)103

error of 1.17 m s−1. However, the random noise found in all SAR imagery sets a limitation to the achieved104

wind speed accuracy [18].105

DTU Wind Energy holds a large SAR imagery archive from the European Space Agency (ESA) EN-106

VISAT satellite. Wind fields are routinely retrieved from the SAR imagery using the APL/NOAA SAR107

Wind Retrieval System (ANSWRS) by Johns Hopkins University, Applied Physics Laboratory, USA. Wind108

directions are obtained from the Navy Operational Global Atmospheric Prediction System (NOGAPS) at109

a 1° spatial and a 6-hourly temporal resolution. These wind directions are interpolated in space and time110

to match the satellite SAR acquisitions. The interpolation introduces some uncertainty on the wind speed111

retrieval, especially for very sudden changes of the wind directions. A benefit of using a global model is that112

the data availability is secure such that wind retrievals can be performed operationally. Previous comparisons113

between the NOGAPS model and in situ measurements from meteorological masts in the South Baltic Sea114
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showed an overall mean bias of 7.75°, an rms error of 6.26° and R2 of 0.950 from a total of 927 match-ups115

[18].116

2.2. In situ measurements117

Measurements from offshore masts are the most descriptive of the conditions at the specific location for118

wind energy purposes but many assumptions are made to extrapolate these measurements to nearby sites.119

Offshore masts may reach 100 m or more, equipped with instruments to measure wind speed and direction,120

sea and air temperature at various heights. In situ instruments require proper calibration and maintenance,121

which renders this type of measurements very expensive especially under the harsh ocean conditions.122

FINO-1. The German Marine Environmental Monitoring Network (MARNET) is a grid of buoys and plat-123

forms at various locations in the North and Baltic Seas. FINO-1 is a research platform, located at 54°01′N,124

06°35′E. Data are collected at various heights and stored as 10 minute averages. The period of available125

observations is 16/02/2004–21/01/2007 but measurements exist only for 478 days.126

For this study, wind speed measurements from the 33 m level at FINO-1 are extrapolated to 10 m. The127

extrapolation is based on the atmospheric stratification between the 33 m height and the sea surface, as128

described in [24, 23]. Three different data sets are created; the in situ 10 m ENW, the in situ 10 m Log and129

the 10 m Stability Dependent In Situ (10 m SDIS) winds.130

The diabatic wind profile is described as131

u = u∗
κ

[
ln

(
z

z0

)
− ΨM

]
, (1)

where z0 is the sea roughness length (using Charnock’s roughness length model [8]), u is the wind speed132

at height z, u∗ is the friction velocity, κ is the von Kármán constant (0.4) and ΨM the stability correction.133

The logarithmic wind profile is only different in that ΨM is zero. From Equation 1, u∗ is computed using u134

at 33 m and the ΨM expression from [13] with the values suggested in [29] for the corresponding constants.135

The 10 m ENW is computed using u∗ and the logarithmic wind profile. The 10 m SDIS is computed using136

u∗ and the diabatic wind profile. Finally, the 10 m Log is computed from the 33 m wind speed applying the137

logarithmic wind profile to estimate both u∗ and to extrapolate to 10 m.138

2.3. Simulated winds139

WRF is an atmospheric simulation and NWP system [36]. The WRF model simulation, hereafter men-140

tioned as “reanalysis”, was originally made to generate wind time series for electric grid transmission mod-141

elling, but has also been validated for wind energy applications in [32, 30, 31]. The dynamical downscaling142

carried out with the WRF model V3.1 uses the technique developed by [15] but with Newtonian relax-143

ation terms toward the large-scale analysis (also known as grid or analysis nudging). This technique has144

successfully been used in other wind atlas studies [32].145

The model domain configuration is shown in Figure 1b. It has 41 vertical levels with the model top at 50146

hPa. The lowest four vertical levels are located at approximately 21, 74, 123 and 163 m AMSL. The outer147

domain has a horizontal grid spacing of 45 km, and the nested inner domain 15 km. The model set-up uses148

the Yonsei University PBL scheme [20]. Other details of the model set-up are described in [30]. The inner149

domain nest is used in this study, available for section of the original domain (48°–60°N, 10°W–24°E) as it is150

computationally expensive to perform such long runs at higher resolution. The fields are re-sampled to match151

the QuikSCAT grid, using the nearest neighbour interpolation method and are corrected to compute the152

modelled ENW by using the stability dependent u∗ provided by the model. The wind at 10 m is estimated153

from u∗ using the Log wind profile [23].154
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Figure 1: a) Map of the Northern European Seas, including the location of the FINO-1 platform. The dashed line represents
the separation line for the Norwegian Sea. b) The WRF domains: outer box ∆x=45 km, inner box ∆x=15 km.

3. Spatial Wind Variability155

3.1. The mean wind speed156

The rain-free data availability of QuikSCAT, from 08/1999 to 10/2009 is shown in Figure 2a. From the157

3745 calendar days, data are available for 3733 days. If all available retrievals were rain-free, a maximum of158

7466 observations could be obtained for any given grid cell. The maximum recorded rain-free observations159

are 7083, i.e. 94.9% of data availability. No information is available for coastal areas due to the land160

contamination of the backscattered signal.161

The North Sea and eastern North Atlantic are very well observed, with the exception of coastal areas162

extending approximately 50 km offshore. The reduced data availability in the Northern Baltic and the163

coastal areas of the basin, is due to the ice mask applied from November/December until April/May in some164

areas. Only in the central part of the Baltic Sea is the data availability similar to the one found in the North165

Sea/North Atlantic domain. The mean wind speed is estimated from 11/1999 to 10/2009, i.e. using exactly166

10 years of observations where all months are represented equally.167

Figure 2b shows the mean wind speed for the grid cells with at least 4500 rain-free observations. This168

threshold is applied to exclude areas in the Baltic with reduced data availability, which can bias the results169

towards summer and autumn. Speeds range from a minimum of 7 m s−1, observed in the Baltic Sea, to a170

maximum of ∼10 m s −1, for the eastern North Atlantic. A strong lee effect is observed in the western North171

Sea, caused by the British Isles. Note the higher speeds offshore from the Netherlands. A gradual reduction172

of wind speed is noted when approaching the eastern part of the Norwegian Sea, north of 62°N and east of173

6°E.174

3.2. QuikSCAT vs WRF reanalysis winds175

To evaluate the differences in the long-term and spatial wind variability, we estimate the mean bias176

(QuikSCAT minus WRF) by aggregating all daily differences, for all satellite passes. The closest hourly177
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Figure 2: a) Number of rain-free observations from August 1999 to October 2009 and b) mean wind speed from QuikSCAT,
for the period November 1999 to October 2009. Note that areas with less than 4500 rain-free observations are excluded from
the mean wind speed estimation.

WRF output to the QuikSCAT overpass time is selected. Wind speed time-series, from QuikSCAT and the178

10 m WRF ENW, can be directly used to get the best power density estimate as,179

E = 1
2ρu3, (2)

where u is the wind speed and ρ the air density. Here we use a constant value of 1.225 kg m−3 to be180

consistent amongst the different data types and evaluate the impact on the power estimates associated only181

with the wind speed time-series. The overbar denotes an ensemble mean. The power density is a measure of182

the effective power of the wind at the location from where the wind speed measurements are taken, therefore183

is height-dependent. The power extracted from a wind turbine is related to the power density and depends184

on the turbine characteristics.185

Figure 3a shows the mean bias (QuikSCAT−WRF) computed at each grid cell, for the entire period of186

available rain-free QuikSCAT retrievals. Biases do not exceed 0.8 m s−1 and are minimized in the North187

Atlantic. They are on average negative for large parts of the North Sea and the central part of the Baltic.188

Offshore from Belgium and the Netherlands, biases are positive indicating higher QuikSCAT winds compared189

to WRF. An overall averaging of higher negative and positive biases is found for the low QuikSCAT−WRF190

bias in the North Atlantic.191

Figure 3b shows the standard deviation (σ) of the mean bias, computed from the entire time series of192

biases at each grid cell. Highest values are observed in the North Atlantic, where the mean bias is low.193

There is a north-south component for which the standard deviation is minimum in the South and increases194

towards the North. This can be explained by the higher wind variability around 60°N, verified from the195

wind direction distributions shown in Figure 4. The wind roses in the south-western corner show constant196

winds from the western sectors; the ones around 60°N–5°W show wind directions from almost all sectors.197

The corresponding wind roses from WRF (not shown) are similar with QuikSCAT for the south-west. For198

the area around 60°N–5°W, WRF has less variable wind directions, which contributes to the high standard199

deviation seen in Figure 3b around that area.200

The standard deviation is also high along the coast of Norway where orographic effects not properly201

resolved in the model may introduce biases. A strong surface current exists in the area, flowing out of the202
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Figure 3: a) Mean bias, b) standard deviation, c) R2 and d) wind power density difference of winds from QuikSCAT minus
WRF reanalyses.

Baltic Sea and along the Norwegian coast [19]. The wind direction at location 4 (Figure 4) is dominantly203

either following or opposing this current. Currents aligned with the wind direction are a known source of bias204

for the scatterometer derived wind speeds. When the current opposes the wind direction, the backscatter205

received from the scatterometer is higher due to the rougher ocean surface. The QuikSCAT derived wind206

speed will thus, be higher that an in situ measured one [10].207

Figure 3c, shows the estimation of R2 between QuikSCAT and WRF. Values higher than 0.65 are observed208

in most parts of the domain. The correlation is lower in coastal areas, especially in the straight between209

Norway and Denmark, possibly due to higher errors in both the model and satellite winds.210

The wind power density is estimated from QuikSCAT and WRF using Equation 2. The difference in211

estimates (QuikSCAT−WRF), shown in Figure 3d, ranges between 0 and 100 W m−2 in the largest part212

of the domain. An exception is the North Atlantic, with differences of up to 200 W m−2. The wind speed213

distributions at a location in this area, showed that 0.34% of the QuiSCAT wind speeds were 30 m s−1 or214

above, while WRF had no wind speeds higher than 27 m s−1. These very high wind speeds from QuikSCAT215

caused the large discrepancies in the estimated power density. The QuikSCAT mean wind speed (Figure 2b)216

is highest at this part of the domain. Errors in QuikSCAT retrieved winds increase for very high winds due to217

the calibration of the GMFs and typically result in overestimation of the high wind speeds [11, 23]. This may218

explain to some degree the discrepancies between QuikSCAT and WRF in this area. The standard deviation219

(Figure 3b) is also found highest in this area, signifying the differences in capturing the wind variability220
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between QuikSCAT and the WRF reanalysis. The latter is descriptive of the long-term conditions and is not221

expected to be accurate when the day-to-day variability is of interest. The daily QuikSCAT−WRF biases222

are averaged out during the years producing a generally low mean bias not exceeding ±0.6 m s−1, but the223

standard deviation is high, at least three times the overall mean bias and the correlation does not exceed224

0.8.225

3.3. Wind directions226

QuikSCAT retrievals from 8/1999 to 10/2009 are used to estimate the wind rose distributions. Directions227

are separated in 12 sectors of 30° each, where North is centred at 0°. Figure 4 shows the wind roses for228

various locations. The numbers denote those locations where intra- and inter-annual indices are estimated.229
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Figure 4: Wind roses for various locations in the domain from QuikSCAT wind fields for the period August 1999 to November
2009.

The spatial variation of the wind direction from offshore to coastal areas is well captured. Wind rose230

distributions vary according to topographic features when approaching the coast. A strong channelled flow231

is observed in the English Channel and the central Baltic Sea as the dominant directions in the wind roses232

are south-westerly. Note the dominant westerlies at the southwestern part of the domain, south of the233

British Isles. A larger range of wind directions is observed in the north part, around 60°N–5°W, where wind234

directions mainly vary between westerly and southeasterly. Around the south Norwegian coast, the wind235

rose distributions adapt to the coastal morphology as the main wind direction aligns parallel to the coast, in236

particular around Location 4. However, the wind roses 11 and 13 show a strong land component that does237

not appear in other locations and will be discussed in detail shortly.238
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Based on the spatial variation of the mean wind speed and direction, 3 sub-regions are identified. The239

Baltic Sea, with the western border at 9°E, is characterized by the lower mean wind speeds of 6–7 m s−1240

and dominant south-western winds. The North Sea (49°N–61°N, 5°W–9°E) is characterized by mean wind241

speeds between 7.5 and 9.5 m s−1 and dominant westerlies. The North Atlantic and the Norwegian Sea242

(61°N–68°N) show the highest mean wind speeds (8–10 m s−1) and all sector wind directions. The wind243

roses in the Norwegian Sea vary depending on the location. Offshore sites exhibit winds from almost all244

directions while in some coastal locations there is a strong land component.245

3.4. Coastal winds near Norway246

In order to resolve the wind patterns near the Norwegian coast in more detail and explain the different247

wind roses described previously, around 1500 high-resolution satellite SAR scenes covering locations 10–13248

(Figure 4) are extracted from the archive at DTU Wind Energy. They are distributed into 12 directional249

sectors according to the wind direction from NOGAPS at location 11 and browsed in a sector-wise manner.250

(a) (b)

Figure 5: Wind field retrieved from ENVISAT ASAR on a) November 12, 2010 at 20:48 UTC and b) May 4, 2009 at 20:56
UTC. Arrows show model wind speed and directions from NOGAPS using the same color scale as the background image for
wind speed.

Wind fields from southeasterly directions (105°–165°) represent situations where winds blow from land to251

sea. SAR wind fields categorized in these sectors show a strong channelling of winds through the Norwegian252

fjords, which leads to an increase of the wind speed. A turning of the wind is often seen both from the253

model wind vectors and from signatures in the SAR wind fields. The southeasterly wind flow from the land254

becomes more easterly, or even northeasterly, over the sea.255

Figure 5a shows a wind field from SAR where such turning of the wind occurs. It may be a result of256

synoptic lows, which generate an anti-clockwise circulation pattern. This can explain the higher frequency257

of northeasterly winds at the offshore locations (10, 12) with respect to the coastal locations (11, 13). Other258

SAR wind fields show a synoptic situation where the wind blows from easterly directions at high latitudes259

and from westerly directions at lower latitudes (Figure 5b). This flow pattern is typical for the polar front260

around 60°N.261

According to the SAR wind fields, the front is sometimes located near the area under investigation at262

64–66°N and sometimes it is positioned further south. The westerly winds observed at lower latitudes are263
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typically deflected towards the north when they approach the coast of Norway. This may be the reason for264

the strong contribution from sector 8 (195–225°) at the offshore locations. At the coastal locations, the wind265

climate seems to be governed to a large degree by the polar easterlies. In the case of the SAR scene shown266

in Figure 5b, the wind direction at the time of the SAR acquisition is south–southeasterly at the offshore267

and coastal locations.268

4. Temporal Wind Variability269

Variations of the mean wind speed on inter- and intra-annual time scales can be estimated using their270

corresponding indices. Such indices are estimated from the annual means, normalized by long-term averages271

thus minimising the influence of wind speed biases [12]. In the present study, they are estimated for the272

period 11/1999–10/2009. The intra-annual index is defined as the fraction of monthly mean values over the273

decennial mean wind speed,274

W.I.intra = Ūmonth/Ū10yrs (3)

The inter-annual index is estimated as the fraction of annual mean wind over the decennial mean wind [35].275

W.I.inter = Ūyear/Ū10yrs (4)

4.1. Intra- and Inter- Annual Indices276

The intra-annual indices from in situ and satellite observations and the simulated fields at the FINO-1277

location, are shown in Figure 6. The definition of indices is adjusted to the data availability at FINO-1,278

i.e. the denominator in Equation 3 is the annual mean wind speed, not the decennial. All available in279

situ measurements are used to estimate the intra-annual index. Space collocation is based on the grid cell280

containing the co-ordinates of the FINO-1 platform.281

The similarities between in situ indices and QuikSCAT are remarkable both in variability and amplitude.282

Minor discrepancies in the amplitude are identified for February and between October and December. These283

differences reach to 10% of the variability. WRF reanalysis winds (dashed lines) capture the overall seasonal284

trends. They overestimate the variability between February and May by a maximum of 13%. WRF winds285

seem to fail in resolving the variability as observed in FINO-1 and from QuikSCAT between June and July.286

1 2 3 4 5 6 7 8 9 10 11 12

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

Month

W
in

d 
In

de
x

 

 

Fino1 ENW
QSCAT
Fino1 SDIS
WRF (QSCAT times)
WRF (All)

Figure 6: W.I.intra at FINO-1 from in situ observations, QuikSCAT and the WRF model reanalysis (dashed lines). Years
represented are from 2004 to 2007 but only 478 days of observations are available.

The long-term intra- and inter-annual indices defined in Equations 3 and 4, are estimated from QuikSCAT287

and WRF, when available (Figure 7). The ability of WRF and QuikSCAT to capture the inter-annual288
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variability in a similar way, is very much dependent on the location. In the North Sea (Figure 7a), largest289

discrepancies between the QuikSCAT and WRF derived intra-annual indices are observed for Loc4. There290

the mean bias between QuikSCAT and WRF is also high and R2 is low (Figure 3). In general there is a291

good agreement between the model-based and the satellite derived indices; WRF derived winds capture the292

variability observed by QuikSCAT.293

In the Norwegian Sea, where only QuikSCAT observations are available (Figure 7c), there is a significant294

year to year variability with below average speeds in 2002 and above average in 2007. Such year to year295

variability is also observed in the North Sea with below average speeds in 2001 and 2003 and above average296

speeds in 2002, 2005 and 2007–2008. In the Baltic Sea, the years 2002 and 2007–2008 show higher winds297

compared to the decennial mean while 2003 and 2006 are years with the lowest winds.298

The intra-annual indices (Figures 7b, d, f) show that high above mean values occur in the winter for299

all sub-domains. Differences between QuikSCAT and WRF are evident in the Baltic Sea and North Sea300

between April–July and September–December. Minima and maxima occur at different months, depending301

on the sub-domain. Most locations in the North Sea (Baltic) have minima in June (May) followed by a local302

increase in July (June). In all locations of the Norwegian Sea, the intra-annual variability is very similar,303

with minima observed in July.304

The lowest-below-mean intra-annual variability is ∼34% of the decennial mean wind speed, observed in305

the Baltic Sea, while the highest-above-mean is ∼40%, observed in the Norwegian Sea for Location 7. The306

lowest-below-mean and highest-above-mean inter-annual variability is ∼10% for location 10 in the Norwegian307

Sea.308

Similar findings as for the intra-annual variability are reported by [12], especially for the Northwest309

Mediterranean with a shift of one month towards the summer. There, the intra-annual index is minimum in310

June and exhibits an increase during July and August, like for the North Sea. The range of values is also311

found similar between [12] and this study, varying between 0.65 and 1.3 in most cases.312

4.2. Temporal Representativity313

One may argue that the low temporal frequency of QuikSCAT (maximum 2 passes every day) may314

compromise the representativity of satellite observations when 10-year long averages are estimated. First315

we estimate the mean wind speed and the wind power density from all available in situ measurements,316

QuikSCAT and the WRF reanalysis fields for the location of FINO-1. The statistics are presented in Table317

1. WRF wind speeds time coincident with QuikSCAT (WRFQSCAT ) and also from all WRF fields (WRFall)318

are used. A 1.7% deviation in the mean wind speed and ∼5% in the wind power density are estimated319

between 883 QuikSCAT and 50426 stability dependent in situ (SDIS) wind speeds. WRF derived winds320

show deviations that are significantly higher, with 8% for speed and 14.7% for the power density.321

Table 1: Statistics of mean wind speed and wind power density at FINO-1 from in situ data, QuikSCAT and WRF. N denotes
the number of observations. The period is from 16/02/2004 until 21/01/2007, but only 478 available days. SDIS is the 10 m
stability dependent in situ wind speed, ENW is the 10 m Equivalent Neutral Wind and Log is the 10 m wind estimated from
the wind speed at 33 m.

In Situ ENW In situ Log SDIS QuikSCAT WRFQSCAT WRFall

u (m s−1) 8.14 8.35 8.18 8.32 8.83 8.80
u Dev. % -0.5 2.1 – 1.7 8.0 7.5
WPD (W m−2) 565.0 577.6 564.0 591.7 646.6 640.0
WPD Dev. % 0.2 2.5 – 4.9 14.7 13.5
N 50426 50426 50426 883 883 11472

The mean wind speed and power density using all the available hourly WRF fields (maximum 87480) and322

only the ones time coincident with QuikSCAT (maximum 6913), are estimated for the whole domain. The323

differences are shown in Figure 8. Data availability differences are in the order ∼81000 fields. Discrepancies324

are small; mean wind speed biases range between −0.1 and 0.15 m s−1 but they are around 0.5 m s−1 for325

a few grid cells in the Baltic Sea. The power density biases (Figure 8b) range between −25 and 20 W m−2326

for the largest part of the domain, while biases of −60 W m−2 are identified for the few grid cells mentioned327

above.328
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Figure 7: W.I.inter (left) and W.I.intra (right) annual indices from QuikSCAT and WRF in (a,b) the North Sea, (c,d) the
Norwegian Sea and (e,f) the Baltic Sea, from November 1999 to October 2009. Solid lines represent QuikSCAT-derived indices
and dashed lines WRF-derived indices.

Such results indicate that there is a small impact in the average statistics when 2 daily values are used,329

instead of 24 hourly values. Some of the discrepancies along the coast can be explained by the QuikSCAT data330

availability. The findings above, are encouraging but also possibly biased by the properties of the reanalysis331
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Figure 8: Difference between WRF on QuikSCAT times (WRFQuikSCAT ) and all WRF fields (WRFall) for a) mean wind
speed, b) wind power density.

fields which are made to capture the long-term characteristics rather than the day to day variability. Given332

a significant number of available fields (∼7000), the overall statistics are rather well captured.333

5. Discussion334

The need for readily available information of the wind conditions over the ocean is increasing as more335

prospective wind farms are sited offshore. In this study, QuikSCAT observations have been used for the336

northern European seas. The Baltic Sea is poorly covered, as the sea ice mask applied to QuikSCAT337

backscatter measurements is acquired from SSM/I; a passive microwave instrument on board a series of338

platforms. This has a low resolution and there is lack of observations close to land. Therefore, QuikSCAT339

can only be used for the central part of the Baltic Sea basin where the data availability allows the resolution340

of seasonal trends.341

Regarding the exclusion of rain contaminated QuikSCAT winds, [24, 23] studied the seasonal variation342

in the data availability. Most significant seasonal variations were attributed to the sea ice mask rather than343

the rain. Overall, independent of season, differences between rain-contaminated and rain-free retrievals were344

maximum offshore from southern Norway (1600 observations). They reported mean wind speed differences345

between rain-contaminated and rain-free retrievals that did not exceed 0.2 m s−1.346

The main focus of this study is to demonstrate the complementary use of remotely sensed, in situ and347

simulated winds for the evaluation of the long term spatio-temporal wind characteristics. Such a need arises348

as there is not a single source of information that can combine the advantages of all. In situ observations are349

of high frequency but are limited to specific locations and heights. QuikSCAT offers information over large350

domains at a much lower temporal frequency while simulated winds are available hourly over large domains351

but are sensitive to the model set-up and can be computationally expensive. The two daily observations are352

not adequate to properly resolve diurnal cycle. The extended QuikSCAT dataset offers a description of the353

long-term wind characteristics and has been used in other studies for similar purposes [12, 21].354

[5] discussed if the SAR sampling of offshore winds can represent wind speed distributions described by355

the Weibull distribution, assuming an uncertainty of ±10% at a confidence level of 90%. They concluded356

that approximately a sample size of 60–70 observations are required to characterize the mean wind speed,357

about 150 for a variance estimate and nearly 2000 for a wind power density estimate. In the present study,358

far more QuikSCAT “scenes” were used to estimate the mean wind speed and the direction distributions.359

While seasonal trends should be captured, the issue of fixed overpass time for QuikSCAT still remains, which360

likely biases results towards early morning and evening conditions.361

13



Satellite winds refer only to one atmospheric level, thus no information for the vertical wind profile can362

be obtained. QuikSCAT winds at 10 m above the surface are not very relevant for offshore wind turbine hub363

heights, that are typically around 90 m. Lifting the satellite winds is an ongoing aim within the wind resource364

assessment community and a recent study, [3], attempted to do so using NWP outputs for the estimation of365

the stability correction. Reported biases between lifted satellite winds and hub-height measurements were366

higher than those between simulated winds and hub-height measurements. Such results highlight the lack of367

accurate stability information to use for the stability correction of ENW and strengthen the current approach368

not to lift the satellite winds or transform them to account for stability.369

While various QuikSCAT products are available from different processing centres, this study uses an370

already gridded product. Different QuikSCAT products are compared with in situ observations from buoys371

and research vessels. [33] compared swath and gridded QuikSCAT data with offshore and nearshore buoys372

concluding that swath data provided the best agreement with nearshore buoys. For the gridded data,373

they highlighted the trade-off between point accuracy and capturing the large-scale wind patterns. From374

comparisons of QuikSCAT winds derived with different GMFs against ocean buoy data, [11] reported biases375

within the mission requirements. In addition, they reported no significant differences between the GMFs.376

The extended spatial comparisons between QuikSCAT and WRF outputs, indicate large areas where377

discrepancies are very small. The largest differences are observed in coastal areas, of complex morphology378

and adjacent to land masses. There both data sources may be contaminated by errors. Due to the proximity379

of land masses, QuikSCAT may suffer from the contamination of land to the backscattered signal while380

WRF may underestimate the wind due to disagreements between the land mask and the real topography.381

This introduces an error in the change of the surface roughness and its value. [22] noted differences of382

up to 2 m s−1 between QuikSCAT and NOGAPS analysis fields near land-surface boundaries. They also383

noted an improvement in the NOGAPS model performance near land-sea boundaries when QuikSCAT was384

assimilated.385

The high standard deviation between QuikSCAT and WRF winds found around 60°N–5°W is due to the386

local variability seen from the QuikSCAT wind roses. This higher variability in the wind from QuikSCAT387

is represented in the standard deviation between QuikSCAT and WRF while the biases are small likely due388

to averaging. The high standard deviation found along the Norwegian coast may likely have its source in389

discrepancies arising from the model fields and current related biases in the scatterometer winds. In addition,390

this is an area with a strong coastal jet flow [4] that may not be captured by the reanalysis fields. This WRF391

reanalysis is available at DTU Wind Energy but it has not been produced specifically for this study. The392

WRF simulation was run in long nudged steps instead of the more common day-to-day model configuration,393

where the model is restarted daily. The latter method may result in the model never fully spinning up its394

internal regional climate [38].395

The land component appearing in the wind roses of the north-west Norwegian coast (11 and 13), was396

further investigated with the use of two SAR wind fields. SAR wind fields have a much higher resolution397

compared to QuikSCAT, they are able to resolve much finer spatial scales. Such land components are due398

to katabatic winds from the Norwegian mountains. [1] performed similar investigations using SAR in the399

Adriatic and Black Sea identifying Bora winds; a type of katabatic wind. In both cases the high-resolution400

SAR images provided valuable insight in the precise location and magnitude of specific wind phenomena.401

Inter- and intra-annual indices are typically used in wind resource assessment studies, for the initial402

evaluation of the long-term wind variability and the assessment of prospective areas. The inter-annual index403

provides information for the mean wind speed of a year compared to a long-term mean while the intra-annual404

index is used to evaluate the monthly wind variability compared to the long-term mean. Comparing the405

wind indices between various locations on a large domain provides information regarding the spatio-temporal406

variability of the wind field. For the purposes of the present study, QuikSCAT estimated wind indices for a407

large domain offer information regarding the spatial consistency of the dataset within a given geographical408

area, which potentially leads to identification of areas with similar wind features. The ability of QuikSCAT409

to reproduce the long-term temporal variability of the local wind is remarkable, despite its low temporal410

frequency when compared to the 10 minute in situ measurements. This is highlighted by the good comparison411

of the intra- annual variability from QuikSCAT and in situ observations at FINO-1.412
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The 10 year climatology used in the present study is found less able to resolve this intra-annual variabil-413

ity, nonetheless accurate for describing the seasonal trends. In [12], high above-average mean winds were414

observed in 2003 in the Mediterranean Sea. An anti-correlation between the Northern European Seas and415

the Mediterranean is thus noticed, as below-average mean winds are observed in the Northern European416

Seas for 2003. When estimating the mean wind speed and wind power density using the WRF reanalysis417

dataset of different sample size, i.e. a sub-sample that corresponds to the QuikSCAT dataset and a dataset418

that utilizes the full WRF reanalysis archive, biases are found to be around 0.15 m s−1 for the wind speed419

and 10 W m−2 for the wind power density. These biases are slightly underestimated because of the smaller420

variability found in the WRF reanalysis fields.421

6. Conclusions422

Wind information over the ocean is essential as the suitable sites for wind farm installation expand423

offshore. The spatial and temporal wind characteristics in the Northern European Seas, where most of424

Europe’s offshore wind parks are located, were investigated with the combined use of satellite and in situ425

observations along with model reanalysis fields.426

QuikSCAT, with an extended spatio-temporal coverage, was proven valuable for the description of the427

spatial and temporal wind variability over large areas, where in situ observations are sparse. Three sub-428

domains with similar average wind speed and direction distributions were identified. There higher resolution429

model runs can be performed and meteorological masts can be installed.430

Features identified from the QuikSCAT mean winds included channelled flows, lee effects and local winds.431

A specific area in Norway was further investigated with the use of high resolution SAR wind fields. They432

showed patterns of wind turning due to local orographic features.433

Comparisons between QuikSCAT and WRF reanalyses showed biases ranging mostly between 0.6 and434

−0.6 m s−1 with standard deviation of 1.8–2.8 m s−1. The intra-annual wind variability ranged from a435

above-mean-maximum ∼40% in the Norwegian Sea to a below-mean-minimum ∼34% in the Baltic. The436

inter-annual variability was smaller, ∼10% of the decennial mean.437

A ∼1.7% deviation in the mean wind speed and ∼5% in the power density between ∼51000 10-min438

measurements and ∼900 QuikSCAT retrievals was found. Biases of ∼0.2 m s−1 for the mean wind speed439

and ∼15 W m−2 for the power density were found between ∼7000 and ∼85000 reanalysis fields from WRF.440

Our results demonstrate the combined use of in situ, remote sensing and simulated information for wind441

resource assessment applications and highlight limitations or discrepancies between the different data types.442

Especially for large areas the only alternative would be a dense network of in situ instrumentation which is443

currently not available.444
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Spectral Analysis of QuikSCAT and ENVISAT ASAR surface

wind fields in the North Sea

I. Karagali1, X. Guo Larsén1, A. Peña1, M. Badger1, and C. B. Hasager1

Scatterometer wind fields from QuikSCAT are advanta-
geous due to their global spatial and long temporal coverage
and have a spatial resolution of 25 km. Synthetic Aperture
Radar (SAR) wind retrievals, have a much higher spatial res-
olution of 600 m, but suffer from inconsistent time and space
coverage. The present study aims at investigating the spec-
tral properties of QuikSCAT 25 km and ENVISAT ASAR
products of various resolutions. Due to the inconsistent SAR
coverage, a sub-domain of the North Sea is selected, where
there is an overlap of 87 SAR scenes. It is shown that the
QuikSCAT spectral dependency on wave number follows the
theoretical k−5/3 law, while for the SAR products slopes
become smoother as the resolution increases. SAR wind
fields contain significantly more small scale variability, show
higher spectral power as the resolution increases and main-
tain a high energy content for length scales of 2 km. No
significant impact of the number of scenes on the spectral
slope is identified, for as many as 87 samples. A seasonal de-
pendence of the power is identified as well as a characteristic
difference between the meridional and zonal spectral compo-
nents. When examining the seasonal spectra, the available
sample size decreases to 25 scenes and an impact on the
spectral slope is found.

1. Introduction

Observations of the oceanic surface wind field from satel-
lites, typically from scatterometers or radars, are very useful
for wind resource assessment offshore, where in situ mea-
surements are difficult to obtain. QuikSCAT scatterometer
products combine daily coverage of approximately 90% of
the global ocean with a resolution of 25 km and long tem-
poral availability. Synthetic Aperture Radar (SAR) ocean
wind retrievals have a much higher resolution, up to 600 m,
but so far suffer from systematic spatial and temporal cov-
erage.

Both QuikSCAT and SAR products are currently used for
offshore wind resource assessment. Karagali et al. [2012a, b]
used a gridded QuikSCAT product from Remote Sensing
Systems (RSS) to evaluate wind characteristics in the North
Sea. SAR wind fields are routinely produced at Risø Cam-
pus, DTU and used for wind resource assessment [Hasager
et al., 2008; Badger et al., 2010]. Comparisons between
QuikSCAT and ENVISAT ASAR wind fields are limited by
differences in the resolution, spatial and temporal coverage
and the approximately 5-hour time lag between overpass
times. Spectral slopes and power are robust properties that
highlight potential differences and the advantages and dis-
advantages of using the two different types of space-borne

1DTU Wind Energy, Risø Campus, Roskilde, 4000, DK.

Copyright 2012 by the American Geophysical Union.
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wind observations. Moreover, Vincent et al. [2010] discussed
the importance of studying the spectral properties in the
mesoscale range as a measure of accuracy for short-term
forecasting and for estimating extreme winds [Larsén et al.,
2012].

Vogelzang et al. [2011] used QSCAT and ASCAT data
along with ECMWF model forecasts and buoy measure-
ments to evaluate the quality of the scatterometer winds,
concluding that the ASCAT-25 km product contains more
intermediate scale information than the QuikSCAT-KNMI
product. Freilich and Chelton [1986] identified a depen-
dency on k−2 for the midlatitude mesoscale range using scat-
terometer winds from the SEASAT satellite.

Patoux and Brown [2001] performed a spectral analysis
of QuikSCAT winds in the Pacific Ocean with wave num-
bers ranging from 50 to 1700 km. They noted that for the
meso-scale range the energy fell off with a slope ranging
from -2.2 to -2.4 depending on the product. Zecchetto and
De Biasio [2003] used a 25 km QuikSCAT product to eval-
uate the wavenumber spectra of the Mediterranean Sea re-
porting spectral slopes of -5/3 for the range between 900
and 1300 km and a -3 slope for the range between 600
and 900 km. Halpern et al. [1999] evaluated scatterometer
winds from the ERS-1 platform for the range between 50
and 1800 km, reporting slopes of -2.6 and -2.4 for the zonal
and meridional wind components, respectively. Winkle et
al. [1999] used scatterometer winds from ERS-1, re-analysis
wind fields from NCEP and high resolution aircraft observa-
tions, for a wavenumber range extending from 1 to 1000 km.
They reported a best fit slope very near the -5/3 law.

Studies exist that show kinetic energy deficiencies of mod-
elled wind fields compared to ship measurements [Bumke,
1995], ERS [Chin et al., 1998; Halpern et al., 1999] and
QuikSCAT [Zecchetto and De Biasio, 2003; Stoffelen et al.,
2010]. To the authors’ knowledge, the spectral properties
of the SAR retrieved winds have never been evaluated. As
such the aim is to investigate the spectral properties of SAR
wind fields retrieved with different resolution and evaluate
them against QuikSCAT derived spectra which are known to
be superior to modelled winds. In addition, e evaluate the
resolvable length scales in the spatially averaged satellite
wind fields and and investigate their power law behaviour.
In the present study, the impact of ocean waves on the spec-
tral properties of the retrieved winds is neglected due to a
resolution reduction to at least 600 m prior to the wind in-
version.

This is important if one needs to understand the nature of
spatially coherent surface winds and very relevant for wind
energy related purposes where temporal in situ observations
are often compared to spatially averaged observations of
wind from satellites products. We note that investigations
using high resolution wind fields are currently not available
in the literature. In addition, the impact of varying resolu-
tion amongst satellite winds is still under investigation. Vo-
gelzang et al. [2011] performed a similar study but only using
scatterometer winds with resolutions of 12.5 and 25 km.

2. Near-Surface Ocean Wind Fields

2.1. Satellite Winds

QuikSCAT data are obtained from Remote Sensing Sys-
tems (RSS), as daily files mapped on a 0.25×0.25 Earth
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grid. Each file includes two wind fields, corresponding to
the morning (ascending) and afternoon (descending) satel-
lite passes.

SAR wind retrievals are performed in DTU Wind En-
ergy using the APL/NOAA (Applied Physics Labora-
tory/National Oceanic Atmospheric Administration) SAR
Wind Retrieval System (ANSWRS) developed at the Johns
Hopkins University. This system allows the selection of pre-
ferred resolution of the final wind field. This can be achieved
by reducing the original 150 m resolution (the pixel dimen-
sions are 75·75 m) to any value through averaging, prior to
the wind inversion. For this study, we produce wind fields
with resolutions of 0.6, 1.5, 3, 15 and 25 km.

3. Methods

The domain of interest extends from 53.875°N to 53.875°N
and 5.875°E to 7.75°E, see Figure 1. For this area there is
an overlap of 135 SAR wind retrievals. Due to the lag in
the overpass time between QuikSCAT and the ENVISAT
ASAR, time-collocation is performed by selecting the same
date and fraction of day, i.e. if the SAR overpass time
is at 10:00 UTC we select the QuikSCAT morning pass.
Due to rain contamination, QuikSCAT data are flagged for
rain. There is a maximum data loss of 20% allowed for
each QuikSCAT pass. If this threshold is exceeded, the
QuikSCAT pass and the corresponding SAR field are dis-
carded.

Finally, a total of 87 sets of surface wind fields are used.
The statistics of average satellite pass and date are shown
in Table 1. The spatial wind speed series are extracted,
for both the west-east (zonal) and north-south (meridional)
directions. Each spatial series is linearly de-trended and
Fourier transformed and finally all spectra are time aver-
aged.

The domain size is not sufficient for spectral analysis, es-
pecially for the low resolution products. In particular for
QuikSCAT, the meridional component has 12 points and
the zonal, has 8. Therefore, we also compute the QuikSCAT
spectra for a squared box that includes most of the North
Sea, extending from 54° to 58°N and 0° to 8°E.

4. Results

Three topics are investigated. Initially we examine the
spectral behaviour of the QuikSCAT winds and SAR winds
processed with different resolutions. We discuss the com-
puted spectra and the spectral slopes and investigate the
behaviour of QuikSCAT in a larger domain. Then, we ex-
amine the seasonal variability of the computed spectra from
QuikSCAT and SAR. Finally the impact of sampling is ex-
amined regarding whether the 87 available scenes are repre-
sentative.

4.1. Averaged Spectra

Figure 2 shows the zonal and meridional component spec-
tra of QuikSCAT and SAR, where the impact of resolu-
tion in the spectral power range is evident. QuikSCAT
spectral tails turn and become horizontal for length scales
around 60 km, especially apparent for the zonal component.
This behaviour of QuikSCAT for spatial scales close to the
Nyquist frequency has also been mentioned in Stoffelen et
al. [2010], where it is attributed to noise. Similar findings
are observed for the SAR 1.5 and 3 km products but for
scales of 6 km. For the meridional component, the 25 km
SAR product shows higher spectral power content than the
corresponding QuikSCAT. Note that the difference in spec-
tral power between QuikSCAT and SAR is higher for the
zonal component.

The full North Sea domain has very similar spectral slopes
with the sub-domain for the meridional component, but

shows higher spectral power. A more prominent difference is
identified for the meridional component, mainly because the
resolvable length scales extend towards the lower wavenum-
ber range.

The spectral slopes computed from the QuikSCAT and
SAR products are shown in Table 2. Slopes range from ∼-
1 to -1.8, with QuikSCAT having slopes for the meridional
component closest to−5/3 (-1.66). SAR slopes are smoother
for the very high resolutions and become steeper as the res-
olution decreases. Note that the SAR slopes for the 25 km
product are smoother than QuikSCAT for the meridional
component and steeper for the zonal component. Smoother
slopes indicate a higher energy content and smaller deficit
as the wave number increases, which indicates higher spatial
resolution for the SAR fields.

4.2. Seasonal Variability

Seasonal spectra are computed based on a seasonally
varying number of satellite wind fields (Table 1) and are pre-
sented in Figure 4. For the meridional component there is
no apparent seasonal variation of the spectral power. There
is an indication for a seasonal variation for the zonal compo-
nent; a slight decrease in the spectral power is observed in
summer. This may be an artefact of sampling, as summer
is the season with the less available scenes (17).

Note the persistent feature, where for the zonal compo-
nent the difference between the QuikSCAT and SAR spec-
tral powers is larger than for the meridional component.
This may be an artefact of the small domain size, as there
is a low number of available grid cells for the QuikSCAT
product that may introduce errors in the computed spectra.

For all seasons and both zonal and meridional compo-
nents, the QuikSCAT spectral power is lower than the one
of all the SAR products. This difference is almost elim-
inated for the spring and summer meridional components
and for length scales between 314 and ∼157 km, but the
deficit of QuikSCAT quickly becomes apparent for length
scales smaller than 157 km.

4.3. Sampling

Comparisons are limited by the availability of SAR re-
trievals, for which frequent observations of the same area
are not consistent. To the contrary, QuikSCAT offers 10
years of twice daily observations for the area of interest. To
investigate how representative are the 87 scenes, QuikSCAT
spectra are computed from the 10 years of available obser-
vations. Figure 3 indicates that the QuikSCAT winds show
practically no difference between the 87 scenes and the 10
year-long dataset, which has a maximum of approximately
7000 scenes.

For the mid-latitude regions of the Pacific Ocean, Freilich
and Chelton [1986] found a k−2 dependence of all zonal,
meridional and kinetic energy spectra computed from scat-
terometer winds. The spectral slopes computed from the
sub-set and full data set of QuikSCAT (87 scenes versus
∼7000 scenes) for the sub-domain and the North Sea do-
main, are shown in Table 2. Slopes for the meridional com-
ponent range from -1.66 to -1.7 and for the zonal compo-
nent, from -1.1 to -1.8. The differences in slope for the 87
QuikSCAT scenes and the full dataset are ranging between
0.02 and 0.09, highlighting the very small impact of sam-
pling.

One may argue that the seasonal spectra may not be rep-
resentative, as the maximum number of scenes used is 25,
for autumn, which may not be sufficient. The seasonal spec-
tra from QuikSCAT using 87 scenes and the 10 year-long
dataset, shown in Figure 5, indicate that there are differ-
ences in the spectral power range, with the 10 year-long
data set showing higher spectral power for all seasons ex-
cept summer.
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5. Discussion

In SAR the high energy content is maintained for lenght
scales of 2 km whereas in mesoscale model results with grid
resolution around 2 km the energy content is only main-
tained at length scalesan order of magnitude lower, around
20 km.

The range of resolvable wavenumbers varies depending
on the sensor, the resolution of the product and the size
of the domain. In general, spatial scales ranging between
800 and 2.5 km are discussed. Xu et al. [2011] state that
QuikSCAT spectral slopes below 300 km can be affected by
noise in the satellite wind direction. This should be taken
into consideration when examining the spectral behaviour of
the QuikSCAT product for scales smaller than this thresh-
old.

The limited availability of SAR wind fields over the same
area is an issue when performing wind resource assessment
[Badger et al., 2010]. In terms of spectral properties, though,
there is no impact of the reduced temporal coverage when a
sufficient number of scenes is available.

Xu et al. [2011] found a slope difference generally smaller
than 0.06, between using 2 years and 10 years of QuikSCAT
data while the seasonal slope difference was smaller than
0.1. This is generally in agreement with findings from the
current study, where slope differences range from 0.02 and
0.09 between 87 QuikSCAT scenes and 10 years of available
QuikSCAT data.

The difference in number of wind fields between the
QuikSCAT wind fields time-collocated with the SAR scenes
and the full 10 years of available twice daily QuikSCAT
observations, is in the order of 6900. The difference of
QuikSCAT spectral slopes is smaller than 0.1 for both the
meridional and zonal spectral components, independent of
the domain size. Therefore, the 87 scenes are proven suffi-
cient to describe the spectral properties. When the seasonal
patterns are of interest, the maximum of 25 scenes available
in the present study is not found sufficient.

As has been mentioned in Patoux and Brown [2001], for
surface winds the smaller scales are expected to have more
energy and the spectrum to be shallower. This may explain
why the SAR slopes are smoother than QuikSCAT, since
the smaller scales are resolved in SAR.

The SAR wind retrieval processing scheme used in this
study produces wind fields of varying grid cell dimensions,
even for the same resolution, depending on the dimensions
of the original SAR scene from ENVISAT. Some scenes are
larger than others and the software handles them in such a
way that they are finally gridded with the same dimensions.
Depending on the size of the original SAR scene, there is
a certain number of grid cells that have no values and this
varies even within the same resolution set. Investigations re-
garding the potential impact of such a methodology to the
derived results are to be performed in the future but they
are currently out of scope.

A two dimensional FFT analysis is not performed due to
the unequal dimensions of the domain. The possibility of re-
ducing the dimensions to match a square domain is excluded
due to its already small size.

6. Conclusion

The resolution of the different satellite wind products
varies from 600 m for SAR to 25 km for QuikSCAT wind
fields. The range of wave numbers corresponds to spatial
scales ranging from 2.5 to 800 km. The spectral power of
the SAR products is generally higher than QuikSCAT, even
when the two products have the same resolution of 25 km.
Thus SAR is able to resolve much smaller spatial scales than
QuikSCAT.

It is shown that QuikSCAT spectral slopes for the mid-
latitude region of interest follow the theoretical predicted
value of −5/3 (-1.6). The SAR spectral slopes are smoother
than -1.6 and become steeper for decreasing resolution. SAR
fields maintain a high energy content for length scales of
2 km. The spectral power deficiency increases with decreas-
ing spatial resolution.

While QuikSCAT wind products offer long temporal and
spatial coverage, SAR products offer high spatial resolution
but are not consistent in spatial coverage. This study has
revealed the possibility of processing SAR fields with a res-
olution similar to QuikSCAT, thus rendering the merging
of satellite observations possible in order to increase their
temporal coverage.
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Figure 2. Averaged meridional (left) and zonal (right)
spectra from SAR of various resolutions and QuikSCAT.
Black lines show the -5/3 (solid) and -2 (dashed) slopes.
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Figure 4. Seasonally averaged meridional (left) and
zonal (right) spectra for i) winter, ii) spring, iii) summer,
iv) autumn. Gray dashed curves show the -5/3 slope.
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Abstract

Five years of sea surface temperature (SST) retrievals from a geostationary platform are utilised to
identify and characterise diurnal warming in the North and Baltic Seas. Observations from the Spinning
Enhanced Visible Infrared Imager (SEVIRI) on board the Meteosat Second Generation satellite are
proven valuable for quantifying the daily SST cycle in shallow and coastal waters at latitudes 48-60°N.
Satellite minus in situ observations from moored buoys show biases ranging from -0.3 K to 0.1 K. A
thorough analysis is carried out to obtain the optimal reference field used for calculating the daytime
temperature anomalies. The best night-time reference field candidate is demonstrated to be an average
of 3 days of satellite observations from local midnight to 0300. When compared against night-time in
situ measurements from various locations, mean biases are found in the order of ±0.1 K and standard
deviation (σ) between 0.4 K and 0.9 K. The 5 year record with daytime temperature anomalies is used
to derive robust statistical description of duration, spatial extent, proximity to coast and water depth
of the diurnal warming events. Seasonal and inter-annual variations in the diurnal warming are also
quantified. Daytime anomalies exceeding 2 K are identified during the spring and summer months of
every year, peaking at 1500 LT. Events with daily anomalies exceeding 5 K are observed. Areas where
diurnal variability is often observed coincide with areas of frequently observed low winds and turbid
waters (high Kd(490) values).

Keywords: SST, diurnal warming, SEVIRI

1. Introduction

The temperature of the sea surface has been identified as an important parameter, governing processes
that occur in the upper ocean. Biological activity, exchange of gas, heat and momentum with the
atmosphere depend on this oceanic layer and its properties. Activities of scientific, commercial and
social interest, such as weather forecasting, modelling of air-sea interactions, climate change studies,
fisheries and coastal zone management, require information about the sea surface temperature (SST) in
order to be more accurate and effective.

A significant percentage of the incoming solar radiation is absorbed by the top few meters of the
ocean surface, increasing the temperature in a manner that depends on the daily solar cycle. Lack of
wind prevents mixing of the water column, resulting in the formation of a surface thermal layer (Price
et al., 1986).

The peak temperature difference between night and day may exceed three degrees (Gentemann et al.,
2008; Merchant et al., 2008) depending on the location and environmental conditions. It may temporarily
affect air-sea interactions by altering the heat and gas fluxes, atmospheric circulation and the height of
the atmospheric boundary layer.

Diurnal warming of the surface layer was identified during early in situ studies, such as Stommel et
al. (1969) and Kaiser (1978). It has been observed in different areas of the global ocean including the
Mediterranean (Deschamps et al., 1984; Merchant et al., 2008), western North Atlantic (Cornillon et
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al., 1985; Stramma et al., 1986; Price et al., 1987), the Gulf of California (Flament et al., 1993; Ward,
2006) and various locations in the global ocean (Otobe et al., 1985; Stuart-Menteth et al., 2003, 2005;
Gentemann and Minett, 2008) using combinations of in situ and satellite observations.

The first studies on diurnal warming were mainly focused on low latitude regions but recent studies
have demonstrated diurnal warming at mid-latitudes (Gentemann et al., 2008). Recently, Eastwood et al.
(2011) identified diurnal warming events in the Arctic on June and July of 2008. Merchant et al. (2008)
stated that the magnitude and spatial distribution of diurnal warming events depend on local conditions
and are affected by wind, cloud coverage and water turbidity.

The present paper aims at the long-term characterization and quantification of the daily SST variation
in the North Sea and the Baltic Sea. The coastal areas surrounding the two basins are densely populated
and the seas experience large spatial gradients in properties such as salinity and turbidity and are
characterised by relatively small depths; on average 90 meters for the North Sea and 55 meters for the
Baltic Sea. The North Sea has an area of approximately 750000 km2, salinity varying between 34‰ and
35‰ and is connected to the south with the Atlantic Ocean through the English Channel.

The northern North Sea is open to the eastern part of the North Atlantic Ocean. On the east, it
connects with the Baltic Sea through Skagerrak, Kattegat and the Danish straits. The circulation is
tidally dominated with tidal amplitudes exceeding several meters in many areas. The Baltic Sea, with
an area of 337000 km2, is a semi-closed, brackish basin with salinity varying between 6‰ and 15‰,
receiving the outflow of some of Europe’s largest rivers. There are practically no tidal variations in the
Baltic Sea, where the largest constituents have amplitudes smaller than 10 cm. Both the North Sea and
Baltic Sea basins are located well within the North Hemisphere storm track and experience wind and
pressure induced surges.

To study the daily SST variations in this region, 5 years of hourly satellite observations from the
SEVIRI instrument, on-board a geostationary platform are utilised. Little has been done to quantify
diurnal warming in these shallow waters but the high temporal resolution of SEVIRI provides a unique
opportunity for a detailed investigation of diurnal warming events in coastal regions at latitudes up
to 60°N. In addition, the long time series of SEVIRI now allows for detailed quantification of seasonal
differences in diurnal warming events. The study will thus contribute to the understanding of the
diurnal warming events in shallow and coastal seas and form the basis for incorporating these effects into
atmospheric and hydrodynamic models.

This paper is organised as follows. A description of all data used in the present study can be found
in Section 2 along with validation of satellite data against in situ observations. Section 3 presents the
methodology used to generate the night-time reference fields that were used to estimate diurnal warming.
All results regarding diurnal warming are presented in Section 4. The discussion can be found in Section
5, while conclusions derived from the present study are summarised in Section 6.

2. Data

2.1. In Situ Data
In situ temperature measurements are utilised for validation purposes. Temperature sensors at depths

varying from 1 m to 10 m, from different platforms and buoys, exist at various locations in the North
Sea and the Baltic Sea (Table 1).

MARNET Buoys. The German Marine Environmental Monitoring Network (MARNET) is a grid of
monitoring buoys and platforms at various locations in the North Sea and the Baltic Sea (http://
www.bsh.de/en/Marine_data/Observations/MARNET_monitoring_network/). For the purpose of the
present study, temperature observations from nine stations are utilized. The locations of the platforms
are shown in Figure 1.

Horns Rev Meteorological Mast. The meteorological mast (M2) operated by DONG Energy, was located
north-west of the Horns Rev offshore wind farm, in the North Sea. A temperature sensor was located at
4 m below mean sea level. Observations were collected at 2 Hz and stored as 10 minute averages.

2.2. Satellite Data
SEVIRI (Spinning Enhanced Visible Infrared Imager), on board the MSG (Meteosat Second Gen-

eration) satellites, is an infra-red radiometer. The operating principle is to collect radiation from an
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Table 1: Locations and description of platforms from where in situ observations were taken.

Name Lat Lon Bathymetry Sensor Depth Period
Arkona Becken 54o53′ N 13o52′ E 45 m 2m, 5m, 7m 01/06/04 - 31/12/09
Darßer Schwelle 54o42′ N 12o42′ E 21 m 2 m, 5 m, 7 m 01/06/04 - 31/12/09
Fehmarn Belt 54o36′ N 11o09′ E 28 m 1 m, 3 m, 6 m 01/06/04 - 31/12/09
Kiel 54o30′ N 10o16′ E 13.5 m 0.5 m, 1 m, 2 m, 4 m, 8 m 01/01/05 - 25/12/09
Oder Bank 54o05′ N 14o10′ E 13.5 m 3 m 01/01/05 - 24/12/09
Nordseeboje II 55o00′ N 06o20′ E 42 m 4 m, 6m, 10m 01/01/05 - 27/12/09
Nordseeboje III 54o41′ N 06o47′ E 40 m 4 m, 6m, 10m 01/01/05 - 29/12/09
Deutsche Bucht 54o10′ N 07o27′ E 33 m 3 m, 6m, 10m 01/01/05 - 25/12/09
EMS 54o10′ N 06o21′ E 33 m 3 m, 6 m, 10 m 01/01/05 - 25/12/09
FINO-1 54o01′ N 06o35′ E >26 m 3 m, 6 m, 10 m 01/01/05 - 25/12/09
M2 55o31′ N 07o47′ E 4 m 01/06/04 - 13/05/07

(a)

   6oE    8oE   10oE   12oE   14oE 

  54oN 

  55oN 

  56oN 

  57oN 

  58oN 

Arko    
Dars    Fehm    Kiel    

Oder    

Nsb     

Nsb3    

DBucht  Ems     
Fino1   

HornsRev

Denmark

(b)

Figure 1: a) Bathymetry of the area and b) locations of platforms and met. mast from where in situ measurements of SST
are extracted. The area left of Denmark where most of the in-situ observing stations are, is also known as the German
Bight.
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Table 2: Validation of hourly SEVIRI observations with quality≥3, against in situ observations from the shallowest sensor
of every location. Mean bias was defined as satellite minus in situ. N is the number of observations.

Name Sensor Depth Mean bias [K] σ [K] R2 RMSE [K] N
Arkona Becken 2 m 0.2385 0.7188 0.9832 0.7573 8675
Darßer Schwelle 2 m 0.2382 0.7888 0.9778 0.8239 8008
Fehmarn Belt 1 m 0.0259 0.7055 0.9806 0.7060 6515
Kiel 0.5 m 0.0886 1.1747 0.9540 1.1779 5771
Oder Bank 3 m -0.0041 0.5985 0.9904 0.5984 2572
Nordseeboje II 4 m 0.0387 0.5035 0.9863 0.5048 1131
Nordseeboje III 4 m 0.0690 0.6291 0.9840 0.6327 1789
Deutsche Bucht 3 m 0.0031 0.5537 0.9860 0.5536 4002
EMS 3 m -0.0718 0.5514 0.9852 0.5560 3924
FINO-1 3 m 0.2386 0.7197 0.9798 0.7580 1353
M2 4 m 0.1744 0.5951 0.9880 0.6200 2153

area using a telescope and focus it on detectors. These are sensitive to 12 bands of the electromagnetic
spectrum (Aminou et al., 1997). The nadir sampling distance is 3 km for the near infra-red and infra-red
channels. Due to the infra-red radiation’s penetration depth, SEVIRI SST refers to the skin layer and
retrievals are limited by cloud coverage. A flag ranging from 0 (unprocessed) to 5 (excellent) indicates
the quality of the SST values, with 3 being acceptable.

The experimental SEVIRI product of CMS (Centre Météorologie Spatiale), Météo France is utilised
from June 2004 to October 2009. This is different from the operational EUMETSAT OSI SAF product
only in that it is hourly and mapped to a 0.05 degrees grid. Measurements are released hourly while the
instrument scans from south to north every 15 minutes. The resolution in the area of interest, 48°S -
60°N and 10°W - 30°E, varies between 6 km and 8 km depending on latitude. For an average latitude of
50°, the grid cell dimensions are roughly estimated at 5.56 km∗3.2 km, covering an area of approximately
17.8 km2 each.

To compare the spatial pattern of diurnal warming with occurrences of low winds, scatterometer
measurements from QuikSCAT are used. Containing actual wind speed observations, the QuikSCAT
product is considered appropriate for examining the spatial distribution of low winds. Modelled winds
from global products may contain regional errors. At a height of approximately 800 km, completing each
orbit in 100 minutes and observing a wide swath of 1800 km, QuikSCAT provided near-global coverage
of the ocean surface, typically twice every day in the domain of interest. The mission description
states that wind speed measurements in the range of 3-20 m s−1 have an accuracy of 2 m s−1 (http:
//winds.jpl.nasa.gov/missions/quikscat/index.cfm).

Daily gridded data from Remote Sensing Systems (RSS) are used, including two passes per day.
Grid resolution is 0.25°, corresponding to a grid cell size of 16.83 km by 27.82 km for the domain of
interest. Overpass time was approximately at 0600 and 1800 UTC, thus capturing early morning and
evening conditions. Scatterometers are sensitive to rain because it changes the usual ocean surface and
attenuates and scatters the radar energy at 13.4 GHz (Portabella & Stoffelen, 2001; Hoffman et al., 2005).
RSS used contemporaneous microwave radiometer measurements for rain detection.

To evaluate the impact of the optical properties of water, a product from DMI is used. This is pro-
duced by an algorithm that was developed specifically for Case-II waters during the REgional VAlidation
of Meris chlorophyll Product (REVAMP) project (Peters et al., 2005). Due to its regional character, it
does not cover the entire domain, but extends only from 5°W to 26°E.

2.3. Validation of Satellite Data
To verify that SEVIRI SST is representative of the physical conditions in the area of interest, the

hourly available observations with quality ≥ 3 are compared against in situ measurements from the shal-
lowest sensors at various locations (Figure 1). Collocation criteria are set such that SEVIRI observations
from the grid cell including the platform’s location are used. Time collocation depends on the type of
comparison; in situ measurements of the SEVIRI times are chosen when validating the satellite observa-
tions. For the night-time reference field comparisons, averaged in situ measurements corresponding to
the averaged SEVIRI night-time measurements are used.

Biases do not exceed 0.24 K, while standard deviation (σ) ranges from 0.5 to 0.79 K (Table 2). An
exception is found for the Kiel platform, where σ is 1.17 K. Correlation is high, with minimum R2 values
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Table 3: Description of parameters used for each one of the test reference fields.

Name Averaged Days Night-time Temporal Quality Flag
(Day±3days) Window (LT)

Ref1 7 0000-0300 3,4,5
Ref2a 7 0000-0400 3,4,5
Ref2b 7 0000-0400 5
Ref3 7 2200-0400 3,4,5
Ref4 7 0000-0600 3,4,5

of 0.954, for the Kiel platform, and maximum of 0.99.
Root mean square errors (RMSE) range from 0.5 to 1.18 K. The latter is a unique case for the Kiel

sensor, that despite the very shallow depth (0 m) and the low mean bias (-0.08 K), has the highest σ
(1.17 K) and lowest correlation (0.95). These comparisons are very good, considering the error from
comparing spatially averaged to point measurements, depth sampling errors and biases introduced by
the buoy locations (shallow, coastal areas).

When only anomalies between 0800 and 2100 local solar time (LST) are considered (not shown),
mean biases increase in all cases but no more than 0.15 K. In general, biases do not exceed 0.38 K except
for the Kiel platform (0.67 K). Nonetheless, correlation is high, with R2 values ranging from a minimum
of 0.947 to a maximum of 0.99.

3. Night-Time Reference Fields

3.1. Method
A representative night-time SST field is a requirement for determining diurnal variability. Various

optimally interpolated fields from multiple sensors are easily available and frequently used. In the
present study, we seek to generate night-time reference fields using SEVIRI observations to avoid errors
introduced by multiple sensor biases. A sensitivity analysis was performed to conclude on the method
applied to compose the daily reference fields.

To achieve minimum gaps in the composite fields, night-time observations from a certain number of
days are aggregated. A preliminary analysis was performed, using 1, 2, 3, or 5 days. Other parameters
that may influence data availability are the quality of observations and the night-time temporal window.
A 3-day interval is the balanced choice between satisfactory data availability (not guaranteed with the 1
or 2 days intervals) and minimum averaging and blending of data. Thus, for every night-time reference
field a total of 7 days of night-time observations are averaged in one single field.

For the night-time temporal window, different intervals are chosen considering the length of day
during summer and winter. The quality of retrievals is allowed to vary between 3 (acceptable) and
5 (excellent). Five reference fields are composed for a test period from April to December 2006 with
specifications shown in Table 3.

Validation fields are generated from the last pre-dawn values, where dawn is defined by computing
the local sunrise time. The last SST value before local dawn is extracted in order to validate the
different reference fields discussed above. Anomalies, defined as pre-dawn value minus reference fields,
are estimated daily. Only the last pre-dawn quality 5 observation is utilised. The grid cell remains with
no value in the case of lower quality retrieval. This criterion is set to ensure that anomalies are computed
only utilising observations flagged as excellent.

Mean anomalies, shown in Figure 2a, range from a maximum of 0.8 K in favour of the reference field
to 0.8 K in favour of the pre-dawn field. Most observed anomalies are between -0.2 and 0.1 K for all
fields. Test reference fields utilising long night-time windows, i.e. 0000-0600 and 2200-0400 have most
zero biases, as the pre-dawn value is included in the averaging for the reference field. Standard deviation
(c), ranges between 0.2 K and 0.4 K with a peak at 0.3 K for most test fields.

The amount of valid observations used in the test reference fields is shown in Figure 2e, as the
normalised percentage of maximum possible water pixels (74645), estimated as the number of grid cells
covering water areas in the domain. Using only quality 5 observations for the night-time reference fields,
significantly reduces data availability. Reference fields with six hours long night-time windows (2200-
0400 or 0000-0600) show higher data availability more often than the ones with three (0000-0300) or four
hours (0000-0400).

5



During the spring and summer months, more than half of the maximum water pixels are observed
for all test reference fields except the one with only quality 5 retrievals. For these latitudes, daytime
during summer may persist as late as 2200 and start as early as 0330. Thus, for every calendar day,
observations with quality 3, 4 and 5 from 0000 to 0300 LST from that day, the previous and future 3
days are averaged in one single field.

3.2. Validation Against In Situ Data
Previously, SEVIRI observations were validated against in situ measurements, showing low biases and

high correlation. Biases can be introduced by the night-time reference fields thus validation is required
again. Night-time in situ observations concurrent with the SST observations used for the reference fields
are averaged in one single value. Nonetheless, no averaging over 7-day long intervals is applied to the
in-situ observations, as when composing the night-time reference fields.

Mean biases, defined as SEVIRI reference fields minus in situ observations, are shown in Figure 2b.
In seven of the eleven locations, mean biases range from -0.1 to 0.1 K, for depths down to 4 meters.
Biases do not exceed 0.4 K even when in situ measurements from depths down to 10 m are utilised. An
exception is again observed for the Kiel platform (black line), where biases are negative down to 4 m
with a maximum of 0.6 K and positive at 8 m (0.1 K). Also, for the Fehmarn Belt (light green line),
biases are in favour of the buoy for all depths but do not exceed 0.25 K.

The standard deviation in Figure 2d, ranges between 0.4 K and 0.9 K for all depths, in eight of the
eleven locations. Exceptions are the Kiel and Darßer Schwelle platform (light blue line) platforms. In
Kiel, minimum σ (0.9 K) is observed for the 0 m and 2 m depths and maximum (1.4 K) for the 8 m
sensor. In Darßer Schwelle, σ increases from 0.85 K to 1.15 K with depth.

The correlation coefficient r, shown in Figure 2f, is minimum (0.965) for the Kiel 8 m deep sensor and
maximum (0.995) for the Fino-1 3 m deep sensor. For most locations correlation decreases drastically
for depths below 6 m while being maximum for depths between 1-3 m. In nine locations, r values ranged
between 0.98 and 0.995 for all depths, indicating a very good correlation between satellite and in situ
averaged, night-time observations.

It is shown that only with extended night-time windows and extended averaging intervals, complete
reference fields may be composed. Given the risk of including seasonal trends, we minimize both param-
eters as much as possible. The produced night-time reference fields are self consistent and representative
of the night time temperatures observed by in situ instruments. Thus, they provide a proper foundation
temperature, i.e. free of diurnal warming (Donlon et al., 2007), for investigating diurnal variability from
SEVIRI daytime observations.

4. Diurnal Warming

Hourly satellite SST anomalies are defined as quality 5 day-time measurement minus night-time
reference field. They are counted for every grid cell from 0800 to 2100 LST. To evaluate the threshold
above which a temperature anomaly will be considered as diurnal warming, the amount of pixels showing
SST variation larger than 1 K, 2 K and 3 K was counted on a daily basis. To evaluate the horizontal
extent of warming, events are defined as occasions where more than five neighbouring grid cells show
anomalies larger than the defined threshold. Only grid cells with at least 365 quality 5 observations
were included in all analyses, corresponding to at least one daily, quality 5 observation for a year. This
threshold was determined from trials, in order to mask out grid cells with spurious SST values.

4.1. Diurnal Warming Signals
The monthly distribution of anomalies larger than 1 K, 2 K and 3 K is shown in Figure 3a. The period

with highest amount of anomalies, independent of threshold, is between April and August. Numbers of
observed anomalies show a strong dependence on threshold. More than 25% of the available quality 5
observations exceed 1 K in June and July. Only 6% of the total available quality 5 observations exceeds
2 K and only 2% exceeds 3 K.

Considering the maximum biases and standard deviations from the SEVIRI validations discussed
previously (Sections 2.3 and 3.2), the 2 K threshold is selected as a conservative threshold to define
diurnal warming. By anomalies we refer to anomalies larger than this threshold for the rest of this study.

The temporal distribution of anomalies from June 2004 until October 2009 is shown in Figure 3b. The
seasonal pattern is apparent, where most anomalies occur in the late spring (April and May) and early
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Figure 2: a, c) Mean bias and standard deviation of pre-dawn minus reference fields. e) Amount of valid grid cells in
every reference field, all for the test period April-December 2006. b, d, f) Mean bias, standard deviation and correlation
coefficient r for SEVIRI reference fields minus buoy temperatures from different depths.
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Figure 3: a) Annual distribution of anomalies exceeding the threshold of 1, 2 and 3 K from June 2004 to October 2009 and
b) temporal distribution of anomalies exceeding 2 K.

summer months (June and July) of every year. Significant inter-annual differences are also observed. In
2005, the majority of anomalies were observed as early as May and June, while in July of the same year
observed anomalies were fewer even than in April. In particular, 2006 was a year with relatively high
numbers of anomalies recorded consistently for 4 months, from April to July.

The averaged monthly variation of the diurnal cycle from March until August is shown in Figure 4,
where dSST is the mean hourly difference from the night-time reference SST. The shape of the diurnal
cycle is narrower in March, with a high, distinct peak occurring between 1200 and 1400 LST and a
decrease starting from 1500 LST. Minimum values are observed around 0200 or 0300 while exceedances
over 0.5 K are observed after 0700 LST.

During the transition from late winter to spring and early summer, the shape of the diurnal cycle
becomes wider. Exceedances over 0.5 K start earlier; at 0500 LST in June. Maximum warming lasts
until 1600 LST. Minimum values are observed earlier, around 0100, and are higher than earlier in the
year. A decrease of maxima is observed during the transition from late winter to summer. Moreover,
there is a difference of approximately 0.5 degrees between the start and end of the day, indicating that
diurnal warming events are also associated with a general warming that persists to the following day.

4.2. Statistical Description
The duration of diurnal warming events is presented in Figure 5a. Warming lasts for a maximum

of 3 hours for 75% of the observed cases. Nonetheless for 5% of them, warming lasts 7 hours or more.
Short-lived anomalies of 1 hour occur for 41% of the observed cases. Examining the extend of warming,
it is found that in 20% of the cases the grid cell showed an anomaly the next day also. Two days after
only 10% persisted, while this level dropped to approximately 7.5% 3 days after and 5.5% 4 days after.

Figure 5b indicates that 99.9% of the observed maximum anomalies are below 6.4 K. For 25% of the
cases, they exceed the 3 K threshold and approximately 5% of the cases exceed 4.1 K. The local time of
maximum anomalies, shown in Figure 5c, is most frequently between 1400 and 1700, with a maximum
at 1500. A 5% of the maximum anomalies occur later than 2000. These findings are consistent with
results from Gentemann and Minett (2008), where daily maximum diurnal warming was found to peak
between 1200 and 1600 LST.

The spatial extent of diurnal warming events, defined as the number of neighbouring grid cells showing
anomalies, is shown in Figure 5d. A total amount of 7631 clusters of more than 5 grid cells is observed.
The local extend of the DV events is evident from the figure where 75% of the events cover no more
than 13 grid cells, corresponding to areas of approximately 231 km2. For 5% of the observed warming
events, the size is larger than 59 grid cells, approximately 1050 km2. This corresponds to maximum
length scales between 35 and 200 km. Merchant et al. (2008) identified diurnal warming events of length
scales 40 km, routinely observable in SEVIRI SSTs. Gentemann et al. (2008) observed diurnal warming
events with length scales approximately 1000 km.
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Figure 4: Inter annual monthly shape of the diurnal cycle, from 0000 to 2300 LST for the spring and summer months.
Only grid cells showing anomaly > 2 K at least once a day are used. For those grid cells, all hourly values are used.

4.3. Spatial Distribution
The multi-year record of satellite observations provides solid statistics to investigate the spatial

distributions of the diurnal warming events and their contributing factors. The spatial distribution of all
quality 5 retrievals, from 0800 to 2100 LST is shown in Figure 6a. If all daytime hourly observations were
of quality 5 every day, the maximum amount of observations in a given cell would be 25714. Recorded
quality 5 retrievals reach a maximum between 2500 and 3000 for a small area of the Baltic Sea. Coastal
areas and the North Atlantic, suffer from lack of excellent quality observations.

A significant reduction in data availability is observed below 50°N, due to the implementation of
the Saharan Dust Index (SDI) flagging scheme applied from 2006 (LeBorgne, personal com., 2010). In
general, the data availability is reduced in the North Sea compared to the Baltic Sea. The southern part
of the English Channel also has a maximum of 2500 quality 5 retrievals. In the North Sea, the reduction
in data availability has a strong South-East to North-West component.

The spatial distribution of diurnal warming exceeding 2 K (Figure 6b), indicates that high numbers
of anomalies are mainly limited in semi-closed, shallow areas of the Baltic Sea; in the Gulfs of Riga and
Finland, the south part of the basin and the Danish Straits where they may reach up to 3000 observations.
In general, anomalies do not exceed 100 observations in the largest part of the domain. In most areas of
the Baltic Sea, between 60 and 100 anomalies are observed.

In the North Sea, more anomalies are observed in the south-eastern corner of the basin and off the
coast of Norway but the South-East to North-West data return pattern from Figure 6a is not recognised.
The morphology of the German Bight area is characterized by shallow depths and lee-effects from adjacent
land masses. More anomalies are recorded in the Irish and Celtic Seas and the central and eastern North
Sea when compared to the North Atlantic.

Scatterometer observations of wind speeds lower than 5 m s−1 are shown in Figure 6c. Occurrences
are high in the Baltic Sea, Kattegat, Skagerrak, the Irish Sea, the east coast of the British Isles, the
south-eastern North Sea and the south-west coast of Norway. Areas close to coastlines are flagged due to
the contamination of land in the backscattered signal, therefore information is not available for coastal
areas of complex morphology, such as the Danish Straits. The very distinct feature with high values
of low winds in the central part of the Baltic Sea is an artefact of the reduced data availability in the
coastal areas of the basin. This is due to the winter sea ice mask provided by SSM/I, that only covers
the central part of the Baltic Sea.

Some areas with frequent low wind observations coincide with areas of high numbers of observed SST
anomalies. However, there are areas with high numbers of observed low winds, especially in the western
North Sea, where almost no warming is observed. This discrepancy may reflect the complex nature of
DV events where low winds are only one of the requirements for warming.
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Figure 5: (a) Duration of DW, in hours from 0800 to 2100 LST. (b) Distribution of maximum anomalies scaled to 99.9
percentile and (c) local time of occurrence. (d) Distribution of warming events defined as clusters of 5 (or more) neighbouring
grid cells.

It can also be an artefact of the QuikSCAT physical product; the equivalent neutral wind, referring to
neutral atmospheric stratification. Due to the atmospheric stability scatterometer winds may be biased
towards higher/lower wind speeds. Especially during spring and early summer, frequent stable conditions
will lead to an underestimation of QuikSCAT winds.

Another parameter that has been speculated to have importance for DV events is the diffuse attenu-
ation coefficient at 490 nm, Kd(490), which is shown in Figure 6d. High values promote diurnal warming
because of the increase in solar absorption in the upper layers. The mean Kd(490) in the figure indicates
very turbid waters in areas with increased diurnal warming observations. An exception is found at the
South-East coast of the British Isles, where relatively high Kd(490) are observed but no warming occurs.

Even though observations only cover 2009, the spatial extend of high Kd(490) values in not expected
to exhibit high inter annual variability. There is a difference between the average Kd(490) values found
in Merchant et al. (2008) and in the present study, of the order of 0.2 m−1. In the former study, Kd(490)
has been estimated based on Case-I waters representative of open ocean, while in the present study the
product used corresponds to Case-II waters.

Due to the shallow coastal nature of the study region, it is interesting to examine how the diurnal
warming events are distributed in relation to the water depth and distance to the coast. These dependen-
cies are estimated separately for the North and the Baltic Sea, with the meridian of 9°E as the divider.
The separation is performed due to significant differences in observed anomalies, mean Kd(490) values and
lee effects. Figure 7a shows that in general, more anomalies are observed in the Baltic compared to the
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Figure 6: Spatial distribution of (a) quality 5 observations (SEVIRI), (b) anomalies greater than 2 K (SEVIRI), (c) wind
speed < 5 m s−1 (QuikSCAT), all from 06/2004 to 10/2009. d) Mean diffuse attenuation coefficient at 490 nm (DMI) from
01/2009 to 12/2009.

North Sea. Most anomalies are observed for depths up to 200 m, similar with findings from Eastwood
et al. (2011). The most typical depths for observed diurnal warming events are between 20 m and 40 m.
Given the typical values of Kd(490), shown in Figure 6d, light is not expected to reach down to depths of
20 m. Therefore, light reflection from the sea bed is not believed to contribute significantly to diurnal
warming occurrences.

The occurrence of near-coastal diurnal warming events is shown in Figure 7b, which shows the
number of anomalies as a function of distance to the nearest coast. In the North Sea (dark grey), most
observations are recorded within the first 5 km from the coast, decreasing to zero observations 300 km
offshore. In the Baltic Sea (light grey), most anomalies are observed within the first 10 km from the
coast, while no anomalies are recorded further than 120 km offshore. In general both figures demonstrate
the conditions of the coastal and shallow seas, where 75 % of the anomalies are from depths shallower
than 90 m (80 m) in the North Sea (Baltic Sea) and within 125 km (45 km) from the coast.

Regarding the distribution of quality 5 observations depending on the bathymetry and distance to
land (not shown), it is found that while the shape of the distributions is similar, anomalies are almost
double for depths up to 20 m especially in the Baltic Sea. When the distance to coast is concerned, this
feature is even more prominent with almost 10 times more anomalies being observed in the first 10 km
in both basins. Moreover, within the first 5 km from land, the number of observed quality 5 retrievals
is very low signifying a buffer zone along the coastlines where land contamination is important.

4.4. Vertical Extend
So far, we have attempted to quantify diurnal warming utilising SEVIRI observations and to examine

the frequency of such events, their spatial and temporal distribution and dependence on other physical
parameters and factors. Given the fact that diurnal warming does occur, it is also relevant to examine
its vertical extend.
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Figure 7: Distribution of anomalies larger than 2 K according to (a) depth and (b) distance to the nearest coast, for the
North Sea and the Baltic Sea.

To examine the relationship between diurnal warming, heat and momentum fluxes and the simplified
vertical extend of diurnal warming, the period from March to August 2009 was selected. Numerical
Weather Prediction model fields from The High Resolution Limited Area Model (HIRLAM) model are
used to derive the hourly wind speed at 10 meters above the surface and estimate the net heat flux. The
HIRLAM model is developed by several European meteorological institutes and has a spatial resolution
of 3 km (Mahura et al., 2005).

The averaged monthly shape of the diurnal cycle from March to August of 2009 is calculated from
days when SEVIRI observations indicate anomalies larger than 2 K. Hourly anomalies are averaged over
the entire domain and then averaged to a daily value. Results are shown in Figure 8 for (a) net heat flux
Q, (b) SST and (c) wind.

The distribution of Q during the day becomes wider from March to July, indicating increased heat
input for longer periods of the day. Maximum values increase from 450 W m−2 to 750 W m−2, observed
in June. Moreover, Q becomes positive later in the day in March when compared to June, with approx-
imately a phase shift of 3 hours. At the end of the day, when Q becomes negative again, the phase shift
is almost half, 1.5 hours difference between March and June.

The diurnal shape of SST follows very closely the one of Q, peaking with a lag of 2 hours. Surprisingly,
maximum temperature anomalies are observed in March (2.55 K) but in June they are only 0.16 K lower.
The warm layer formed during daytime does not collapse until 2300. Warming persists even 5 hours
after Q has turned negative and that is observed for all months.

The distribution of wind is variable; March has the highest values and the diurnal cycle shows
variability during daytime of no more that 0.4 m s−1. All other months indicate a more expected pattern
with generally decreasing wind from early morning to mid-day and an increase towards the afternoon.

The hourly variation of cloudy grid cells with warming >2 K at least once per day and with no
warming more than 1 K is presented in Figure 8d. The normalized counts are estimated based on the
total number of grid cells with at least one hourly dSST<2 K and total number of grid cells with dSST
less than 1 K, correspondingly. While the daily variation of cloudy conditions in the grid cells with no
warming is relatively constant, this is not the case for the grid cells with warming. Cloudy conditions
show a decrease after 10:00 or 11:00 depending on the month, a minimum around 16:00 and a relatively
fast increase in the post-warming hours.

Based on the hourly temperature and net heat flux values, a simplified 1-D temperature equation
can be applied in order to obtain a crude estimate for the penetration depth, as in Price et al. (1986).

DP = Q

ρ0c∂T ′
s/∂t

(1)

Q denotes the surface value of the heat flux, T ′ is the temperature anomaly, t is time, ρ0 is the density
and c the heat capacity of sea water. The equation assumes that the heat is evenly distributed in the
upper layer, neglects the contributions from advection and assumes temporal collocation of Q and T ′

s.
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Figure 8: Average monthly shape of the diurnal cycle of (a) net heat flux from HIRLAM (b) SST from SEVIRI and (c)
wind from HIRLAM from March to August 2009 (inclusive). Only grid cells that show anomaly > 2 at least once per day
are used and all hours of the day are selected for those grid cells. (d) Cloud fraction for the grid cells with dSST>2 K at
least once per day (thin lines) and with dSST<1 K (thick lines).

As the peak diurnal variability has a phase lag when compared to the net heat flux, Equation 1
can not be applied as such. Therefore, we estimate the daily penetration depth for the time when the
maximum anomaly is observed, using the integrated heat flux from 0300 LST until the time of maximum
anomaly.

Figure 9a shows the variation of monthly averaged DP , from February to December 2009. DP values
almost double from March (0.6 m) to April (1.2 m) while they decrease almost to half from August
(1.4 m) to September (0.8 m). The maximum penetration depth is observed for June, reaching down
to 1.8 meters. For a change in Q of approximately 50 W m−2 and no practical change in dSST, DP

increases by 0.3 m from May to June.
The large seasonal change in the penetration depths can not be fully explained by seasonal variations

in the heat flux, wind patterns or the turbidity of the water. If we assume that refracted light travels
2 m in the water column we can estimate the vertical distance it reaches for seasonally varying solar
elevation angles. This depends on the location, thus we select a point in the centre of the domain, with
co-ordinates 55°N, 4°E.

Figure 9b shows the estimated depth for the specific location as a function of the months. The
variability is remarkably similar to the modelled Dp but there is a difference in the amplitude. Minimum
values never drop below 1.3 m in December while maximum values exceed 1.6 m in June. These results
indicate that the seasonal changes in solar elevation angles may play a role for the heat distribution in
mid and high-latitude diurnal warming events.
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Figure 9: a) Averaged monthly penetration depth from February to December 2009. b) Average monthly values of pene-
tration depth of light (dashed), depending on solar elevation and accounting for defraction (dotted). Estimated for 55oN,
4oE assuming a constant distance of 2 m in the water column.

5. DISCUSSION

Current findings regarding the amplitude, peak timing, seasonality and spatial extend of diurnal
warming are in very good agreement with results from previous studies (Deschamps et al., 1984; Cornillon
et al., 1985; Flament et al., 1993; Stuart-Menteth et al., 2003; Gentemann et al., 2003; Gentemann and
Minett, 2008; Gentemann et al., 2008; Merchant et al., 2008; Eastwood et al., 2011).

The observations from a geostationary satellite like MSG have a resolution that depends on latitude.
The North Sea and the Baltic Sea are located relatively north, where the SEVIRI viewing angle is large
and the resolution is severely demised. Despite that, it is shown that SEVIRI hourly observations can
be valuable and very useful for studying the diurnal variability in detail at these latitudes.

Biases are generally low and correlation high, when hourly SEVIRI retrievals of quality 3-5 are
compared against in situ observations from platforms and moored buoys. For the Kiel platform, the
only one with a sensor at 0.5 meters, correlation against SEVIRI is lower than in all other cases, but it
seems as a single case likely caused by its location in very shallow waters and very close to the coast.
On average validation results of both the hourly SEVIRI fields and the night-time reference fields show
a bias of 0.65 K when compared to in situ observations.

The good correlation between SEVIRI and in situ measurements is an encouraging result, considering
the high latitudes and the moored buoys, which are generally considered to have higher errors than
drifting buoys. Emery et al. (2001) found that in the extratropics moored SST buoys are 0.1°C colder
than the drifting buoys. Brisson et al. (2002) reported a standard deviation of 0.5 K for SEVIRI. The
results found here are in agreement with findings from Marullo et al. (2010), with reported annual biases
between 0.4 and 0.9 K and σ of 0.4 ± 0.1 K.

Despite the positive validation results, the spatial distribution of in situ sensors available for compar-
ison is limited to a small area of the North Sea and the Baltic Sea. Verification against Ferry Box data
obtained by vessels sailing in larger parts of the domain, could prove valuable for the extended spatial
validation required in such high latitudes. Unfortunately the low number of drifting buoys in this regions
does not allow for comparisons.

Diurnal warming is defined given a known appropriate foundation temperature, representative of well
mixed conditions. Foundation temperature fields from SEVIRI have been compared with night-time in
situ observations and revealed biases around 0.1 K and σ that varies between 0.4 K and 0.9 K. These
findings are in agreement with the low mean bias and σ of 0.5 K for night time conditions (LeBorgne et
al., 2006). Small positive and negative biases are identified for depths down to 3 m, below which biases
increase and become positive. This may be an indication for the existence of a near-surface layer where
temperature is uniform. Marullo et al. (20007) find similar results in the Mediterranean Sea comparing
Pathfinder SSTs and in situ of CTD and XBT measurements.

Constructing the optimal night-time reference field is a trade-off between accuracy and coverage.
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Using retrievals with quality higher than 3 to compose the night-time fields may introduce biases but
if only quality 5 retrievals are selected, there will be few information to compose the foundation fields.
Averaging during night-time and for consecutive days to derive one foundation temperature field ensures
some smoothing and elimination of such biases. Including more days in the averaging scheme may
possibly give a more seasonal character to the night-time reference fields (see Knievel et al. (2010) for
similar techniques and comparisons of composite MODIS fields with in situ observations).

On the other hand, the 3-day interval may be long enough, especially during summer in these latitudes,
to preserve some residual warming in the reference fields thus biasing them towards daytime diurnal
warming cases. The pre-dawn fields are generally colder than the reference fields, thus indicating that a
small residual warming signal is included in the reference fields.

Diurnal warming is identified using quality 5 day-time observations, which may potentially reduce
the number of observed anomalies. Moreover, erroneous cloud masking, as observed from the amount of
available quality 5 retrievals and their spatial distribution, is present in coastal areas and that may also
reduce significantly the number of anomalies.

There is also a significant dependence of the amount of anomalies on the threshold applied to define
them, in particular a radical decrease for the 2 K threshold when compared to 1 K. Nonetheless, this
threshold is selected considering the observed biases and standard deviations between satellite and in
situ observations. A 2 K threshold thus gives a conservative number on the diurnal warming events and
include very few erroneous DW identifications.

Stuart-Menteth et al. (2003) account for diurnal warming of more than 0.5°C. On the other hand
Gentemann et al. (2008) observe events between 5 K and 7 K, Merchant et al. (2008) identify diurnal
warming amplitudes greater than 4 K, routinely observable in SEVIRI SST. More recently, Eastwood
et al. (2011) consider diurnal warming significant for peak amplitudes of 1 K or above. Considering
the above, the authors believe that the 2 K threshold applied in the present study is reasonable and in
context with current findings.

The duration of observed anomalies does not necessarily imply consecutive hours. Anomalies are
counted for a relative extended day-time interval, from 0800 to 2100 LT, in order to accommodate for
the length of daytime during boreal summer in these latitudes. However, essentially no anomalies last
more than 8 hours. Similarly, Gentemann et al. (2003) report warming that starts at 0800, peaks around
1500 and decays until 2300 from TMI and AVHRR SSTs.

In the eastern North Sea, the increased number of anomalies can not be justified only by low winds.
Other factors, such as water turbidity, may hold an important role (Dickey et al., 1982), in this region
characterized by very turbid waters due to sediments from the large rivers outflowing in the German
Bight. Merchant et al. (2008) found large diurnal variations in the North Sea related to increased chl-A
concentrations and a strong influence of the optical attenuation coefficient, promoting diurnal warming.
Moreover, Kahru et al. (1993) found that surface accumulations of cyanobacteria in the southern Baltic
Sea caused a 1.5°C local increase of SST.

Areas of frequent low winds are larger and more abundant than areas with diurnal warming, especially
in the North Sea. Moreover, relatively high Kd(490) values are observed in areas with frequent low winds
but no warming. Especially for the Western North Sea, quality 5 observations are also significant in
numbers, therefore clear sky conditions are as often as in other areas where warming is observed. In
such cases, it may be that coastal atmospheric circulations such as sea-land breeze systems occur in
local scales and can not be captured by the scatterometer due to its spatial and temporal resolution. In
addition, this is a region with very strong tidal currents, see eg. Davies and Furnes (1980), that may
enhance the vertical mixing and prevent a diurnal warming layer to develop in the surface layer.

When evaluating the monthly shape of diurnal variability, all observed anomalies higher than 2 K are
averaged, independent of location. Thus for months with few observations, the average diurnal variability
curves has higher uncertainty. This may explain why the peak amplitude of diurnal variability is observed
in March.

In addition, it is possible that the short life-time of conditions favourable for diurnal warming gener-
ates a very shallow layer within which heat is constrained, resulting in a sudden and dramatic increase
of temperature. Moreover, the lower solar elevation angles lead to larger angles of refraction inside the
water column. Thus the incoming light is absorbed in a shallower layer during winter and spring.

The residual warming observed from the monthly averaged diurnal variability cycles is a consistent
feature, appearing at least from March to August. Its identification is important and highlights the need
for such a feature to be included in diurnal variability models.

The assumption for synchronous increase of the net heat flux and temperature, required in order to
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apply Equation 1 is not satisfied as seen from Figures 8a and 8b. The shape of the diurnal SST cycle
is derived from observations while the one of net heat flux, from model outputs. These are not always
expected to match, especially in the case where the NWP model does not include a scheme to account
for diurnal warming. In addition, vertical diffusion of heat will introduce a lag between the surface heat
flux and the upper ocean temperature.

Therefore, we chose to proceed with the estimation of a characteristic penetration depth by using
the integrated heat flux from 0300 until the time of observed anomalies. One may argue that this is
an oversimplified approach but it reveals a distinct seasonal pattern that may relate to the seasonal
changes in solar elevation angles. The sensor depths for which the correlations between satellite and in
situ observations are highest, range between 1 m and 3 m while maximum penetration depth is 1.8 m,
when estimated from the 1-D heat equation and 1.65 m, when estimated from the solar elevation angle.

Stramma et al. (1986) state that under conditions that produce the largest surface warming, the
trapping depth is about 1.5 m. A trapping depth of 0.68 m is reported in Flament et al. (1993), during
a large event with amplitude of 6.6°C. Also, Kahru et al. (1993) stated that the vertical extension of
the top diurnally heated layer was probably less than 1 m and definitely less than 5 m. Eastwood et al.
(2011) used a constant value of 2 m for the depth of the warm layer. Considering the above, the authors
believe that the present findings regarding penetration depth estimates are reasonable.

6. CONCLUSION

This study has shown that diurnal warming of the sea surface in latitudes above 48°N can be identified
with the use of SEVIRI. It is found to occur in relatively high latitudes, up to 60°N, during the boreal
spring and summer. Areas of most frequently observed warming events are characterized by generally
shallow waters, complex coastal morphology and high water turbidity.

Night-time reference fields hold an important role in the definition of day-time warming. The per-
formance of the reference fields is validated against in situ measured foundation temperatures in various
locations, yielding very good results.

Diurnal warming exceeding 2 K was observed from April to August, mainly occurring from 1400 to
1600 local time. The maximum amplitude reached 6 degrees in a few cases. The horizontal extend of
warming reaches 180 km2 or more, and has a dependence on bathymetry and distance to coast.

The maximum amplitude of diurnal warming in this region is typically achieved with a phase shift of
2 hours, when compared to surface heat flux. The shape of the diurnal cycle varies seasonally, becoming
wider from spring to summer. Estimation of corresponding penetration depths, showed maximum depths
of 1.8 meters in June that rapidly decrease towards autumn.

The identification and quantification of diurnal warming events signifies their importance for rela-
tively high latitudes and demonstrate that these effects should be included in regional high resolution
hydrodynamic models.

SST diurnal variability can temporarily affect the stability of the lower atmospheric boundary layer.
Such effects should be considered in applications ranging from operational weather forecasting to offshore
wind energy, which is an important renewable energy resource for the European countries bordering with
the North Sea and the Baltic Sea.
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Abstract. This paper discusses the evaluation of three parameterizations3

for the diurnal variability of SST during one year, from February 2009 to Jan-4

uary 2010 (inclusive), using high resolution, regional NWP model outputs5

as input fields. Comparison of the spatial extend of diurnal warming in the6

Northern European Seas from SEVIRI and the models, indicates the abil-7

ity of the models to reproduce the general patterns seen from the observa-8

tions. Mean absolute biases between the SEVIRI observed peak warming and9

the modeled results do not exceed 0.25 K, with a maximum standard devi-10

ation of 0.76 and a 0.45 correlation. When random noise is added to the mod-11

els, their ability to reproduce the statistical properties of the SEVIRI obser-12

vations, improves significantly. The correlation between the observed and mod-13

eled anomalies and different parameters highlights the importance of wind14

as a driving field. A positive correlation is found between hourly SEVIRI anoma-15

lies and the daily mean diffuse attenuation coefficient Kd(490).16
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1. Introduction

Properly resolving the daily cycle of sea surface temperature (SST) is of scientific inter-17

est due to its many implications. Accounting for the daily SST variability is considered a18

priority to be implemented in climate and numerical weather prediction (NWP) models as19

errors in the estimated fluxes can be large [Webster et al., 1996; Ward , 2006]. Moreover,20

the diurnal variability must be known when composing SST fields from different satel-21

lite sensors with different overpass times. Such SST composite fields are representative22

of foundation temperatures, therefore it is of high relevance to include a diurnal vari-23

ability field in the operationally available daily SST fields. Hourly satellite observations24

and in situ observations when available, are valuable for the quantitative and qualitative25

description of the daily SST cycle but their implementation in real time forecasting is26

complicated.27

Many attempts to develop models for the diurnal variability of SST have been made28

and their complexity varies from empirical parameterizations to bulk mixed layer models29

and turbulent closure models. An extensive review is available from Kawai & Wada30

[2007]. Price et al. [1986] used a data set collected during the Long-Term Upper Ocean31

Study (LOTUS) to examine diurnal warming. A fully mixed layer model was developed,32

relating warming with the surface wind stress and surface heating. It was found to have33

some success in simulating the amplitude and day to day variability of the diurnal cycle.34

Fairall et al. [1996] developed a warm layer model based on a single-layer scaled ver-35

sion of the Price et al. [1986] model. When combining this with their cool skin model36

and testing against data obtained from the Tropical Ocean-Global Atmosphere (TOGA)37
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Coupled Ocean-Atmosphere Response Experiment (COARE) program, they reported a38

model underestimation of 0.5 K for the observed 3-4 K warming amplitude and a phase39

lag of 1 hour.40

Observations from the TOGA-COARE program were also used by Webster et al. [1996]41

to examine the amplitude of the peak daily warming and to develop a parameterization42

that used as input parameters the peak solar insolation, the 10-m wind speed and the43

daily averaged precipitation. They reported an overall bias lower than 0.05�, maximized44

at 0.07� for very high wind speeds.45

Kawai & Kawamura [2002] used a one dimensional model to simulate skin and 1-m depth46

temperatures. These were used for the derivation of a regression equation to evaluate the47

daily amplitude of SST from daily mean wind and daily peak solar radiation. They48

found greater skin SST values than in Webster et al. [1996] but not inconsistent with49

observations, as they stated.50

Gentemann et al. [2003] calculated an empirical model using non-linear least squares51

regression, to relate the daily SST variability from Pathfinder and Tropical Microwave52

Imager (TMI) datasets to insolation and wind speed. The initial daytime minus night-53

time differences were 0.22°C for the bias with a 0.68°C standard deviation. When the54

modeled diurnal warming was subtracted from the daytime PathFinder SSTs, the reported55

difference dropped to =0.04°C with a standard deviation of 0.63°C.56

Clayson & Curry [1996] used the model results from Webster et al. [1996] to determine57

the amplitude of the diurnal cycle and developed a parameterization of peak daily warming58

dSST. Measured dSST was found 0.13 � higher than the dSST modeled using ship-59
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measured input parameters, with a standard deviation of 0.31 � and a correlation of60

0.85.61

Zeng & Beljaars [2005] derived a prognostic scheme for the computation of skin SST,62

required in applications such as weather forecasting and coupled ocean-atmosphere mod-63

eling. They compared modeled results with radiometric measurements from a ship over64

the Western Pacific warm pool region. The mean absolute deviation between computed65

and observed skin temperatures was 0.39 K and the correlation was 0.85. The observed66

amplitude of the averaged diurnal cycle over a 10-day period was 2.3 K and the modeled67

was 2 K.68

Clayson & Weitlich [2007] used the parameterization of Webster et al. [1996] to produce69

modeled SST from satellite input fields. Comparisons with buoy data showed a mean bias70

of 0.0012 �, standard deviation of 0.26 � and correlation of 0.74. Gentemann et al.71

[2009] developed the Profiles of Ocean Surface Heating (POSH) model, to determine the72

vertical profile of surface heating, based on the model described in Fairall et al. [1996]73

and additional measurements from the M-AERI and SkinDeEP instruments. Comparison74

of 72 days with measured diurnal warming showed a mean bias of -0.01 K and standard75

deviation of 0.28 for modeled minus measured warming.76

Most of the models mentioned above were derived using in situ observations and are77

based on regression analysis. Lately, Filipiak et al. [2010] developed a model relating78

the diurnal variability of SST with modeled net surface heat flux and surface wind speed79

fields. They adopted an approach different than in previous studies, and attempted to80

ensure that the model predicts correctly the statistical distribution of diurnal warming.81
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Diurnal warming in the Northern European Shelf Seas from hourly SEVIRI observations82

has been formerly identified and characterized in Karagali et al. [2011]. Using five years of83

hourly SST retrievals (2004-2009), they showed that anomalies higher than 2 K occurred84

during the late spring and summer months of every year. Merchant et al. [2008] noted85

influential Kd(490) variability in the North Sea and Baltic Sea that could explain up to86

20% of the mean peak dSST spatial variance.87

In the present paper, the ability of different parameterizations to predict diurnal warm-88

ing is evaluated and compared to the SEVIRI observed anomalies in the Northern Euro-89

pean Seas. Observations from this area of the world have not been generally considered90

when developing the diurnal warming models, therefore it is of interest to evaluate their91

performance in an area of the world where diurnal variability has only recently been char-92

acterized and quantified. As such, it is also sought to define the correlation between the93

observed warming with the modeled anomalies and the fields from a regional Numerical94

Weather Prediction (NWP) model. Finally, as the Northern European Seas are character-95

ized by turbid waters due to the outflow of large rivers, the potential impact of the mean96

attenuation coefficient Kd(490) on the development of diurnal warming cases is assessed.97

The model from Filipiak et al. [2010], the prognostic scheme of Zeng & Beljaars [2005]98

and the parameterization from Clayson & Curry [1996] are implemented. The selection99

is based on their simple implementation, low computational cost and different modeling100

approaches. Observations from the Northern European Seas have been included in the101

Filipiak et al. [2010] model, therefore it is of interest to evaluate the model’s performance102

when different input fields are used.103
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The data are presented in Section 2 and the models are briefly described in Section 3.104

Section 4 contains results separated in two parts. Initially, the SEVIRI and model dSSTs105

are compared in terms of spatial extend and statistics. The latter part describes sensitivity106

analyses and the correlation of observed anomalies to various physical parameters and the107

model dSSTs. A discussion can be found in Section 5 and the conclusions in Section 6.108

2. Data

2.1. Satellite Data

The Spinning Enhanced Visible Infrared Imager (SEVIRI), on board the Meteosat Sec-109

ond Generation (MSG) satellites, is an infra-red radiometer. Radiation is collected from110

an area using a telescope and is focused on detectors sensitive to 12 bands of the electro-111

magnetic spectrum [Aminou et al., 1997]. The nadir sampling distance is 3 km for the112

near infra-red and infra-red channels.113

The experimental SEVIRI product of CMS (Centre Météorologie Spatiale), Météo114

France is used from February 2009 to January 2010 (inclusive). It is different from the115

operational EUMETSAT OSI SAF product as it is released for every hour and is mapped116

to a 0.05 degrees grid. A flag ranging from 0 (unprocessed) to 5 (excellent) indicates117

the quality of the SST values, with 3 being acceptable. SEVIRI SSTs refer to subskin118

temperatures.119

A Surface Solar Irradiance (SSI) experimental product is also available from CMS (Cen-120

tre Météorologie Spatiale), Météo France for the O&SI SAF, EUMETSAT. It is calculated121

as the solar irradiance reaching the Earth’s surface in the 0.3-4 µm band, with the irra-122

diance being defined as the radiant flux per unit area (W m−2). A full description of123

the algorithms and the processing chain is available in O&SI SAF [2005]. The product124
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used here is hourly, available on a grid of 0.1° resolution. For the present study, data are125

re-sampled to match the SEVIRI grid of 0.05°.126

The diffuse attenuation coefficient at 490 nm is a measure of the optical properties127

of the water column. Higher Kd(490) values indicate higher water turbidity and tend to128

promote diurnal warming [Merchant et al., 2008]. For the purposes of the present study,129

fields from two different sources are obtained.130

The GlobColour project (http://www.globcolour.info/) produces daily Kd(490) fields131

based on the merged chlorophyll-A concentration for case I water. The Kd(490) product132

from the Danish Meteorological Institute (DMI), is produced by an algorithm developed133

specifically for Case-II waters during the REgional VAlidation of Meris chlorophyll Prod-134

uct (REVAMP) project [Peters et al., 2005]. Due to its regional character, it does not135

cover the entire domain, but extends only from 5°W to 26°E.136

2.2. NWP fields

The NWP High Resolution Limited Area Model (HIRLAM) is developed by several137

European meteorological institutes and has a spatial resolution of 3 km [Mahura et al.,138

2005]. HIRLAM outputs are used to obtain 10 m winds, the surface net heat flux, the139

solar and non-solar fractions of the surface fluxes and the averaged daily precipitation.140

All fields are re-sampled to match the SEVIRI grid.141

3. DV Models

Filipiak et al. [2010] Model

This model, here referred as FMKLB, evaluates dSST from dawn to next dawn. It

has been derived using 1 year of data over the Atlantic and the Mediterranean Sea from
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SEVIRI SST observations and operational and analysis fields from the European Centre

for Medium-Range Weather Forecasts (ECMWF). Diurnal warming (D) is described as a

function of time (t), maximum wind speed (W) since the net heat flux (q) became positive

and integrated net heat flux (Q) since the net heat flux (q) became positive. The warming

part is described by

D (t) = Q (t)
α (t)

1 + b (t)Wt
2 + c (t) , (1)

where α, b, c are derived coefficients that depend on the hour of the day. Cooling periods

are defined by negative integrated net heat flux (Q< 0) and are described as

D (t) = f (t)
Q (t)

ρcpd
, (2)

where ρ is the density and cp, the specific heat of water, d is the climatological mixed142

layer depth and f is a coefficient that defines the fraction of d that undergoes cooling.143

For the climatological mixed layer depth d, the entire water column depth is used in this144

study, as both the North Sea and the Baltic Sea are characterized by very small depths.145

Zeng & Beljaars [2005] Model

The prognostic scheme of Zeng & Beljaars [2005], referred as ZB, requires wind and

surface fluxes, along with an a priori knowledge of foundation temperatures. In this

case, the SEVIRI reference fields are used, as representative of night-time conditions (see

[Karagali et al., 2011] for validation results). The scheme, as described in Zeng & Beljaars

[2005] consists of two parts. The sea surface skin temperature Ts is described as

Ts − T−δ =
δ

ρwcwkw
(Q+Rsfs) , (3)

where δ is the thickness of the skin layer, T−δ is the sub-skin temperature, ρw is the

density and cw the volumetric heat capacity of sea water, kw is the molecular thermal
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conductivity of sea water, Rs is the net solar radiation at the surface of the ocean and fs

the fraction absorbed in the sub-layer. Q represents the sum of the surface sensible and

latent heat fluxes and the net long-wave radiation. Below the skin layer the temperature

is described by

ϑ (T−δ − T−d)

ϑt
=

Q+Rs −R (−d)

dρwcwν/ (ν + 1)
− (ν + 1) ku∗w

dϕt (d/L)
(T−δ − T−d) , (4)

where d is the depth where no diurnal warming occurs, T−d is the foundation temperature,146

ϕt is the stability function, u∗w is the friction velocity in the water and ν is an empirical147

parameter considered equal to 0.3 for a d=3 m. In the present study, two different148

thresholds are selected, d1=3 m and d2=6 m. In addition, as the scheme computes both149

the skin and sub-skin SST, we use the sub-skin to be comparable with SEVIRI.150

Clayson & Curry [1996] Model

The parameterization, referred from hereafter as CC, was developed within the frame-

work of the TOGA-COARE project and it is described originally in Webster et al. [1996].

This scheme uses a peak solar insolation, the averaged daily wind speed and the daily

average precipitation through a regression equation of the form

DSST = α + b (PS) + c (P ) + dln (U) + e (PS) (U) + f (U) . (5)

PS is the peak solar insolation in W m−2, U is the mean daily wind speed in m s−1, P151

is the averaged daily precipitation in mm hr−1 and a, b, c, d, e, f are coefficients derived152

through regression and are determined separately for U ≥2 m s−1 and U <2 m s−1.153

In the present study, a Neural Network (NN) system, developed by Bogdanof & Clayson154

(personal communication), is used for the determination of coefficients and the dSST155

prediction. From the above, it follows that the CC scheme estimates the skin SST and156
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does not resolve the full daily cycle but only produces a peak dSST value. Therefore,157

comparison with the other predicted dSSTs and the SEVIRI observed ones can be achieved158

only through the distribution of the peak dSSTs and the mean peak dSST and it will159

include the “cool skin” bias.160

4. Observing and modeling the diurnal cycle

An example of the maximum dSST during a warming event on the 03/07/2009, as161

estimated from SEVIRI and modeled by the different schemes, is shown in Figure 1. A162

peak dSST of 5.5 K is observed from SEVIRI in an extended area of the west coast163

of Denmark and smaller areas, where peak dSST is ∼4 K, are observed in the waters164

around the country. Another area with a peak dSST of 5 K is observed in the Baltic165

Sea. Each model shows a rather different behavior, with the FMKLB capturing warming166

in the Danish inland waters and in the Baltic Sea but rather failing in the west coast of167

Denmark. The ZB d1 scheme predicts dSSTs of the correct amplitude but with a much168

larger spatial extend while the d2 version essentially reproduces the same spatial extend169

but with a reduced amplitude. Finally, the CC scheme shows a much lower peak dSST, in170

the order of 2 K; this scheme predicts the skin SST and thus, the potential large difference171

between skin and sub-skin temperatures is highlighted.172

4.1. Statistical Description

To evaluate the performance of the models, the statistical distributions are compared to173

the results from SEVIRI. However, noise is inherent in the SEVIRI results, whereas DV174

models estimate the “true” diurnal cycle without noise. The random noise component175

can make a significant difference on the shape of the probability density function (PDF)176

D R A F T September 27, 2012, 1:29pm D R A F T



X - 12 KARAGALI ET AL.: SST DIURNAL CYCLES:OBSERVATIONS & MODELING

and for consistency, we thus also show the PDFs where white noise with zero mean and177

a standard deviation of 0.5 K has been added to each hourly model dSST. The results178

presented in this section, are with (white) and without (grey) the added noise. The179

percentiles and sums of data points are estimated only with the added noise.180

The distribution of anomalies equal or larger than 2 K is shown in Figure 2, for SEVIRI181

and the different models. In particular, the FMKLB model reproduces remarkably the182

distribution shown from SEVIRI, especially without the added random noise. The model’s183

behaviour does vary with the added noise; an increase of anomalies in the range 2-2.3 K184

and a decrease for the range 2.4-3.5 K when compared to results without random noise,185

is observed. In addition, the number of identified anomalies increases when the random186

noise is added. The FMKLB percentiles are ∼0.2 K lower than the SEVIRI ones. The187

FMKLB model has been developed using 1 year of SEVIRI observations, thus the noise188

inherent in SEVIRI is expected to be also inherent in the model. This explains why the189

distribution is more similar to SEVIRI without the added noise.190

The distribution of the ZB d1 version does not vary at all with the addition of the191

random noise, but the number of identified warming does increase. The distribution is192

similar to SEVIRI for dSST≥2.5 K while the 95th and 97.5th percentiles are higher than193

the SEVIRI ones. Modeled anomalies do not exceed 5 K in amplitude while the 99.9th194

percentile from SEVIRI is at 6.25 K. The highest impact of adding random noise is seen195

for the ZB d2 version. Without adding noise, no dSST higher than 3 K is identified. With196

the noise, the distribution resembles more the one from SEVIRI but the percentiles are197

significantly lower.198
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The time of occurrence of anomalies is shown in Figure 3. SEVIRI anomalies are199

evenly distributed during the day, with a peak at 15:00 LT and warming that persists200

until 22:00 LT. Adding random noise significantly improves all models. Especially, the201

FMKLB anomalies peak an hour earlier, at 14:00 and the noise adds warming until 22:00;202

originally no warming was observed after 20:00. The ZB scheme shows a time lag of203

1 hour for the d2 version. The random noise significantly improves the left part of the204

distributions as warming is identified earlier, which is also seen from SEVIRI. There is205

an overestimation of late warming from both ZB versions, which is slightly reduced when206

the random noise is added.207

The duration of warming from the SEVIRI observations and the models is presented in208

Figure 4. All distributions are scaled on the highest 99.9 percentile; this is observed from209

SEVIRI and is estimated at 13 hours. The 99.9 percentiles for the models are 13 hours for210

FMKLB, 12 hours from ZB d1 and 10 hours for ZB d2. SEVIRI shows a decreasing trend211

for longer duration, with a 75th percentile at 3 hours. Once again, the noise significantly212

modifies the model distributions towards the SEVIRI one. The FMKLB and ZB d2 have213

the same percentiles as SEVIRI. The ZB d1 version has higher percentiles suggesting214

that warming is not sufficiently dissipated. This can be an artifact of the input fields,215

especially of the wind which may be biased too low, in combination with a shallow warm216

layer setting (d1 =3 m).217

Figure 5 shows the distribution of maximum anomalies, estimated as the daily maximum218

anomaly of every grid cell, independent of threshold. The CC model is also included for219

comparison as it can produce a daily peak dSST. Only anomalies with quality flag 5 are220

considered for SEVIRI. 75% of the SEVIRI daily maximum anomalies do not exceed 1.1 K221

D R A F T September 27, 2012, 1:29pm D R A F T



X - 14 KARAGALI ET AL.: SST DIURNAL CYCLES:OBSERVATIONS & MODELING

but 5% is higher than 2.4 K. Note the relatively few number of total observations, due to222

missing values either in the day-time SSTs or the night-time reference fields.223

The distribution of peak anomalies from the FMKLB model has the 75th percentile224

higher by ∼ 0.2 K but the higher percentiles are lower than SEVIRI. The ZB d1 scheme225

has the 75%, 95% and 97.5% of peak anomalies higher than SEVIRI; only the 99.9% is226

lower by ∼0.7 K. The d2 version produces a distribution of peak dSSTs with percentiles227

following the behavior of the FMKLB model. Finally, the CC scheme has a much narrower228

distribution with no peak anomalies exceeding 2 K and 75% not exceeding 0.7 K. Adding229

the random noise modifies the distributions for all models, to resemble more the SEVIRI230

one.231

The amount of peak dSSTs is different between the schemes and SEVIRI, especially232

between the FMKLB and the rest. This is because both the ZB and the CC require a233

foundation temperature field, for which the SEVIRI night-time reference fields are used.234

Thus, missing values in the reference fields will prevent the estimation of a dSST value235

while this is not the case for the FMKLB scheme; this only uses NWP fields that in236

principle do not have missing values. In addition, missing SST values from the daytime237

SEVIRI fields or the night-time reference fields will result in fewer identified anomalies238

for SEVIRI.239

The averaged monthly diurnal cycle from the FMKLB, ZB schemes and the SEVIRI240

observations is presented for the period April-July 2009 in Figure 6. For every day, grid241

cells with warming are used to evaluate the mean hourly dSST, independent of threshold.242

No random noise is added to the models and the quality of the SEVIRI dSST must be 5.243

For every day, a diurnal cycle is estimated which is then aggregated to a monthly cycle.244
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This is estimated separately for SEVIRI and each of the schemes, therefore the monthly245

cycles represent the average dSSTs without any requirement of spatial and temporal246

collocation.247

With the transition from spring to summer warming starts earlier; SEVIRI shows248

anomalies at 08:00 in April and at 07:00 in May while warming starts at 04:00 in June249

and July. Peak warming lasts longer in summer compared to spring. The FMKLB model250

reproduces the warming part of the cycle remarkably well, especially for June and July,251

while it also properly resolves the amplitude and the time of peak dSST (June). In April252

and May, the FMKLB scheme shows earlier warming and it does not dissipate at night-253

time. This residual warming of 0.3-0.4 K, depending on the month, in the FMKLB scheme254

is higher than what is seen from SEVIRI and the ZB scheme (0.1-0.2 K). The FMKLB255

model is computed from dawn to the next dawn, hence the timing of zero anomalies is at256

04:00 LST. The persistence of the residual warm layer in both the FMKLB and the ZB257

schemes is a positive attribute as SEVIRI also demonstrates this feature.258

The ZB scheme, independent of the d value, shows an early initiation of warming com-259

pared to SEVIRI in April and May. The peak amplitude is resolved (slightly underesti-260

mated) in April, but is overestimated for the remaining months by a maximum of 0.2 K.261

The warming part of the cycle is either fitting the SEVIRI warming especially for the262

early hours (June and July) or it is slightly overestimated (April and May). In the former263

case, SEVIRI and the ZB schemes match from midnight up to 9:00; after that the ZB264

schemes show more rapid warming. The d2 version successfully captures the cooling part265

most of the months while the d1 version slightly overestimates it. Adding random noise266

to the models does not modify the monthly shape of the diurnal cycle. We have also267
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evaluated the monthly averaged diurnal shape using only grid cells that show an anomaly268

higher or equal to 2 K. This has been performed by using the raw model outputs and269

by adding random noise. The monthly averaged diurnal cycle with the 2 K threshold is270

significantly different than the one shown previously. SEVIRI peak warming reaches up271

to 2.5 K in April and May, when none of the models exceeds 2.2 K. In June and July the272

peak dSST is similar between SEVIRI and the models. In general, warming is slower and273

cooling faster in all cases, with the exception of the ZB d2 version in April and May, when274

its cooling part is slower than SEVIRI. All modeled diurnal cycles show a time lag of the275

peak dSST when compared to SEVIRI. Adding random noise reduces the peak amplitude276

of the models and improves the timing of the modeled peak dSST.277

4.2. Spatial Distribution

The spatial distribution of anomalies of 2 K or more, for 1 year of SEVIRI observations278

and model runs is shown in Figure 7. Results are presented as hours of anomalies exceeding279

2 degrees, for the test period. Note the different scaling to make the spatial differences280

visible. All models capture the difference in the spatial extend of warming between the281

North Sea and the Baltic Sea; more warming is identified in the Baltic Sea similar to the282

SEVIRI results. A good agreement between the modeled and observed anomalies is found283

for the Baltic Sea around 60°N, the North Sea around 58°N–4°E and the Danish Straits284

around 56°N–12°E. For an area west of Denmark (54°N–8°E), SEVIRI dSSTs are observed285

but the schemes do not succeed in resolving such warming.286

When random noise is added to the models (not shown), the spatial distribution of287

warming exceeding 2 K is slightly extended. An increase of approximately 20 to 40288

occurrences is observed in the areas where a significant number of warming is already289
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identified with no random noise. The FMKLB scheme shows the lowest increase, ∼ 20290

observations, while the ZB d2 version shows the highest increase, ∼ 40 observations. In291

most areas where no warming is observed without noise, adding noise produces some few292

occurrences of warming more than 2 K; nonetheless, their number ranges between 1 and293

10 for all the models.294

The input fields used for the modeling of the diurnal cycle influence the results. If low295

winds are predicted by HIRLAM more often than they actually occur, the models will296

have a tendency to overestimate warming. Figure 8 shows the number of cases for which297

u is equal to or lower than 5 m s−1 and at the same time the surface net heat flux q298

is higher than 300 W m−2. In general, high coincidences of conditions favoring diurnal299

warming are found in areas where the models do predict most anomalies, i.e. the south300

part of the English Channel, the coastal areas of the Baltic Sea, the Irish Sea and the301

west coast of Norway. In addition, the area around 54°N–8°E where SEVIRI anomalies302

have been identified but the models do not perform accordingly, appears in Figure 8 as303

an area with generally low number of coincident low u and high q.304

The averaged peak dSSTs are shown in Figure 9. They are computed as the maximum305

anomalies of the day for the SEVIRI observations and the FMKLB and ZB schemes, while306

the CC scheme provides only the peak skin dSST. The scaling is different for the FMKLB307

and CC models to highlight the spatial variability. Averaged peak dSST from SEVIRI is308

between 0.3 and 0.6 K for the largest part of the study area. Peak dSSTs higher than309

0.6 K are observed in the west coast of Denmark, the Baltic Sea, the west coast of Norway310

and the Irish Sea. The models capture the peak dSST in some of these areas; the west311

coast of Norway (58°N–60°N, ∼6°E), the Baltic Sea (54°N–60°N, ∼20°E–30°E) and the312
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Irish Sea (52°N–54°N, ∼4°W). They also show a similar pattern as SEVIRI, where more313

warming is identified in the Baltic Sea compared to the North Sea. In general, higher314

peak dSST is observed from SEVIRI compared to the modeled peak dSSTs.315

The statistics of peak dSSTs as observed and modeled are shown in Table 1, for the316

cases when a peak dSST value is available from SEVIRI and the models. These are317

estimated from all coincident peak dSSTs for each grid cell and every day, without adding318

any random noise. Mean biases are almost zero for the FMKLB and ZB schemes and319

∼0.25 K for the CC scheme, highlighting the skin–subskin difference. From the tested320

hourly parameterizations, the FMKLB has the lowest bias and standard deviation.321

4.3. Sensitivity Analyses

To investigate the relation between the observations, models and different forcing pa-322

rameters, we compute the correlation between the input fields used in the diurnal warming323

schemes, the SEVIRI observed dSSTs and other physical parameters that are believed to324

promote warming. This is performed for SEVIRI anomalies exceeding the threshold of325

0.5 K.326

Daily values of the attenuation coefficient Kd(490) and the sea surface solar irradiance327

from SEVIRI are used as the physical parameters not included in the modeling parame-328

terizations, to evaluate possible correlation patterns. Ideally, one would expect a negative329

correlation between wind speed and warming and a positive correlation between Kd(490),330

the integrated net heat flux Q, the SSI and integrated SSI ′ and dSST. Integration for331

the net heat flux and SSI is performed from 03:00 LST until the time of observed SEVIRI332

dSST.333
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SEVIRI anomalies of 0.5 K and above, occurring between 13:00 and 16:00 LT, are334

collocated with corresponding wind from HIRLAM, SSI from SEVIRI, Kd(490) from DMI335

and the GlobColour project and dSST from the FMKLB and ZB models. Note that both336

Kd(490) products are daily, thus only 1 value is available for every grid cell. To overcome337

this and proceed with the sensitivity analysis, the same value of the grid cell is used for all338

the collocations. Figure 10 shows the correlation matrix, with the numbers of the actual339

r values superimposed. On average, the correlation between SEVIRI dSSTs and all other340

included parameters shows the correct trends but weak signals.341

Note the negative but low (-0.32) correlation with the wind speed U and the positive342

but very small correlation with the Kd(490) products. The three schemes show a relatively343

high (∼0.7) and negative correlation with U , which is one of their forcing fields. Their344

correlation with the integrated heat flux Q is positive but rather low (∼0.3) while the one345

with Kd(490), is negative but higher than the SEVIRI dSSTs. The two different Kd(490)346

products are well correlated (0.7) despite the fact that they are for case I and II waters.347

The high correlation between Q and SSI ′ (∼0.87) is considered a positive result for the348

validation of Q used in the models.349

The time-lagged correlation of different parameters with the SEVIRI dSST is also es-350

timated from 3 hours prior to 3 hours after the time of SEVIRI anomaly. Results not351

shown here indicated that the highest (negative) correlation with U is observed for the352

hours prior to the time of the anomaly. The same is the case for the SSI but for the353

integrated SSI ′ and net heat flux Q, highest correlation is found for the time of warming354

(and later). When the different parameterizations are considered, there is no time lag in355

the correlation and the ZB scheme is the one with the highest value (∼0.42).356
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The correlation values found from this analysis are relatively low but the correct trends357

are captured. This can be related with the fact that for the relatively low value of 0.5 K set358

as the threshold, many SEVIRI dSSTs may be filtered that do not coincide with similar359

predictions from the models. When estimating the correlations but applying a threshold360

to warming more than 2 K (not shown), SEVIRI shows lower correlation with U , SSI,361

Q and the models but slightly higher correlation with the Kd(490) products. In this case,362

the models are better correlated between them, their negative correlation with the Kd(490)363

decreases while their correlation with U is lower for the FMKLB and ZB d2 schemes but364

higher for the ZB d1 version.365

5. DISCUSSION

Of the three parameterization schemes applied, only two can resolve the daily cycle.366

Both tend to properly identify the different warming patterns between the Baltic Sea367

and the North Sea. They slightly overestimate the spatial extend of warming, with the368

ZB d1 more than the rest. From a large number of coincident peak warming values the369

bias between SEVIRI and the models is not larger than 0.25 K and the highest standard370

deviation does not exceed 0.76 K.371

Filipiak et al. [2010] compared their model with SEVIRI observations for a period that372

was not used during the model development and stated that the mean warming matched373

to 0.05 K. Zeng & Beljaars [2005] found a mean absolute deviation of 0.39 K and a374

correlation of 0.89 with in situ radiometric measurements for the skin SST. Clayson &375

Curry [1996] used ship measurements for the peak solar radiation, precipitation and wind376

to derive dSST and compared it with ship measured dSST, concluding that the derived377

dSST was lower by 0.13°C with a standard deviation of 0.31°C and a correlation of 0.85.378
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The mean biases shown in Table 1 are not far from their findings, especially for the379

FMKLB and ZB schemes. We have found higher standard deviations, than the ones380

reported in Zeng & Beljaars [2005]; Clayson & Curry [1996] while the correlation values381

reported here are almost half when compared to the ones reported above. It should be382

noted that the biases reported in Zeng & Beljaars [2005] are for the skin SST while in this383

study we compare the sub-skin SST. For the CC the bias found in this study is almost384

double but it is derived from a sub-skin minus skin comparison, while in Clayson & Curry385

[1996] the biases are estimated using skin measurements.386

As such, the biases mentioned in the above studies and the ones given here are not387

directly comparable. Ideally, in situ observations from drifting buoys would be most388

suitable for the validation of the SEVIRI and modeled warming. Unfortunately, in the389

North Sea and Baltic Sea only moored buoys and platforms are available, with typically390

the shallowest sensor located no less than 1 m below the surface. Examination of such391

moored buoy observations showed that almost no diurnal cycle could be identified, thus392

eliminating the possibility for validation with in situ measurements.393

Successful modeling of the diurnal cycle when using empirical parameterizations highly394

depends on the input fields and the representativity of the empirical relationships. The395

main contributing factors are the representativity of the parameterization’s coefficients in396

respect to the local conditions and the accuracy of the input NWP model fields. When397

evaluating the number of observations where u <=5 m s−1 from HIRLAM and other398

available model outputs, it is found that for the same time period HIRLAM predicts399

low winds more often. In the case that HIRLAM is biased towards low winds, warming400

will be more often predicted by the parametrization schemes. As the correlation of the401
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modeled dSST with wind is much higher than with the integrated net heat flux Q, the402

parameterizations are sensitive to the input wind fields.403

When examining the spatial extend of either individual warming cases (Fig. 1), or of404

the mean peak dSST (Fig.9) or of anomalies ≥2 K (Fig.7), a consistent feature is the lack405

of modeled warming in the west coast of Denmark in contrast to the SEVIRI observable406

warming. This area of the North Sea poses challenges due to its very shallow waters,407

intense tidal effects and high water turbidity. Low overall SEVIRI minus in situ biases408

from moored buoys and platforms in this area were reported in Karagali et al. [2011],409

slightly increasing during daytime. Such results lower the possibility of regional SEVIRI410

biases in this complex area but lack of drifting buoys does not allow for more accurate411

validation at shallow layers.412

Especially for the CC scheme, its coefficients are evaluated through a Neural Network413

(NN) system that receives as an input multiple already derived coefficients and predicts414

the peak dSST based on the input fields. It is a very straightforward scheme, with a415

low computational cost but it predicts the skin dSST therefore it is expected to be lower416

than the SEVIRI observed dSST, especially since the cool skin effect can be large for low417

winds.418

As stated in Filipiak et al. [2010], their model’s coefficients should be re-fitted if NWP419

fields other than the ECMWF ones are used. In this study we used HIRLAM NWP420

fields without modifying the coefficients. The ECMWF wind fields used for the model421

derivation had a 6-hour time resolution, while HIRLAM winds are available every hour.422

These differences in the type of field, their time and spatial resolution may be a reason for423

the mismatch between modeled and observed warming. Despite this, the FMKLB model424
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can successfully reproduce the statistical distribution of anomalies and the averaged shape425

of the diurnal cycle as seen from SEVIRI.426

As the FMKLB scheme is based on the statistical distribution of warming, its behavior427

is somewhat expected and very promising. For this, we attempted to modify the model428

and tune it to the more local conditions of the North Sea and the Baltic Sea by examining429

the possibility of including the mean attenuation coefficient at 490 nm as an additional430

parameter. Results from regression analyses (not shown here) indicate that Kd(490) does431

contribute in the total variance of the dSST signal from the FMKLB model. Unfortu-432

nately, the significance of this contribution is rather low. A long period of coincident433

modeled anomalies and Kd(490) values could possibly strengthen this signal and this is434

something to look at in the future. In addition, the Kd(490) values are daily and this is a435

limitation when attempting to correlate it with the hourly model results.436

In Zeng & Beljaars [2005], the shape exponent of the warm layer ν was set to a value of437

0.3 for a warm layer depth of d =3 m. They also state that if the depth d is significantly438

altered, the ν parameter has to be changed. In this study, the combination of parameters439

described in Zeng & Beljaars [2005] has been found to overpredict warming. This may440

be due to the biased HIRLAM winds towards lower winds and the different input fields441

used for the foundation temperature. In addition, the ν parameter has not been altered442

for d2 =6 m. Future work on the sensitivity of this parameter in combination with the443

depth d of the diurnal-free layer may provide a more appropriate combination of the two,444

which nonetheless may be very local. Sensitivity tests were performed for point locations445

of the buoys and platforms of the MARNET network in the North Sea and the Baltic Sea446

(see Karagali et al. [2011], Figure 1b). The depth of the warm layer d was allowed to vary447
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between 2 m and 6 m and the shape exponent ν varied between 0.1 and 0.9. The results448

of the ZB model with various configurations were compared to the SEVIRI observed449

warming at these point locations; the collocation criteria were set such that the grid cell450

containing each location was selected. For the test period 03/01/2009 to 12/31/2009 it451

was found that most SEVIRI–ZB biases were minimized (0-0.2 K) for the d parameter452

equal to 6 m and the ν parameter between 0.1-0.3. Most standard deviations were lowest453

(0.2-0.9 K) for ν ranging between 0.2 and 0.6. Lowest rmse values (0.24-0.94 K) were454

found for different ν depending on the location, but mostly ranged between 0.2 and 0.5.455

The correlation was maximized (0.96-0.98) for almost all locations, for the combination456

d =6 3 and ν =0.1 and the number of match-ups ranged from 1000 to 1600.457

Correlation between SEVIRI and U , Q, SSI, SSI ′ and Kd(490) showed the correct sign458

but weak signal. Especially for the HIRLAM fields, such findings are positive especially459

under the assumption that the model can not exactly resolve the spatial location of low460

winds where the diurnal warming is observed. In addition, the correlation between Q and461

SSI ′ is very high, in the order of 0.9 which provides a positive validation of the HIRLAM462

fluxes and the computation of Q. A higher correlation of the SEVIRI dSST with Kd(490)463

was expected. Given the fact that the temporal variability ofKd(490) is expected to be lower464

than the one of SST, it is rather hard to associate hourly variations of temperature with465

variations inKd(490), that generally occur in longer time scales. Despite that, investigations466

on the dependence of observed dSST≥2 K on Q and U from HIRLAM for different ranges467

of Kd(490), showed that for high Kd(490) values (¿0.37 m−1, i.e. the upper 25th percentile)468

dSST was higher for the very low wind speeds and decreased faster for increasing wind469

speeds. When Kd(490) was lower than 0.37 m−1, dSST was lower for the very low wind470
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speeds and decreased slower for increasing winds. Such findings highlight the contribution471

of Kd(490) to increased dSST values, given the sufficiently low wind and insolation values.472

The modeled dSST negative correlations with Kd(490) are somewhat difficult to inter-473

pret. It can be due to the time-lag between the observed and modeled dSST as the474

selection is controlled by the SEVIRI anomalies. This assumption can be somehow sup-475

ported by the fact that the highest (negative) correlation is found for the ZB 6 m version,476

which also shows the greatest time lag. Independent sensitivity analyses on the depen-477

dence of modeled dSST on Q and U from HIRLAM for different ranges of Kd(490) were478

performed similar as for the SEVIRI dSSTs. All schemes showed similar behaviour for479

Kd(490) higher than 0.37 m−1 as the SEVIRI dSSTs. Especially the ZB d1 version, showed480

very appropriate stratification and significant decrease of dSST with increasing U .481

Another possible candidate for cross-comparisons would be the POSH model. This also482

provides vertical temperature profiles for which unfortunately no in situ data are available483

for the North and Baltic Seas. [Filipiak et al., 2010] compared their model to the POSH484

and ZB models through an idealized case. They found that while their model and the ZB485

one had similar overall magnitudes, the POSH model slightly underestimated warming486

at higher wind speeds, compared to the proposed statistical model. In addition, they487

found that POSH predicted very large warming for the lowest wind speed and highest488

insolation. Such reported results are considered a good reason not to include the POSH489

model in this study. Future investigations amongst models that are able to resolve the490

vertical structure of the upper water temperature, will include the POSH model.491

6. CONCLUSIONS
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The aim of this study was to evaluate diurnal warming in the Northern European Seas492

through simple parameterizations using as input fields the outputs of a regional NWP493

model and compare the performance of the different parameterizations with observed494

anomalies from SEVIRI. In addition, to examine the correlation of observed warming495

with different physical parameters, such as the wind speed U and the integrated net heat496

flux Q from the regional NWP model, the SSI from SEVIRI and the diffuse attenuation497

coefficient Kd(490) that describes the optical properties of water.498

Three different models have been applied, described in Filipiak et al. [2010]; Zeng &499

Beljaars [2005] and Clayson & Curry [1996], due to their simple implementation and low500

computational cost. Of the three dSST models, only the first two resolve the full diurnal501

cycle and the third estimates peak skin dSST. Collocated peak dSSTs indicate almost zero502

biases for the Zeng & Beljaars [2005] and Filipiak et al. [2010] schemes while a 0.25 bias503

is found for the Clayson & Curry [1996] scheme. The overall correlation of peak dSSTs504

between the models and SEVIRI does not exceed 0.45.505

The distribution of dSSTs≥2 K from the Filipiak et al. [2010] scheme remarkably simu-506

lates the one of SEVIRI dSSTs, highlighting the very good ability of the model to capture507

the statistical distribution of warming. Both the Filipiak et al. [2010] and Zeng & Bel-508

jaars [2005] schemes identify more warming later in the day compared to SEVIRI, with509

the former scheme peaking 1 hour earlier and the latter peaking either at the same time510

or 1 hour later, depending on the version. Of the total SEVIRI dSSTs≥2 K, 75% do511

not last more than 3 hours, as for the Filipiak et al. [2010] and Zeng & Beljaars [2005]512

d2 version, while for the d1 version this percentile is up to 6 hours. The mean monthly513

diurnal warming cycle from the FMKLB scheme is remarkably similar to SEVIRI.514
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The correlation between observed and modeled dSST and parameters such as U and Q515

from HIRLAM, SEVIRI SSI and Kd(490) shows the correct trends. Negative correlation516

with U is found, low for SEVIRI and rather large for the models, as they are forced by the517

field. Positive correlation is found for Q, SSI and SSI ′, higher for the models (∼0.1-0.4)518

than for SEVIRI dSSTs (∼0-0.2). SEVIRI correlations with U and SSI are highest for519

the hours prior to the time of observed warming.520

It is shown that the FMKLB model is representative of the distribution of warming521

cases as observed from SEVIRI. The ZB scheme is able to resolve the spatial extend522

of the observed warming also accounting for the depth of the warm layer. This is an523

important parameter to be included in the models, especially for the Northern European524

Seas where water turbidity is high due to shallow depths, tidal currents and outflow of525

major rivers. The CC scheme provides a quick estimation of the peak skin dSST which is526

useful for an estimation of potential warming but not representative enough, as the “cool527

skin” bias is expected to be rather large under very low wind conditions.528

The test period of one year is not representative enough for solid conclusions regarding529

the performance of the models and the importance of Kd(490) for the promotion of diurnal530

warming. A longer time period for the comparisons would eliminate the possibility of very531

particular conditions occurring for the test year that the NWP model failed to capture.532
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Figure 1. Spatial extend of peak dSST during a diurnal warming event (03/07/2009), observed

from SEVIRI and reproduced by the models (no added noise). SEVIRI anomalies with quality

≥3 are used to avoid gaps in the field. The reduced range of the CC dSST is to make the spatial

variability visible.
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Figure 2. Distribution of anomalies>2 K from 02/2009 to 01/2010.The grey bars indicate the

raw model outputs while the white bars show the results when random noise has been added to

the hourly model dSST.
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Figure 3. Distribution for the time of occurrence of anomalies from 02/2009 to 01/2010.The

grey bars indicate the raw model outputs while the white bars show the results when random

noise has been added to the hourly model dSST.
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Figure 4. Duration of warming >2 K from 02/2009 to 01/2010.The grey bars indicate the raw

model outputs while the white bars show the results when random noise has been added to the

hourly model dSST. The dotted lines represent percentiles.
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Figure 5. Distribution of maximum anomalies, counted for every grid cell, from 02/2009 to

01/2010.The grey bars indicate the raw model outputs while the white bars show the results

when random noise has been added to the hourly model dSST.
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Figure 6. Monthly averaged diurnal cycle from SEVIRI (red), the FMKLB model (black), the

ZB d1 (green) and d2 (blue). No anomaly threshold is applied, no time and space collocation

criteria and no noise is added to the models.
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Figure 7. Spatial extend of anomalies≥2 K from 02/2009 to 01/2010. Note the different

scaling, to make the spatial variability visible. Maximum for SEVIRI is 30 hours, all others are

multiples. No random noise is added to the models.

Figure 8. Number of occurrences for HIRLAM wind speed lower than 5 m s−1 and surface net

heat flux higher than 300 W m−2. From 02/2009 to 01/2010, a total of 8496 hourly fields are

available.
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Figure 9. Spatial extend of averaged daily peak warming from 02/2009 to 01/2010. Note the

reduced range of dSST for the FMKLB and CC schemes, to render spatial difference visible.

Figure 10. Correlation matrix of SEVIRI dSST, U, SSI, SSI′, Q and dSST from the FMKLB

and ZB models (no random noise added).

D R A F T September 27, 2012, 1:29pm D R A F T



234 Paper



This PhD thesis describes the use of remote sensing from satellites in order to
obtain information for the near-surface ocean wind and the sea surface tem-
perature over the North and Baltic Seas. The aim is to demonstrate the applicabil-
ity of satellite observations and evaluate their potential use within the context
of offshore wind energy. More specifically, wind retrievals from space-borne scat-
terometers are used for the quantification of the wind resources over large areas
of the ocean where in situ measurements of the wind are rare. In addition, hourly
retrievals from an infra-red sensor on board a geostationary platform are used for
the identification of diurnal warming of the sea surface temperature. As such,
the PhD thesis promotes the understanding of the physical interactions around
the air-sea interface. Offshore Wind Energy: Wind and Sea Surface Temperature

from Satellite Observations

P
hD

 T
he

si
s

Ioanna Karagali
DTU Wind Energy - PhD - 003 (EN)
February 2012

O
cean W

inds and Sea Surface Tem
perature from

 Satellite O
bservations 

P
hD

 T
he

si
s

Ioanna K
aragali

ISSN
ISBN 978-87-92896-02-5

www.vindenergi.dtu.dk

Fax

Tel.

4000 Roskilde

Frederiksborgvej 399 

Technical University of Denmark

Meteorology, Risø Campus

+45 4677 5700

+45 4677 5758

DTU Wind UK

6809+


	Abstract
	Abstract (Danish)
	Abstract (Greek)
	Acknowledgements
	Acronyms
	Symbols
	1 Introduction
	1.1 Offshore Wind Energy
	1.2 Wind Resource Assessment
	1.3 Satellite Data
	1.4 Structure

	2 Near-surface Ocean Wind
	2.1 Scatterometry from Space
	2.2 QuikSCAT
	2.3 Synthetic Aperture Radar (SAR)
	2.4 QuikSCAT for Wind Resource Assessment Studies
	2.5 QuikSCAT and NWP models
	2.6 Spatial resolution of satellite winds
	2.7 Summary

	3 Sea Surface Temperature
	3.1 SST from space
	3.2 SST Definitions
	3.3 Infra-Red Sensors
	3.4 SEVIRI
	3.5 Observations of diurnal warming
	3.6 Modelling the diurnal cycle
	3.7 Summary

	4 Discussion
	5 Conclusions
	6 Future Work
	Bibliography
	Appendix A Offshore wind farms in Northern Europe
	Appendix B RSS and JPL L3 QuikSCAT Gridded Products
	Appendix C Using QuikSCAT to test WRF set-ups
	Appendix D Deriving a proper foundation temperature
	Appendix E Sensitivity tests on the FMKLB and ZB models
	Paper I - Wind characteristics in the North and Baltic Seas
	Paper II - Spatial and temporal variability of winds in the Northern European Seas
	Paper III - Spectral properties of QuikSCAT and ENVISAT ASAR wind fields in the North Sea
	Paper IV - SST diurnal variability in the North Sea and the Baltic Sea
	Paper V - Observations and modelling of the diurnal SST cycle in the North and Baltic Seas

