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Abstract

The wind resources in Denmark have been investigated with emphasis on the development of
improved methods for making accurate wind predictions. Mgjor efforts have been spent on de-
veloping a coupling of a complete atmospheric forecast model (DMI-HIRLAM) with an ocean
wave model (WAM) based on a solution of the spectral wave energy equation. The underlying
strategy is to better describe the variable frictional effects depending on the wave state of the
ocean surface. The modified surface fluxes of momentum, heat and moisture are likely to have
impact on the near surface wind profiles and possibly on the forecasted synoptic scale pressure
systems. Many experiments have been carried out to assess the effect of partial or full coupling
between the atmospheric model and the wave model. When full interactive coupling operates
the wave model supplies a Charnock coefficient depending on the ocean wave stress. In turn the
atmospheric model provides either a 10 metre wind, a friction velocity or the surface stress to
drive the ocean wave model.

The results obtained in the project show that the effect of the coupling of DMI-HIRLAM and
WAM is positive, although quite modest in its present form. It is found that the improvement
increases as the horizontal model resolution is increased, and wind biases are reduced in the
fully coupled runs. Also the results indicate that synoptic scale forecast improvements are best
achieved if the coupling is implemented for a large model domain. The impact of increased
vertical resolution appears to be more marginal. The predicted wind profiles are sensitive to
other parts of the atmospheric model system such as the turbulence parameterization used in
the model. It is verified that a modified turbulence scheme in its current stage improves the
representation of the vertical wind profile in the atmospheric boundary layer. However, a draw-
back is seen on the synoptic scale surface pressure. The results of a coupling experiment over
a5 month long test period indicate that the effect of wave coupling on wind (and wind power)
prediction may be larger over the ocean than over land. This supports the conclusion that a
coupled atmospheric-wave model is beneficial and probably required for accurate prediction of
wind over the ocean.

Another task of the project has been to investigate whether wind turbine power production may
predict surface winds. A new methodology based on conditional probabilities has been devel-
oped for this purpose. A conditional wind speed distribution is assessed by Bayes rule using
the probability distribution of expected power production on wind speed. The impact of the
new method has been tested on data from the Abild wind farm. This test has confirmed that
it is possible to improve the a priori atmospheric forecast from DMI-HIRLAM by utilizing the
knowledge of the current wind power production.



Sammenfatning

Vindressourcerne i Danmark er blevet undersggt, med hovedvaggten lagt pa udviklingen af

forbedrede metoder til ngjagtige vindprognoser. Et starre udviklingsarbejde har vaaret ngdvendigt
for at muliggere etablering af et koblet prognosesystem bestaende af et atmosfagreprognosesys-

tem (DMI-HIRLAM) og en bglgemodel (WAM) for oceanet. Sidstnaevnte model er baseret pa
en lasning af den spektrale balgeenergiligning for oceanet. Den underliggende strategi er at

forbedre beskrivelsen af en variabel friktion ved havoverfladen. Formuleringen er afhaangig af

bl getilstanden pa havoverfladen. De andrede overfladeflukse af impuls, varme og fugtighed

kan forventes at have indflydel se pa de vertikale vindprofiler og i et vist omfang pa udviklingen

af de synoptiske tryksystemer. Mange eksperimenter er blevet udfert for at fasts a effekten af

en delvis eler fuld kobling mellem atmosfaaemodellen og balgemodellen. Ved fuld interak-

tiv kobling overfares en Charnock parameter fra bglgemodellen til atmosfaaemodellen. Denne

parameter er afhaangig af balgemodellens balgestress. Tilsvarende overfares fraatmosfaaemod-

ellen enten vinden i 10 meter, friktionshastigheden eller overfladestresset til bglgemodellen.

Resultaternefraprojektet viser, at effekten af at koble atmosfaaemodel og bglgemodel er positiv.
Indvirkningen har dog indtil videre vearet beskeden. Kvalitetsforbedringen pa vindprognoserne
viser sig at vaare mere markant nar modellens horisontale oplgsning forbedres, og modellens
systematiske fejl reduceres. Endvidere viser eksperimenterne, at de bedste resultater fas nar
koblingen foretages pa et stort modelomrade. Indvirkningen af at gge den vertikale opl@sning
ser ud til at veere mere marginal. De forudsagte vindprofiler er fglsomme overfor andre dele
af det atmosfagriske prognosesystem, eksempelvis over for den anvendte turbulensbeskrivelse.
En aandret udgave af turbulensparametriseringen har vist sig at medfgre en forbedret repraesen-
tation af det vertikale vindprofil i atmosfagrens gramselag. Den amndrede turbulensbeskrivelse
har dog forel gbigt en negativ effekt pa forudsigelsen af overfladetryk i modellen. Resultater fra
et koblingseksperiment over en 5-maneders testperiode antyder, at effekten af balgekobling pa
forudsigelse af vind (og vindkraft) vil vaae starre over hav end over land. Det understetter den
hypotese, at en koblet model er gavnlig og sandsynligvis ngdvendig ved en ngjagtig beskrivel se
af vindforholdene over hav.

En anden del af projektet har bestaet i at undersgge hvorvidt energiproduktionen fravindmelle-
parker kan bruges ved forudsigelsen af vinde naa jord/hav-overfladen. En ny metode baseret pa
anvendelse af betingede sandsynligheder er blevet udviklet til dette formal. En betinget vind-
hastighedsfordeling fastlaggges ved Baye's regel, idet sandsynlighedsfunktionen for den for-
ventede energiproduktion som funktion af vinden anvendes. Indvirkningen af den nye metode
anvendt pa Abild vindmallepark undersages. En sadan test har bekradtet, at det er muligt at
forbedre en a priori vindprognose fra atmosfeaemodellen ved at anvende kendskabet til den
| abende energiproduktion fra vindmellerne.
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1. Introduction

The overall goal of the project is to enhance the knowledge of the wind conditionsin the lowest
few hundred metres of the atmosphere over Danish land and sea territory. This knowledge is
fundamental with respect to an optimal estimate of energy production from wind turbine farms.
Knowledge about the wind conditions may be looked at from a climatological point of view or
from a‘real time prediction’ view.

A detailed climatological knowledge facilitates optimal decisions on the geographical location
of new wind turbine parks. A substantial knowledge of the wind climate across Denmark has
been established in recent years. The most recent and very detailed study of the wind resorcein
Denmark has been carried out by Risg and EMD , see www.emd.dk/ for further details.

The first systematic study of the wind resource was done in 1981, when the wind was derived
from the synoptic pressure field (Lundtang et a., 1981). This study was followed by the Euro-
pean Wind Atlas (Troen and Petersen, 1989) in which the Wind Atlas Methodology was devel-
oped. The methodolgy isimplemented in the WASP program (www.wasp.dk). WASP is by many
considered the industry standard for wind resource estimation, see Mortensen et al. (2002) for
further details.

In order to make energy production from wind turbine parks useful in the management of energy
supply to customers on a large regional scale, it turns out that the wind conditions need to be
forecasted with some skill in real time for the region under consideration. Otherwise it is not
known how much of the traditional energy production can be replaced by wind energy on atime
scale of afew hoursto afew days. As a consequence, accurate wind forecasts by operational
meteorol ogical models are needed.

At the Danish Meteorological Institute (DMI) an atmospheric model prediction system DMI-
HIRLAM (Sass et al., 2002) has been operational since 1991 and is further developed in an
international collaboration (Undén et al., 2002). In order to be successful in real time, this sys-
tem has an advanced system for assimilating meteorological data and a forecast model which
treats both the dynamical and the physical processesin the atmospherein detail.

The valuable information of real time wind prediction from the operational atmospheric model
a DMI has been demonstrated in the context of wind energy production in a previous study
carried out by Risg, DMI and the electricity companies ELKRAFT and NESA (see Landberg et
al. 1997).

Besides real time predictions the DMI-HIRLAM model system has potential for re-analysing
thewind climatein Denmark in combination with local wind adaptation modules such as WA °P.
Such re-analysis of wind climate has been planned to be part of the present project.

However, the improved model system developed during the project, and the requirements for
large experiments, e.g. involving model integrations on a big model domain with full coupling
to an ocean wave model, has made this type of study excessively demanding with the available
computer resources during the project period. As a consequence, the studies carried out have
put most emphasis on the problems related to real time forecasting of wind and the associated
energy production. In particular, studies have been carried out to evaluate the results obtained
with a more readlistic description of the momentum exchange between the sea surface and the
overlying atmosphere (see section 2 ). More specifically, a wave model for the ocean has been



coupled interactively with the DMI-HIRLAM model. The reasoning behind this strategy is that
recent results elsewhere, e.g. at the European Centre for Medium Range Weather Forecasts
(ECMWF) indicate an increased skill for wind (and wave) forecats by an interactive coupling of
the two systems (e.g., Janssen et al. 2001).

It isimportant to realize that amodest improvement in the wind prediction may lead to asignifi-
cant improvement of the energy production from wind turbines. Thisis because of a steep slope
of the ‘power curves (defining the basic transformation between wind and energy production)
intherange of typically 7 - 12 m/s. Thisrange obviously represents a modest wind interval, and
therefore rather small changes in wind speed can have significant effects on the energy produc-
tion. A goal of this project isto achieve an improved skill of about 4 percent on predicting the
energy production in the western part of Denmark.

Another important topic is the specific estimates of wind and energy production for wind farms
over land. Two specific studies have been carried out in this context. The first one concerns
awind farm in southern Jutland. A new method has been developed for improving the wind
estimates by combining DMI-HIRLAM forecasts with WA *P and actual energy production for
the site.

Another study has been carried out with DMI-HIRLAM where power production estimates have
been made for 4 wind turbine parks on the coasts of Jutland. Results have been studied with and
without interactive coupling between the wave model (WAM) and DMI-HIRLAM to investigate
the impact of the coupling over sea on wind prediction over land.

The developments related to coupling between the wave model and DMI-HIRLAM are de-
scribed in section 2 which also describes results of various tests using different coupling strate-
gies.

The developments for wind and energy production over land are described in section 3. In all
cases where information from wind turbines has been involved, the independent system operator
and transmission company ELTRA has kindly supplied the relevant data.

Finally section 4 contains conclusions and outlook for the future.

2. Wind forecasting over sea

Information on the wind conditions over seais not only relevant to the ship traffic. Many other
important activities rely on wind information. The energy production from wind turbinesis a
key issuein the present project, and in recent yearsit has been feasible to install large wind mill
parks at sea. Several such parks have aready been establised in Danish domestic sea areas, e.g.
in the Wadden Sea (Horn’s Rev) and in Kattegat south of Laesa.

It is advantageous to establish wind turbines at sea, because winds are often stronger over sea
as compared to over land. Thisis connected to a smaller momentum transfer over a sea surface,
but the wind conditions in coastal regions are often complex due to the presence of land nearby
with changing surface characteristics. The Danish domestic waters is a good example where a
complex coastline and many islands influence the wind conditions.

The prediction of energy production from awind turbine typically requiresinformation on wind



speed and direction up to about 100 metres above the sea surface. The detailed wind information
over sea can be provided by meteorological models. In this project DMI-HIRLAM isused. The
forecasts of wind require not only that proper analyses of the atmospheric state can be made,
but also that the physics and dynamics of the model areredlistic.

The momentum, heat and moisture transfer at the sea surface and the fluxes through the plane-
tary boundary layer are important features of the model which influence the wind profiles and
the model forecasts.

The present study investigates the possible improvements of model winds over sea, asaresult of
interaction between the atmospheric model and an ocean wave model. The reasoning is that the
atmospheric state and the state of the ocean surface are not independent, but interact. In recent
years there has been a considerable interest to investigate how much this interaction between
wind and ocean waves influences the wind forecasting over sea.

Experimental evidence has shown (Donelan, 1982; Smith et a., 1992) that, especialy for young
wind sea, the air flow depends on the sea state. Examples comprise the air flow near fronts and
in coastal regionsfor offshore wind directions. The drag coefficient may vary by afactor of two
between young and old wind seacases. Thissuggeststhat it isimportant to regard the interaction
process between wind and waves as a two-way process: The wind generates the waves which
feed back on the atmospheric flow. Parallel to this development atheory of two-way interaction
between wind and waves was developed, giving the sea state dependence of momentum, heat
and moisture transfer (Chalikov and Makin, 1991).

It turns out that an elaborate wave model is needed in the context of atmosphere-ocean interac-
tion. Asaconseguence, an international group of scientists, the socalled Wave Modelling Group
(WAM) was established. The group developed arealistic wave model inthe 1990s (Komenet al.,
1994).

The most advanced operational atmospheric models, e.g. the ECMWF (= European Centre
for Medium range Weather Forecasts) global model has demonstrated some skill when imple-
menting a coupling of WAM with the operational atmospheric forecast model. Thefirst coupled
version (1998) showed littleimpact of coupling. However, improved versions of the wave model
combined with increased resolution in the atmospheric model has lead to significant model im-
provements (Janssen et al., 2001). These findings provide important arguments for testing a
coupled wave-atmosphere model where DMI-HIRLAM isrun at arelatively high model resolu-
tion.

The parts of DMI-HIRLAM relevant to define the coupling and the fluxes of momentum, heat
and moisture are described in section 2.1. A version of the wave model mentioned above which
is used operationally at DMI is described in section 2.2. The coupling methods are defined in
section 2.3. From apractical point of view a good implementation of the coupling of WAM and
DMI-HIRLAM has been technically demanding since the interface needs to be efficient and re-
aistic, allowing for interaction between the two models every time step. Experiments related to
coupling and wind forecasts over sea, including results, are described in section 2.4. A coupling
experiment concerned mainly with wind and energy production over land is described in section
3.4.



2.1. DMI-HIRLAM

The atmospheric model DMI-HIRLAM is a humerical weather prediction model used opera-
tionally at the Danish Meteorological Institute (DMI). HIRLAM stands for ‘HIgh Resolution
Limited Area Model’. The model originates from the international HIRLAM collaboration
(Machenhauer, 1988; Kalén, 1996; Undén et al., 2002). Some model componentsin the DMI-
HIRLAM have been specifically developed for DMI opertaional activity and research prrojects.
A description of the model system is available (Sass et al., 2002).

2.1.1. Mod€ description

The model is based on the the hydrodynamical equations of the atmosphere, the equation of
continuity for atmospheric constituents including moisture variables, the equation of state for
atmosheric air and the first law of thermodynamics. In addition, for the present hydrostatic
model, the hydrostatic relation between increments of geopotential and pressureis utilized. The
prognostic variables comprise surface pressure, p,, the horizontal wind components (u,v) tem-
perature (1), specific humidity (q), specific cloud condensate (¢.) and subgrid scale turbulent
kinetic energy (E).

The numerical model is based on finite differences on a staggered grid. The dynamics are of Eu-
lerian type consisting of an explicit part and a semi-implicit part. Optionally a semi-Lagrangian
advection scheme may be used. In the model, a horisontal diffusion is applied which prevents
spurious accumulation of energy on the smallest scales. The lateral boundary condition repre-
sents a dynamical forcing which istreated by a specific boundary relaxation scheme.

In addition, the relevant physical processes (radiation, surface processes, turbulence, condensa-
tion and precipitation) are described by detailed parameterizations. Optionally the model can
be run with a longer time steps for the physical processes than used for the model dynamics.
In this case the model physics is affected by the dynamics through time averaging during the
dynamical sub-steps.

Asregards wind forecasting over sea (and land) the key processes are the surface fluxes of mo-
mentum, heat and moisture. In addition, the model’s turbulence scheme is essential because it
is reponsible for the vertical distribution of momentum in the atmosphere and hence the wind
profiles. The heat and moisture transports by turbulence are aso vital for the energetics of the
weather prediction model and has an indirect effect on the momentum flux at the sea surface.

Turbulent surface fluxes in numerical weather prediction models are traditionally computed
from drag formulae relating the surface fluxes to the mean states of the surface and of the
atmosphere at the observation height (in a numerical model, typically the lowest model level).
The drag coefficient C, for ascalar variable v is defined by the equation

Wy = CyAy|Vy| 1)

in which w’~' is the vertical turbulent kinematic flux of v and Ay = ~v5; — vn. Findly, Vn
equals the horizontal wind speed at the lowest model level. N isthe number of vertical model



levels.

The scalar variables and the wind vector Vy on the right hand side of (1) are time averages like
the flux term on the left hand side, but for convenience the averaging symbol has been omitted
on the right hand side. The sign convention in (1) is such that upward fluxes are positive.

Over the ocean Vy should, strictly speaking, be measured in a frame moving with the ocean
surface current and T'; should be the surface skin temperature.

The surface wind speed V, may be assumed to be zero and it is assumed that the saturation value
gsat(Ts) with respect to the surface temperature applies.

In the current formulation

-1
(%:%mo+mﬁﬁlmia y«m¢i¢i> @
20H 20M 20H Z0M
This formulation is used for different surface types and forecast scalar parameters. (y = M
for momentum, correspondingly H and @ stand for heat and moisture transfer, respectively).
The two factorsin front of the function ¥, form a neutra drag coefficient C,. For identical
roughness lengths zgs and 2, the second factor in the brackets becomes unity and C.,,, =

Cun. . ,
CMN = <ln(ZOzM)>

k ~ 0.4 isthe von Kéarméan constant.

The functions used for ¥, follow the work of (Louis, 1979) and (Louiset al., 1982).
The following form applies to the unstable atmospheric boundary layer:

Ay, R

L4 by Gy (Ri2)

20M

U, =1+ ©)

In (3) above R: is the surface bulk Richardson number. a,,,;; = 10, b,y = 75, agy = agu =
15and byy = bQU = 75.

The specia situation when the mean horizontal wind speed goesto zero in an unstable boundary
layer isdescribed in Sass et a. (2002)

For the stable boundary layer the corresponding formulas are

1

Un= o n @)

V1+bys Ri
In (4) aboveayrs = 10, by = 1.
For heat and moisture the following function is used

1

U, =
T4 aysRi\/1+b,sRi

aAHS = aQs = 10and byg = bQS = 1.

©)



To complete the parameterization for surface flux computations over seathe ratio of the rough-
ness lengths zops/zomr and zoar/zog Must be related to known quantities. Measurements over
sea indicate that the surface roughness lengths for momentum, sensible heat and moisture are
different, (DeCosmo et al., 1996). The main reason is probably that form drag (i.e., momentum
transport by pressure forces) in the presence of sea waves enhances the momentum transfer,
while the heat and moisture transfers at the air-sea interface are controlled by molecular diffu-
sion alone.

According to observations and laboratory experiments zgys depends on the sea state. At low
wind speeds laboratory experiments indicate that the sea surface becomes aerodynamically
smooth with zo3,=0.11v/u,. At sufficiently high wind speeds the sea surface becomes aero-
dynamically rough. In the latter conditions the Charnock formula zops = Bu2/g, (Charnock,
1955) isused. In numerical models of the atmosphere values of /5 in theinterval 0.014 to 0.0185
have been recommended (Garrat, 1992). The present study alows for an interactive computa
tion of 8 when coupling to WAM is switched on.

We introduce atransitionin zgys from a smooth to arough sea surface depending on wind speed
|Vn|. Theinterpolation formulafor z, is specified as

U,2
ZoM = (1—€(u))0-11V/u*+§(U)Bj, (6)

&(u) = {max <min <QZ__QZ, 1> ,0)} 2 . @)

In(6) and (7) u = |17N|, us = 3.0 m/sand u, = 5.0 m/s. According to (6) and (7) the sea
surface is considered to be smooth for v < 3 m/s and rough for > 5 m/s. The transition
interval is somewhat smaller than the interval from 2.5 to 5.5 m/s usually found in the literature
e.g., (Garrat, 1992).

When there is no interactive coupling to WAM the following simplified formulation is used.
Over open sea (here defined as fraction of sea in a model grid equal to 1) S has been set to
0.014, otherwise 5 = 0.032. A higher value of 5 (larger momentum flux) in shallow coastal
watersis supported by measurements (Oost, 1998; Hansen and Larsen, 1997; Maat et a ., 1991),
athough the governing parameter for zg,, seemsto be the wave age.

with

We assumethat zo and zoq can berelatedto zo,,. Observational evidence of arelation between
zom and 2o has been presented for example by DeCosmo et al., 1996. Dependence of zoz and
200 ON zpps are also key featuresin ‘surface flux over sea® models by e.g. (Clayson et al., 1996;
Liu et a., 1979; Brutsaert, 1975). In our parameterization zox and zoq are related to zoas
by formulae suggested in Garrat, 1992. In terms of the roughness Reynolds number, Re., the
relations take the form

lnzO—M:aHReiM—L (8)
20H
In 2OM _p, 20M aQReiM, 9
20Q 20H
in which Re, isdefined as
Re* = ZO]\ZU* ) (10)

10



i.e., by the sea surface momentum roughness length (zg), the surface friction vel ocity (u.) and
the molecular kinematic viscosity coefficient for air (v ~ 1.5 - 107> m?/s). Over arough sea
ap=2.48 and ap=0.2. With the transition from a smooth to a rough sea surface given by (7),
and over a smooth surface with the requirement zo, - u./v = Sy fory = H,Q and Sig ~ 0.2
and Sg ~ 0.3 (Garrat, 1992), the coefficients oy and oy in (8) and (9) become

ag = 0.05¢(u) + 2.43 (11)

ag = —0.50¢(u) + 0.70. (12)

The turbulence scheme (Cuxart et a., 2000; Sass et al., 2002) is formulated in the framework
of ‘turbulent kinetic energy’ (E) as a prognostic variable. This means that a specific prognostic
eguation is solved for E. The terms include the production of turbulent kinetic energy due to
wind shear, buoyancy, vertical transport of E arising from turbulence and dissipation of E. Also
the advection of E by the large scale flow is considered. Two terms have been neglected in the
production equation for E. The first term involves vertical velocity variance in the wind shear
production. The second term describes the effect of pressure correlations.

The parameterization of the turbulent transports rel ates the second order moments to mean vari-
ables by assuming relations of the form

_W:KC % 5 C:U’ava07Qa q07E' (13)
0z

In (13) K. isan eddy exchange coefficient analogous to the molecular viscosity and diffusivity
coefficients. 4 is the potential temperature. The eddy exchange coefficients depend on E:

K{ = CCKu¢3 (RS) ) (14)
where ¢ is a non-dimensional constant and K, = IWE isthe eddy exchange coefficient for

momentum.

[ isadiagnostic mixing length. It is computed from

=T 1, (15)

where [, and l; are the distances an air parcel must be displaced upward or downward, respec-
tively, before its E has been consumed by buoyancy. This formulation allows for diagnosing
very large mixing lengthsin neutral or unstable stratification. Currently the following constraint
isimposed near neutral atmospheric stratification.

- H

l = min{l, lmaxl + (lman — lmaxl) eXp(_ H blpbl )} (16)
D

In (16) H,y isthe planetary boundary layer height used in the mode! (Sass et d., 2002). z =
max{z, Hpy }. Currently lnaz1 = 100 m, lpag2 = 500 m.

11



¢3 isafunction of the dry Redelsperger number Rs

g 12 _06 —0q
==—11 6lg— 6160—|. 1
Rs 90E<+06 qaz+06 9% an
In (17) 0, isthe virtual potential temperature. ¢ takes the form (Cuxart et al., 1995)
¢3 = (140.139- Rs) *, (18)

where Rs is controlled by the condition Rs = max{—3.924, min{ Rs, 71935.252} }.
A diagnostic lower boundary condition is specified for E at the bottom level (index N). It is
specified as

L

with 6, = 1 or 0 if the surface layer is unstably or stably stratified, respectively. In the equation
above L isthe Monin-Obukov length scale (Businger et a., 1971). w, isthe convective velocity
scale (Deardorff, 1972) and u.. isthe friction velocity.

- 2/3
En = 3.75u2 + 0§, lui (—Z—N> + 0.2w§] , (19

2.1.2. Uncoupled weather model results

An indication of the typical forecast accuracy obtained for 10m wind speed with the different
operational DMI-HIRLAM versions are presented in Fig. 1. The upper panels apply to the first
quarter of 2002 while the lower panels display the corresponding reults for the second quarter
of 2002. Statistics for bias and standard deviation are computed as separate averages for 13
Danish meteorological coastal stations (Ieft panels) and 13 synoptic land stations (right panels)
The horizontal resolutions associated with models G45, D15 and D05 are, respectively, 0.45 °,
0.15° and 0.05 °. These statistics apply to DMI-HIRLAM when not coupled to a wave model.

It is seen that statistics generally vary between different 3 month periods. The systematic errors
are generally smaller in the high resolution runs ("D15” and "D05") as compared to "G45”. The
standard deviations are quite similar for coastal stations, but tend to be smaller over land as the
resolution of the model increases.

2.2. Wave model

Many operational wave models are based on WAM Cycled, a 3rd generation research wave
model developed by the WAM Group since 1991 (Komen et a., 1994; Gunther et a., 1992).
The latter of these publicalions provides a technical model description. WAM is used in nu-
merous applications thoughout the world, both in operational wave forecasting services and for
scientific investigations. The DMI Weather Service Department has used this model to produce
high resolution wave forecasts for Danish waters since 1999 - a service later extended to include
the full NW European shelf region and the Mediterranean.

12



1st quarter 2002 1st quarter 2002
Danish coastal stations Danish land stations
10m Wind, in m/s 10m Wind, in m/s
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2nd quarter 2002 2nd quarter 2002
Danish coastal stations Danish land stations
10m Wind, in m/s 10m Wind, in m/s
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Figure 1. Operational results (bias and rms) for 10m wind in the first and second quarter of
2002. Left columns shows average resultsfor 13 coastal stationsand right column shows results
for 13 land stations. 13



2.2.1. Model description

WAM Cycle4 solves the spectral wave energy equation

F =
> TG VF =S (20)

where F'(f,0; %, t) isthe spectral wave energy density, depending on wave frequency, wave di-
rection, position and time; c4( f, #) is the wave group speed; The source term .S  includes wind
energy input, non-linear wave-wave interaction, wave energy dissi pation through wave breaking
(white capping), wave-current interaction and interaction with the sea bed through friction and
wave refraction.

Each of the source term contributions has been carefully parameterized by the WAM group. In
contrast to 1st and 2nd generation models, the 3rd generation model WAM introduces no ad hoc
assumptions on the spectral shape, and non-linear wave-waveinteraction is calculated explicitly.

WAM Cycled is agrid point model, operating on the water points of a regular spherical grid.
The polar singularity is not considered since none of the poles have open water. The model typ-
ically has ~300-700 variables per wet grid point - making it comparable in size to a numerical
weather prediction (NWP) model. The model stepsforward in time using asimple Euler scheme
with atime step of afew minutes - depending on grid spacing - required for numerical stability.
The resolution is usually a compromise between model accuracy and computing resources.

Model forcing is 10m wind as obtained from a NWP model. Alternatively, surface stress — or
friction velocity u. may be specified; WAM transforms thisinto awind speed using

Uio = u«/Cp (21)
with

10
Ux = \/T/Pa; 20 = a/guf; Cp = k/log . (22)
0

where a, k, p, (@r density) and g (gravity) are constants. NWP winds are interpolated linearly
in time and space from any spherical grid to the WAM time-space mesh. The spectral energy
input S;;, depends both on the wind speed and the wave-induced stress. The term is given by

where the growth rate v depends on the friction velocity .. and the roughness length zo.
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As pointed out by Janssen (1999), the wave model could be viewed as a part of aweather model,
providing more accurate momentum lower boundary condition through the surface roughness
length zy. The wave model may also serve as a weather model validation tool.

A globa or basin model requires no further time-dependent input (depth maps being time-
independent), while aregional model needs information on the the full wave spectra along open
boundaries. Thisis provided in one of two ways; @) by nesting into a large scale model which
then provides the spectra, or b) a parameterized JONSWAP wind-sea spectrum is diagnosed
from 10m wind and fetch along the boundaries (K. Hasselmann et a., 1973). In the latter case,
the model lacks prescribed swell energy generated outside the model domain.

A WAM Cycled wave prediction may be ‘ cold started’, when the initial wave state is parameter-
ized by the JONSWAP spectrum, depending on local wind and fetch. The model spin-up time
ranges from a few hours to severa days, depending on the weather situation. In operational
applications a "hotstart” is used, when initial wave spectra are output from a previous model
run. In more advanced applications, wave height information obtained from altimetry may be
assimilated into the model to improve theinitial condition.

Model output are functions of the spectral wave energy density F', integrated to produce maps
of wave height, period and direction. Subsets of the spectrum are integrated to produce wind
sea and swell parameters.

In operational forecast applications WAM Cycled is often modified and elaborated accord-
ing to each user’s requirements. The European Center for Medium-Range Wesather Forecasts
(ECMWEF) has operationalised a comprehensive global version, with assimilation of real-time
satellite altimetry wave height products, parallel computing, and short-fetch improvements with
atwo-way instant coupling with the ECMWF weather model.

2.2.2. Wave predictions

WAM Cycled has been running operationally at DMI since 1999. Mid-2002 the DMI-WAM
set-up consists of 3 model domains: 1) a coarse grid (30') model of the North Atlantic, 2) a
finegrid (10') model of the Northwest European Shelf region, the North Sea and the Baltic Sea,
nested into the coarse grid model, and 3) aclosed (10') basin Meditteranean model. DMI-WAM
uses shallow water friction and depth refraction, but no current refraction. The wave spectrum
is discretized in 25 frequencies and 12 directions, and the time step is 4 minutes. A standard
WAM test in arectangular basin of constant depth shows that doubling the directional resolution
reduces the significant wave height error by afew %, this improvement may be larger in near-
shoreregions (Bidlot et al., 1997). DMI-WAM isrun 4 times a day for a 54 hour forecast, using
hourly wind forcing obtained from DMI's NWP model HIRLAM in 15 km resolution where
possible, and 45 km resolution elsewhere. The depth maps are based on ETOPO5, a globa 5
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topography data set generated by National Geophysical Data Center (www.ngdc.noaa.govy).

WAM Cycled has been well calibrated in open seas, but only few studies concern short-fetch
wave conditions common in the coastal zone. This matter is still not fully resolved. Using Belt
Sea field campaign wave data from 1992/94, (Hansen et a., 1998) found that WAM Cycle4
over-predicted the significant wave height by 30-40% in the Belt Sea region for strong wind
conditions (U9 ~ 15m/s). Thisresult is contradicted by other results (Hersbach and Janssen,
1999), indicating under-prediction of significant wave height under restricted fetch conditions.

A calibration and validation study has been carried out using a stand-alone North Sea-Baltic
Seamodel forced by analysed 10m wind fields (J.She and Nielsen, 1999). The significant wave
height predictions were compared with 14 buoy wave data sets (North Sea, Sound, and Baltic
Proper). Observed and hindcasted significant wave height agreed well in general, with a high
correlation coefficient and no bias on average. The peak waves are underestimated by ~10%.
There are some problemsin near-shore regions (not adequately resolved by the model) and near
open boundaries (due to lack of swell).

To improve model performance in the Belt Sea, where error statistics change rapidly over a
small distance, a resolution of about 2.5' or better is required to resolve small islands, reduce
shadow effects and get a more accurate fetch. Thiswas not implemented due to lack of comput-
ing resources.

The northern North Sea suffered from lack of swell, leading to significant negative bias in this
region. The boundary condition was improved by nesting into a coarse grid North Atlantic
model, reducing the negative bias.

In the Baltic, the underestimation of high waves may be related to error in the wind forcing or
the parameterisation of source terms. This needs to be further investigated.

Since primo 2002, the operational DMI-WAM s verified on a regular basis using wave bouy
data and 1-54 hour forecasts from some 30 stations (Fig. 2). The results presented below stem
from a two-month pilot study using data from nov-dec 2001 (Nielsen et al., 2002). We consider
only significant wave height.

The model comparison with observed data has an average correlation cofficient of 0.90 (Fig.
3) and only a weak dependency of bias and rms error on forecast range. There are, however,
large regional differencesin forecast quality. Thisis presumably related to the model resolution
(spectral and spatial) being inadequate in some regions. 5 stations have a scatter index larger
than 0.4 (sometimes used as an acceptance level).

The model has no bias on average and an rms error of ~20% (excluding very small waves).
Small waves (less than about 3m) are overpredicted, while high waves (larger than 3m) are un-
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Figure 3: Observed vs. predicted significant wave height, DMI-WAM nov-dec 2001.

derestimated. The negative bias on high waves increases with wave height so that waves of 10m
have anegative bias of 15% or 1.5m. Thisresult is common for WAM applications.

The DMI-WAM is planned to be provided with an extra nesting level to improve resolution in
the inner Danish waters. Directional resolution should be increased from 12 to 16 or possibly
24 directions.

2.3. Coupling Methods
2.3.1. CouplingHIRLAM and WAM

In the real atmosphere and ocean systems, the sea surface and the atmospheric boundary layer
(ABL) experience aclose interaction. The surface wind induces water waves on the sea surface.
These waves together with existing waves in turn induce a drag on the atmospheric flow, ex-
tracting momentum from it. Thisin turn decreases the velocity of the air flow, which again acts
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Figure 4. Bias and rms error depending on significant wave height.

on the sea waves trying to establish a quasistationary equilibrium. This state is, however, con-
tinously disturbed by sea surface wave dynamics as well as by the atmospheric dynamics and
the physical processes. The aim of coupling DMI-HIRLAM and DMI-WAM isto include these
interaction dynamics into the model system in an approximated way. In principle this should
benefit both models.

The atmospheric model HIRLAM simulates among other parameters the wind conditions close
to the surface. It is neccessary to describe the lower boundary of the model by the various
properties of the surface, which have to be represented by a set of parameters. One of these
parameters is the Charnock value (Charnock, 1955), which is an implicit measure of the drag
over sea. It influencesthe low level windsin HIRLAM viathe roughness length for momentum
(Sasset al. 2002):

2
20,sea = & ) (24)
g

where 3 is the Charnock value, u, isthe surface friction velocity and g is the gravity accelera
tion. In a stand-al one atmospheric model, 5 is a constant often set between 0.014 and 0.0185.

In the wave model WAM, the wave spectrum tendency is influenced by the low-level wind over
the sea, creating the stress through a drag formulation (Gunther et al., 1992):

Ta = 1/ Cpu(z), (25)

where u(z;) isthelow-level wind, and Cp, isthe drag coefficient:

2
Cp = L) . (26)
’ (ln(mﬁ)

18



The roughness length g wam IS Modeled in WAM using a stationary logarithmic wind profile:

ATq
20,wam = T
gyt— =

where 7, isthe wave induced stress and « isthe Charnock value. When coupling HIRLAM and
WAM, we set 20 sea = 20,wam, Which relates the Charnock value representations from the two
models as folllows:

(27)

a

f=—F (28)
-

It follows from the considerations above, that coupling between HIRLAM and WAM isrealized
by communicating the low-level wind u(z;) from HIRLAM to WAM, and by communicating
the Charnock value 5 from WAM to HIRLAM. Daoing this, the level z; isusually choosen to be
10 m. As WAM a so necessitates atmospheric input as a stand-alone model, it already includes
a pre-processor for the low-level wind. However, it is still possible to also communicate mo-
mentum flux 7 or friction velocity u. instead of the low-level wind. WAM will then determine
arepresentative low-level wind from these ( see also eg. (21) and (22) )

u(z) = Zln (i> ; 20 = %ui (29)

and

e = \g (30)

where constant air density pg is assumed in the case of momentum flux.

2.3.2. Communication schemesHIRLAM-WAM

This section describes some of the technical aspects of the communication in the coupled model
HIRLAM-WAM. In a first approach, a "loose coupling” was applied, which consists of the
following steps:

1. force WAM with winds from a stand-alone HIRLAM run and store the Charnock fields
with a predefined time interval

2. rerun HIRLAM with the inclusion of the WAM Charnock fields instead of the model
internal constants

3. rerun WAM with updated wind fields from the new HIRLAM run
4. etc.
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Figure 5: Schematic representation of the interactive coupling between the atmospheric model
DMI-HIRLAM and the WAM.
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This iterative process is fast to implement and revealed to be usefull during the first low-
resolution coupling experiments. It isin the long run, however, quite tedious and not practical
when increasing the horizontal resolution of the models.

In asecond step, the coupling was implemented into the modelsviaan MPI interface, making it
possible for the models to communicate with a significantly higher frequency. Figure 5 depicts
the principle of this scheme. The implementation is realized such that the coupling time step
can be chosen arbitrarily in multiples of the largest time step in the two models.

The implementation of the coupling in both models made it necessary aso to implement the
possibility to change the grid of the wave model from a regular geographic grid to a rotated
one, which usually is utilized in HIRLAM. This makes equality of the grids of the two models
possible, which enhances the coupling quality by avoiding interpolation deviations.

2.4. Studies
2.4.1. Non-instant coupling experiments

An experiment has been made for the 4-month period November 1999 - February 2000 with
a non-instant WAM-HIRLAM coupling interface. The purpose of the experiment is to test the
influence of the non-instant coupling on wind and wave predictions. The following tests were
run:

e HIRLAM analysisrun
A 14-month HIRLAM run in January 1999 - February 2000, with about 15km horizontal
resolution, 6-hour forecasts and hourly wind output (uncoupled HIRLAM analysis run).

e Uncoupled WAM run
A WAM run for the same 14-month period with 0.25° resolution and hourly output (in-
cluding Charnock number)

e Coupled HIRLAM run
A 4-month (November 1999 - February 2000) HIRLAM run with sea-state dependent
Charnock number from the uncoupled WAM run.

e Coupled WAM run
A 4-month WAM run forced by the coupled HIRLAM run.

2.4.2. Validation of the 14-month HIRLAM and WAM runs
Outputs of the HIRLAM analysis run and the uncoupled WAM have been validated against

buoy measured winds and waves in North Sea as a baseline for coupling analysis (She, 2000).
Specifically the results show the following bias features of the models:
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e Inaveragethe HIRLAM analysisrun has apositive 10m wind speed bias of 0.64 m/s, and
the related WAM run has almost no significant wave height bias.

e Seasonal variations of the error statistics are found to be significant for both the HIRLAM
10m wind speed and the WAM significant wave height. The amplitude of the annual cycle
of the biasis about 4 times as large as the average bias of the 10m winds. In the summer
months, HIRLAM and WAM show negative biaswhileit is opposite in the winter months.
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Figure 6: Error statistics of 10m wind speed for 14 months. HIRLAM Bias shown in upper
|eft-panel, Root Mean Square Error in upper-right, correlation coefficient between the model
10m winds and buoy measurements in lower-left and scatter index in lower-right. Mean values
are shown as horizontal lines.

The seasonal variation of error statistics of the significant wave height (bias, root-mean-sguare-
error, correlation coefficient between the model and buoy data and scatter index) is shown in
Fig.6 for HIRLAM and in Fig. 7 for WAM.
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Figure 7: The same as Fig.6 but for the uncoupled WAM significant wave height. Mean values
are shown as horizontal lines

2.4.3. Coupled HIRLAM run

In the HIRLAM analysis run, the Charnock number related to sea surface roughnessis set to a
constant 0.014. Since this value represents a smooth old sea state, the Charnock number from
the uncoupled WAM run is normally larger. For a young sea state (with wave age between 5
and 10), the Charnock number can be 5-10 times as large as in the old sea. Fig.8 shows the
difference of 10m wind speed and surface stress between the coupled and analysis HIRLAM
runs. The wind speed difference has approximately a linear relation with the wind speed. For
wind speed lessthan 5m/s, thereisalmost no change. Thisisalso related to the special treatment
of roughness length when winds are weaker than 5m/sin HIRLAM. In the 5-32 m/swind range,
the coupled HIRLAM winds are decreased by about 3-6%.

For wind speed smaller than 22m/s, the surface stress in the coupled run, however, shows no
change. Thisisbecause the decreased wind speed and increased roughness |ength have opposite
contributions to the downward momentum flux. For winds larger than 22m/s, the surface stress
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in the coupled HIRLAM run shows a slight decrease, which is up to 0.044 Pa at 32m/s wind
speed.

A drastic difference happened when the wind speed is larger than 32m/s. There are only adozen
of samples at this high end, all related to the Hurricane on December 3rd 1999. In this case the
coupled 10m wind speed is reduced by as much as 4m/s and the surface stress is reduced by
over 0.5 Pa. It should be noted that thisis just a case study, more investigation is required to
quantify the influence of the coupling on the very strong storms.

The 10m wind speed in the coupled HIRLAM run has not been compared with buoy obser-
vations. Recognizing that the analysis run has a positive winter bias over 1.0m/s (Fig.7), the
reduced wind speed in the coupled runs improves the surface wind simulations.
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Figure 8: Difference of the 10m wind speed (upper panel) and the surface stress (lower panel)
between the coupled and analysisHIRLAM runs.
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2.4.4. Coupled WAM run

Due to decreasing winds from the HIRLAM coupled model, the coupled WAM run gives a
lower significant wave height than the uncoupled WAM. This compensates the positive bias of
the uncoupled WAM (about 0.2m during the same 4-month period, Fig.7). In the case of the
Dec. 3rd hurricane, the maximum significant wave height in the coupled run is 2m lower than
that in the uncoupled WAM. This suggests that the coupling may have significant influence on
waves in the high sea state.

2.4.5. Instant coupling of HIRLAM and WAM

The following experiments were performed with model implemented coupling (see Sec. 2.3.2).
Both models were set up to cover the same domain, using identical grid topology, defined on a
rotated geographical grid.

20N

10N

40 W 30 W 20w 10W 0 10E 20E

Figure 9: Outline of the model region used in the experimentswith instant coupling of HIRLAM
and WAM.

The original purpose was a configuration capable for a reanalysis over alonger period over a
domain covering Denmark with the surrounding seas. The experiences made during the early
studies using the non-instant coupling indicated, however, that it is necessary to include a sig-
nificantly larger sea areain order to account for the wave processes over the open sea and their
influence on the early stage dynamic developments in the above atmosphere. The model do-
main for the instant coupling studies was therefore enlarged to include the North Sea and even
the Northern Atlantic. Fig. 9 shows the model domain, which excludes the polar seas till,
because sea-ice treatment is not yet handled in WAM. The domain enlargement required sig-
nificantly larger computer resources for the simulations, which made it impossible to perform
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coupled runs over very long periods. It was therefore decided to concentrate on a one month
period instead, and to study the impact of different model and coupling configurations.

The period chosen for the studies covers December 1999, which includes the Danish storm as
well as periods with weak winds. A 48 hour hindcast was launched for each day of this period
at 0 UTC, using ECMWF analysis to initialize the model. The boundaries were updated with
6 hour frequency using ECMWF global model forecasts. WAM was " cold started” (see section
2.1.1) with a parameterized wave spectrum at the first day of the period.

Different experiments have been established in order to identify the effect of the instant cou-
pling, as well as to see the impact of the different coupling methods, which the WAM model
offers. In addition, different horizontal grid spacings and vertical structures have been used, and
amodified vertical diffusion scheme was tested.

A comprehensive overview on the experimentsis given in Table 1. The first experiment series
addresses the three coupling methods, using 10m wind (V), friction velocity (U) and atmo-
spheric surface stress (T) respectively, as described in Sec. 2.3.1. An uncoupled experiment
with a stand-alone HIRLAM has been added for reference. The respective experiment names
are added an indicator for the horizontal resolution, where 45 stands for 0.45 °, for example.

A second experiment series addresses different vertical structure and vertical diffusion modi-
fication. The four coupling experiments of series 1 were performed for a different number of
vertical model levels. In addition to the model level structure of 31 vertical levels used in the
current operational HIRLAM at DMI, a 40-level model was defined. The level structure of this
model was established such that the two lowest model levels were situated at approximately the
same heights as the respective wind measurements from the two Eltra wind masts (established
by Elsam) at "Horns Rev” and "Leassg Syd”. These masts were used for comparisons to the
model winds. Table 2 shows the vertical levels of the model atmospheric boundary layer (ABL)
for the two model level definitions.

In addition to the vertical level structure, amodified vertical diffusion scheme (Lenderink, 2002)
was tested, too. This modified scheme was expected to better describe the wind profile close to
the ground. The second series experiments are also listed in Table 1.

In athird series of experiments the horizontal resolution was enhanced to 0.15 ° grid spacing.
The experiment series one and two were, however, not repeated completely in order to limit
the immensely growing computer resources necessary to perform the model runs. A reasonable
selection from the first two experiment series was identified instead. It was based on the experi-
ences from the two first series and resulted in asmall number of experiments with a stand-alone
HIRLAM and a coupled HIRLAM-WAM model using friction velocity (see Table 1). The lat-
ter choice did not limit the general validity of the results, as will be seen later on. Where the
vertical structure is concerned, the 31-level and the 40-level models were also tested in the high
resolution setup. These experiments are also listed in Table 1. Experiments with the modified
vertical diffusion scheme were not performed with the 0.15 °-model, because the verification of
the 0.45°-models did not give promising results.

A first validation of the results from the experiments was done for mean sea-level pressure
(MSLP) and for the 10m wind. Mean bias and standard deviation over forecast length were
determined with respect to the European list of observations of the European Working Group
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Table 1: Experiment list for the instant coupling studies. See text for a detailed description.

Indicator hor. grid Coupling model vert. levels  vert. diffusion

W45-04-15  0.45° stand-alone 31 standard
V45-04-15  0.45° 10m wind 31 standard
U45-04-15 0.45°  friction velocity 31 standard
T45-04-15  0.45° surface stress 31 standard

W45-04-16  0.45° stand-alone 40 standard
V45-04-16 045° 10m wind 40 standard
U45-04-16  0.45°  friction velocity 40 standard
T45-04-16  0.45° surface stress 40 standard

W45-04-17  0.45° stand-alone 31 modified
V45-04-17  0.45° 10m wind 31 modified
U45-04-17  0.45°  friction velocity 31 modified
T45-04-17  0.45° surface stress 31 modified

W45-04-18  0.45° standalone 40 modified
V45-04-18  0.45° 10m wind 40 modified
U45-04-18  0.45°  friction velocity 40 modified
T45-04-18 0.45° surface stress 40 modified

W15-05-15 0.15° stand-alone 31 standard
U15-05-15 0.15°  friction velocity 31 standard

W15-05-16  0.15° stand-alone 40 standard
U15-05-16 0.15°  friction velocity 40 standard

on Limited Area Modeling (EWGLAM) and with respect to Danish stations (DK). Results for
MSLP aregivenin Figs. 10 to 12.

As can be seen from the figures, the impact on MSLP of coupling HIRLAM and WAM is very
small in general. The impact of the vertical structureis stronger. MSLP biasisimproved in the
40-level models with respect to the 31-level models (Fig. 10, lower panels). The modification
of the vertical diffusion, however, has a negative impact both on MSLP bias and on standard
deviation (Fig. 11). The impact of horizontal resolution on the MSLP scores is small. While
the bias is dightly larger in the 0.15° models than in the 0.45° models, standard deviation is
dlightly better (Fig. 10 and 12).

The statistics for 10m wind are given in Figs. 13 to 18. The main differences show up between
the uncoupled HIRLAM and the coupled HIRLAM-WAM simulations, especially for the Danish
station list (DK), which contains more coastal stations than the EWGLAM list. The coupled
runs systematically score better. This improvement can be equally found in the 0.45 °-models
and in the 0.15° models. The standard deviation improves to a small amount with increasing
horizontal resolution (compare Figs. 13 and 17, or 14 and 18, respectively). Thisimprovement
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Table 2: Vertical leve structures of the model ABL used in the instant coupling studies. The
31-level model coincides with the operational HIRLAM at DMI.

31-level model 40-level model

level heightinm level heightinm

23 1548.7 27 1561.5
24 1202.4 28 1310.1
25 907.2 29 1083.4
26 659.6 30 886.3
27 458.5 31 710.0
28 301.9 32 560.5
29 183.9 33 437.4
30 103.5 34 327.7
31 317 35 241.0
36 172.3
37 116.5
38 77.3
39 455
40 15.0

is more pronounced when regarding the Danish stations.

There is no significant difference in 10m wind scores between the different coupling methods,
which may indicate that the unified treatment of the atmospheric input into WAM has more
impact on the model than the choice of the atmospheric parameter.

In a second validation comparison with wind observations at the two Eltra (Elsam) wind masts
a "Horns Rev” and "Lasg Syd” were performed. As can be seen from Table 2, the lowest
model level of the 31-level models almost coincides with the height of the 30m measurements
from the wind masts. In the 40-level models, the two lowest model levels coincide with the
measurement heights at 15m and 45m, respectively. The model data from these levels were
therefore compared to the respective measurements.

The wind observations from the meteorological masts are available as 10 minute averages. As
the model field data refers to 15 minute averages and was written with 1 hour frequency, com-
parison was made to the measurements referring to the 10 minute average for the full hour. A
comparison of the model data to a ”20 Minute average” determined from the two 10 minute
averages at thefull hour and at 10 minutes shows that the results of the verification are generally
independent from this choice.

Again bias and standard deviation between model and observation were determined. However,
only the coupling model using friction velocity (U45/U15) has been included in the compar-
isons, because there is no significant difference between the results from the different coupling
models.
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Figure 10: Bias (lower panels) and standard deviation (upper panels) for MSLP of the 0.45 °-
models verified against the EWGLAM stations. The left panels refer to the 31-level models,
and the right panels to the 40-level models, using standard vertical diffusion respectively. See
Table 1 for reference of the experiment names.

Fig. 19 shows the results for the 30m wind. As for the 10m wind, the coupling between
HIRLAM and WAM generaly diminishes the wind speed, which becomes immediately clear
when looking at the biases (lower panelsin Fig. 19). The coloursin the panels of the figure are

asfollows:

colour model

light blue 0.45°-model with standard vertical diffusion, standalone
dark blue 0.45°-model with standard vertical diffusion, coupled
grey 0.45°-model with modified vertical diffusion, standalone
green 0.45°-model with modified vertical diffusion, coupled
magenta  0.15°-model with standard vertical diffusion, standalone
red 0.15°-model with standard vertical diffusion, coupled

The same colour codes have been used for the results from the 40-level models, i.e. for 156m

wind (Fig. 20) and for 45m wind (Fig. 21).

Asthe experiments only comprise one month, and hindcastswerelaunched at 0 UTC, thediurnal
cycle is retained and shows up especialy at "Horns Rev”. A reason for this is that the wind
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Figure 11: Bias (lower panels) and standard deviation (upper panels) for MSLP of the 0.45 °-
models verified against the EWGLAM stations. The left panels refer to the 31-level models,
and the right panels to the 40-level models, using modified vertical diffusion respectively. See
Table 1 for reference of the experiment names.

measurements at "Horns Rev” where not available between 4t and 14t December, which
reduced the sample size considerably.

Thereisapositive biasin the winds of the lowest model level, which are the 30m wind (31-level
models) and the 15m winds (40-level models), in al models with standard vertical diffusion
(blue and red curvesin Fig 19 and 20). In the 40-level models, the next model level wind (45m
wind, see Fig. 21) shows areduced positive bias or becomes even negative. This indicates that
the representation of the vertical wind profile is too flat towards the ground, resulting in an
overestimation of wind speed near the ground.

The models with modified vertical diffusion, however, seem to represent the low level vertical
wind profile much better. The bias between the 15m wind and the 45m wind remains approx-
imately the same, especialy at "Laessg Syd” (Figs. 20 and 21, lower right panel), where the
verification is based on alarger data amount.

It is actually not possible to draw a general conclusion concerning the performance of the cou-
pled and uncoupled model on the one hand, and the performance of the 0.45°-model and the
0.15°-model on the other hand with respect to bias. This is because the representation of the
vertical profile, which is strongly influenced by the vertical diffusion, has a much larger impact
than the coupling, the horizontal resolution, or the vertical level distribution.
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Figure 12: Bias (lower panels) and standard deviation (upper panels) for MSLP of the 0.15 °-
models verified against the EWGLAM stations. The left panels refer to the 31-level models,
and the right panels to the 40-level models, using standard vertical diffusion respectively. See
Table 1 for reference of the experiment names.

The differences in the standard deviation between the different models are generally small, but
the coupled 0.15°-model with standard vertical diffusion (red curvesin Figs. 19, 20 and 21) has
the best overall performance. The largest errors mainly occur in the model runs with modified
vertical diffusion (grey and green curves). This becomes especiadly clear at the "Lassg Syd”
wind mast.

With respect to wind energy use, it is of interest, how the models perform in forecasting those
wind speeds, which wind turbines usually are capable of exploiting. The wind speed range
begins for most wind turbines around 3—4m/s and ends at around 25m/s. Another verification
has therefore been carried out, which bins the comparison in velocity ranges of the observed
wind speed. These ranges have been chosen to 0-5m/s, 5-10m/s, 10-15m/s, 15-20m/s and 20—
25m/s. Figs. 22 — 24 show the verification scores for these ranges. The colour codes are the
same as in the previous figures. Where the bias of the forecast error is concerned, the general
picture again shows that there is a poisitive bias in the models with standard vertical diffusion,
For large wind speeds, however, this bias often is reduced or even becomes negative.

Again the finding from above is confirmed that the coupling of HIRLAM and WAM reduces
wind speeds and hasimpact on the bias regardless of the sign of the bias, and standard deviation
tends to be reduced through the coupling. Thereis, however, one exception, which can be seen
in the 0-5m/s velocity bin. The coupling has no significant influence on the predicion of these
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Figure 13: Bias (lower panels) and standard deviation (upper panels) for 10m wind of the 0.45 °-
models with 31 levels and standard vertical diffusion verified against the EWGLAM stations
(left panels) and against the Danish stations (right panels). See Table 1 for reference of the
experiment names.

low wind speeds, and thisis due to the transition treatment of the sea surface roughness (Egs. 6
and 7).

The general behaviour of the standard deviation over the velocity bins is rather flat, so even
though the data volume is not large, it may be concluded that the absolute error does not in-
crease significantly with increasing wind speed. Contrary to the positive effect of the coupling
on the error, the increase in horizontal resolution does not generally lead to a reduction of the
error. It isoften the wind speeds beyond 15m/s, where an improvement through higher horizon-
tal resolution can be detected.

The relative change of the forecast error in the wind speed range exploited by wind turbines can
be assessed from Figs. 25 to 27, which show the relative error with respect to wind speed. Itis
largest for the small wind speeds and decreases most often with growing wind speed, especialy
at "Lassg Syd” (right panels in Figs. 25, 26 and 27). The figures indicate a small improve-
ment in the wind speed when coupling HIRLAM and WAM and when increasing horizontal
resolution. This has been summarized in Table 3. It shows that coupling HIRLAM and WAM
improves the wind speed forecast about 1%, where most improvement is accomplished in the
wind speed ranges between 5-10m/s and 10-15m/s, and the improvement is more pronounced
in the high resolution model. Asthe power curves of wind turbines usually have steepest ascent
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Figure 14: Bias (lower panels) and standard deviation (upper panels) for 10m wind of the 0.45 °-
models with 40 levels and standard vertical diffusion verified against the EWGLAM stations
(left panels) and against the Danish stations (right panels). See Table 1 for reference of the
experiment names.

at wind speeds between 5 and 15m/s, the effect of coupling on the improvement of wind power

prediction may be expected to be somewhat higher.
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Figure 15: Bias (lower panels) and standard deviation (upper panels) for 10m wind of the 0.45 °-
models with 31 levels and modified vertical diffusion verified against the EWGLAM stations
(left panels) and against the Danish stations (right panels). See Table 1 for reference of the
experiment names.

The improvement of wind speed forecasts when increasing horizontal resolution from 0.45 ° to
0.15° isnot as clear asin the case of coupling HIRLAM and WAM. As Table 3 shows, thereis
even adeterioration in the range of the small wind speeds. Thisisless significant in the coupled
HIRLAM-WAM models. The most significant improvement is in the range of 15-20 m/s, both
independent of whether HIRLAM runs as standalone or coupled to WAM.

In addition to the verification scores, the experiments are evaluated on basis of a case study.
The behaviour of the models outlined in Table 1 is regarded for the Danish storm on December
3rd 1999. Figs. 28 and 29 show the 30m wind speed at "Horns Rev” and at ”Laesg Syd”,
respectively, during December 224 and 4%, and Figs. 30 and 31 show the time series shifted one
day. The colour curves refer to the models as above. Differences between standalone HIRLAM
and coupled HIRLAM and WAM show up at some points, the most remarkable of which is
at "Lasg Syd” after December 3'4 21:00 in the simulations started at December 34 0 UTC
(Fig. 31), where the model wind of the 0.15° coupled model (red curve) increases significantly
earlier than in the standalone HIRLAM (magenta curve).



v10m std dev

EWGLAM

1 —— U45-04-18
]—— v45-04-18 : :
3 | —o— W45-04-18 -4 L SSSREEE Foeeeeeeed e

v10m std dev

DK

1 —— U45-04-18
4 —e— V45-04-18
—e— W45-04-18

w
E E 2_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
T S S S T S S S
3 S S S S S S S 0 ——————t— :
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
forecast length forecast length
, v10m bias EWGLAM , v10m bias DK
] —e— U45-04-18 | i i : ] —e— U45-04-18
2 g —e— V45-04-18 I S froosereeed e 2 4 —e— V45-04-18 ;
] —e— W45-04-18 H H : 1 —e— W45-04-18 :
13 ; . 1 S A ,,,,,,,,,,,,
£ o =
TNy R S—
o A S
-3 I T T T T T -3 I | m— T T
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48

forecast length

forecast length

Figure 16: Bias (lower panels) and standard deviation (upper panels) for 10m wind of the 0.45 °-
models with 40 levels and modified vertical diffusion verified against the EWGLAM stations
(Ieft panels) and against the Danish stations (right panels). See Table 1 for reference of the

experiment names.

Table 3. Average improvement of the relative forecast error in % for wind speed over the
two locations "Horns Rev” and "Lasg Syd”, when coupling HIRLAM and WAM (1), and
when increasing horizontal resolution from 0.45° to 0.15° (11). Numbers are separated for the
0.45°/0.15° models and the stand-al one/coupled models, respectively.

5-10m/s 10-15m/s 15-20m/s 20-25m/s

comparison model
| stand-alone— coupled 0.45°
0.15°
Il 0.45°-0.15° standalone
coupled

-0.87
0.96
-1.96
-0.73

0.86
1.20
-0.21
0.08

1.29
112
2.83
2.66

0.89
042
0.48
0.01
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Figure 17: Bias (lower panels) and standard deviation (upper panels) for 10m wind of the 0.15 °-
modelswith 31 levels verified against the EWGLAM stations (1eft panels) and against the Dan-
ish stations (right panels). See Table 1 for reference of the experiment names.
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Figure 18: Bias (lower panels) and standard deviation (upper panels) for 10m wind of the 0.15 °-
models with 40 levels verified against the EWGLAM stations (1eft panels) and against the Dan-
ish stations (right panels). See Table 1 for reference of the experiment names.
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Figure 19: Bias (lower panels) and standard deviation (upper panels) for 30m wind of selected
model s verified against the wind masts”Horns Rev” (left panels) and " Laesg Syd” (right panels).
See Table 1 for reference of the experiment names.
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Figure 20: Bias (lower panels) and standard deviation (upper panels) for 15m wind of selected
model s verified against the wind masts”Horns Rev” (left panels) and " Laesg Syd” (right panels).
See Table 1 for reference of the experiment names.
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Figure 21: Bias (lower panels) and standard deviation (upper panels) for 45m wind of selected
model s verified against the wind masts”Horns Rev” (left panels) and " Laesg Syd” (right panels).

See Table 1 for reference of the experiment names.
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Figure 22: Bias (lower panels) and standard deviation (upper panels) over wind speeds relevant
for wind turbines for 30m wind of selected models verified against the wind masts ”Horns Rev”
(left panels) and " Laesg Syd” (right panels). See Table 1 for reference of the experiment names.
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Figure 23: Bias (lower panels) and standard deviation (upper panels) over wind speeds relevant
for wind turbines for 15m wind of selected models verified against the wind masts " Horns Rev”
(left panels) and " Laesg Syd” (right panels). See Table 1 for reference of the experiment names.
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Figure 24: Bias (lower panels) and standard deviation (upper panels) over wind speeds relevant
for wind turbines for 46m wind of selected models verified against the wind masts " Horns Rev”
(Ieft panels) and ” Lassg Syd” (right panels). See Table 1 for reference of the experiment names.
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Figure 25: Relative error over wind speeds relevant for wind turbines for 30m wind of selected
models verified against the wind masts”Horns Rev” (left panels) and ” Laesg Syd” (right panels).

See Table 1 for reference of the experiment names.
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Figure 26: Relative error over wind speeds relevant for wind turbines for 15m wind of selected
model s verified against the wind masts”Horns Rev” (left panels) and " Laesg Syd” (right panels).
See Table 1 for reference of the experiment names.
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Figure 27 Relative error over wind speeds relevant for wind turbines for 45m wind of selected
model s verified against the wind masts” Horns Rev” (left panels) and " Laesg Syd” (right panels).

See Table 1 for reference of the experiment names.
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Figure 28: Temporal course of the wind speed observation at 30m height between 224 and 4th
December 1999 at "Horns Rev”, and, in colours, the ssmulations of 30m wind from different
models (Table 1) of the 31-level set, started at 2! December.

The best correlation between model and measurement as a whole in the case of the December
1999 storm seems to be the coupled 0.15°-model (red curves in Figs. 28 to 31). The most
significant improvement through this model can be seen at "Horns Rev” during the culmination
of the storm between in the second half of December 3™, Only the 0.15° models capture the
wind speed peak, and in the simulation started at December 3¢ (Fig. 30) the coupled model fits
the observation best. Using high horizontal resolution is decisive in this case.

The results from the 40-level models for this case (not shown) are very similar to the results
from the 31-level models, and the positive impact of horizontal resolution is also present in
these simulations.
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Figure 29: Temporal course of the wind speed observation at 30m height between 274 and 4th
December 1999 at "Laesg Syd”, and, in colours, the simulations of 30m wind from different
models (Table 1) of the 31-level set, started at 29 December.
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Figure 30: Temporal course of the wind speed observation at 30m height between 34 and 5t
December 1999 at "Horns Rev”, and, in colours, the simulations of 30m wind from different
models (Table 1) of the 31-level set, started at 3¢ December.
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Figure 31: Temporal course of the wind speed observation at 30m height between 3¢ and 5t
December 1999 at "Laesg Syd”, and, in colours, the simulations of 30m wind from different

models (Table 1) of the 31-level set, started at 3¢ December.
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3. Wind forecasting over land

Forecasting the wind or more specifically the wind resource over land has been done for many
years. With the growth of exploitation of wind energy it has become more and more important.
Any analysis of the economy of wind farms shows that by far the most important parameter is
the mean wind speed at the site (see e.g. (Hansen and Tande, 1993)).

Models for deriving the wind resource at a site are many, but one of the first more systematic
approaches to this field was the "Wind Atlas for Denmark” (Petersen et al., 1981), where the
wind resource for any placein Denmark was derived from the synoptic pressurefield. After that,
the Wind Atlas Methodol ogy was devel oped and described in the ” European Wind Atlas’ (Troen
and Petersen, 1989). This methodology - as implemented in WASP - is now widely considered
asthe industry standard for wind resource estimation.

In the following sections the modeling framework of Risg will be described (Section 3.1) and
in Section 3.3 amethod developed within this project to infer the wind speed from awind farm
will be described and an example of its application given.

3.1. Risgsmodel framework for wind ssmulation and prediction

The Risg model suite for wind-power meteorology predicts wind climates, forecasts energy
production, describes and simulates turbulence, and estimates extreme winds (Petersen et a.,
1999a) (Petersen et al., 1999b). A brief introduction follows:

e The WASP model (Mortensen et al., 2002) is based on methods described in the European
Wind Atlas (Troen and Petersen, 1989) and has become a worldwide standard for esti-
mates of the wind energy potential at potential wind energy sites, see http://www.wasp.dk/.
The model concept is to apply representative wind-climate data, typically sampled by na-
tional meteorological ingtitutes, for estimates at new locations. The sampled data are
analysed and corrected for local effects of terrain topography, surface roughness, nearby
obstacles, and stability effects. Similar corrections, representative for the potential site,
are reintroduced in the prediction phase. Terrain-induced speed-up is modelled by the
outer-layer/inner-layer concept (Jackson and Hunt, 1975), i.e. with potential flow and
local boundary layers. Obstacle shelter is also modelled by a linear flow model and ef-
fects of variable surface roughness is modelled by internal boundary layers. The effect
of the overall roughness is modelled by the geostrophic drag law, which links the friction
velocity to a geostrophic wind by a Rossby number

Usgeo = %\/(m (Ro) — A)% + B2, Ro=uw./|f| 2 (31)

The A and B constantsin Equation 31 are stability dependent, and therefore the statistical
relation between geostrophic- and surface winds is estimated by a combination of pertur-
bation calculation and spatial interpolation between inland and offshore conditions. For
convenience the wind climates are stored as tables of Weibull distributions.

The energy production of awind turbineis estimated by a power curve, predicting energy
production for a standard air density as a function of the 10-min average wind speed
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at turbine hub height. Characteristic features of the power curve are the cut-in speed
where production starts (~4 m/s), the regul ation speed where rated power isreached (~15
m/s), and the cut-out speed (~25 m/s) where the turbines is stopped for safety reasons.
The optimal design is a quick rise to rated power followed by aflat curve until cut-out
speed. The annual energy production for a single turbine is predicted by convolution of
the local wind-speed probability distribution and the power curve of the chosen turbine.
The production by awind farm involves an additional wake model based on a momentum
bal ance specified by the rotor diameter and thrust-coefficient, which, like the power curve,
is a function of wind speed, turbine aerodynamics, and regulation strategy. The over-all
effect of wakesisthat the first row of turbines steals part of the wind from the downwind
turbines when the wind speeds is below regulation velocity. These wake calculations,
caled the PARK model, are now integrated in WASP and used to find the optimal layout
of the wind farm.

KAMM (Frank et al., 2001), developed by Karlsruhe University, is a meso-scale model
which will predict certain phenomena out of reach of the linear flow models of WASP,
e.g. valley winds and sea breezes. To take these effects into account, the KAMM/WASP
method (Landberg and Watson, 1994) has been developed. The KAMM calculations are
repeated for a range of geostrophic wind conditions and results are compiled for local
wind climate statistics applicable as WASP input, see http://www.mesoscale.dk/. There
are various methods for estimates of geostrophic wind statistics. Wind statistics might
be extracted from radiosonde data or the NCEP/NCAR reanalysis data set covering the
entire globe, see http://www.cdc.noaa.gov/. Another option is to generate statistics of
geostrophic wind calculated by archived surface pressures.

The coastal discontinuity model (CDM) is another model (Halliday et al., 2001), which
has been used in combination with NCEP/NCAR reanalysisdata. Theinfluence of upwind
land surfaces on the offshore wind speed profiles was modelled by a combined stability
and internal boundary layer model based on principles similar to those of WASP. The
advantage is that corrections were applied in each time step with varying sea fetch and
stability conditions leading to better statistics of the offshore wind climate.

Measure-correlate-predict (MCP) models are sometimes used as a supplement to WASP,
in case a developer has installed an on-site meteorological station (Nielsen et al., 2001).
Such data may be of good quality, but usually the measurement period is limited to one
or two years, which is a poor basis for estimates of the long-term climate. The MCP
method is to establish a statistical correlation, e.g. sector-wise linear regression, between
the new measurements and data from a well-established near-by meteorological station.
This statistical model is used to construct long-term statistics for the new site by long-
term data from the reference station. Finaly, the long-term statistics for the new site are
used as input to WASP for prediction of annual power production by the selected turbines
and park layout.

PREDIKTOR (Landberg, 1999) isatool for short-term wind energy production forecasts
useful for the planning by power utilities, see http://www.prediktor.dk/. The system is
implemented as an on-line facility with automatic updates published via the Internet. A
weather-forecast model like DMI-HIRLAM supplies regional wind forecasts for a se-
lected level, which isinterpreted as the geostrophic wind and translated to surface winds
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and energy production by the WASP/PARK method. The model includes local effects of
terrain, surface roughness, obstacles, turbine power curves, and park layout. In order to
further optimize the energy forecasts, the physical model is supplemented by empirical
corrections based on model output statistics.

e WASP Engineering (Mann et al., 2002) is a tool for prediction and simulation of site-
dependent turbulence, extreme wind and profiles, see www.waspengineering.dk/. The
potential users are engineers designing optimal turbines with sufficient safety margins
for fatigue damage and extreme loads. The mechanical loads on the constructions are
typically estimated by computer simulation of structural vibrations of an operating tur-
bine exposed to realistic turbulent fields simulated by WASP Engineering. The turbulence
model is based on rapid-distortion theory (RDT), which predicts the spectral statistics of
turbulent eddies being stretched or squeezed by the mean flow. Initia turbulence is mod-
elled as an isotropic von Karman type spectral tensor, scaled by the energy dissipation rate
and a single length scale. The isotropic turbulence is transformed to realistic turbulence
by RDT correctionsfor boundary-layer shear, changesin surface roughness, and speed-up
by terrain topography. For this purpose, the mean flow is modelled by LINCOM, which
is alinear flow model similar to that of WASP except that it operates on a cartesian grid
rather than a polar one. From the 3-D spectral tensor it is possible to extract information
on power spectra of velocity componentsin any direction, cross spectra, and the spectral
coherence of fluctuations at spatially separated points. The spectral tensor isalso the basis
for Fourier simulation of 3-D turbulence fields of three correlated velocity components.
Using the ' frozen-turbulence’ approximation, these 3-D spatial fields are interpreted as a
sequences of 2-D fields hitting the wind turbine rotor. WASP Engineering will also trans-
late regional geostrophic extreme-wind statisticsto local wind-extreme statisticsusing the
WASP corrections described above.

WASP is the most prominent member of the model family and, although primarily intended for
turbine siting, it has been possible to extract or interchange modules and extend the use to other
applications. In the present project the task isto assess whether wind turbine power production
may predict surface winds — more or less areverse PREDIKTOR problem. For this purpose we
are mainly interested in the PARK module of WASP.

3.2. Predicting wind speed by measured power production

The relation between wind speed and energy production is provided by the wind-turbine power
curve. Thisimplies that useful information will only be available in the range between cut-in
speed and the speed where the turbine reaches rated power (~4-15 m/s). Outside this range the
relation may be ambiguous, e.g. zero power output could both indicate wind speed below the
cut-in speed or beyond cut-out. In practise, thisis not a problem, since there should be some
prior estimate of the likelihood of storm or calm. Suppose that we express this preliminary ex-
pectation as a probability distribution f4(s). Furthermore we have an expectation of the power
production given acertain wind speed fp|, (P). Then we assessthe conditional wind speed dis-
tribution f, p (s) by Baye'srule using the probability distribution of expected power production
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depending on wind speeds.
s (s s (P
fon (3) = (8 e (P)
(j]‘fs (s) fris (P)ds

(32)

In the following section it is shown that wakes in wind-turbine parks introduce variability de-
pending on wind direction, so we extend the formulato:

fs (3) ZfrfPs,G (P) do

21 0o

f ffs (3) fp|579 (P) dsdf
00

(33)

fsipo (8) =

In search for theapriori probability distribution of wind speed and direction we first consider or-
thogonal components of the wind vector. One way to estimate the uncertainty of thisis provided
by the ' poor mans ensemble forecast’, which is a weighted average of estimates by a sequence
of recent forecasts.

= ijuj (Z wj)_l and o= ijvj (Z wj)_l (39

Here, u; and v; are orthogonal wind components for forecast no. j and are corresponding
weighted averages (u, ) based on weight coefficients, e.g. parameterized by an exponential
decay w; = exp (—jA7/T), where At isthe time lag between each forecast). The variances
of the weighted sums are

22 = [Swd 4@ Y w2 Y wuy] (Ywy) (35)
o2 = Y wpe 40y w - 20> wi| (3 wj)fl
Couww = [Z wjuvj + AT Y wj — Ty wv; — ﬁijua'] (Z wa')_l
In polar coordinates, e.g. speed and direction, the vector is
s=vu2+v? and 6= Arctan2 (u,v) (36)

and variances are estimated by

o = (a+ 172)72 (w02 + v%02 + 2uvCoy, )
o8~ {Arcsin (e) (1 + (2/\/§ — 1) €3>:|2 (37)
using
g2 = <ﬂ2 + 172) - [a%ﬁ + %02 — Qaﬁcow] (39)

Here, the directional varianceis estimated by aformulawhich approachesthe traditional *small-
angle' estimate oy ~ ¢ for ¢ — 0 (Yamartino, 1984).

The ensemble approach is only used for estimates of uncertainty, whereas the most recent
forecast is used for the expectation value. Expectation values and uncertainties deduced from
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Table 4: Positions of the individual turbinesi n the Abild wind farm.

UTM N (km) UTM E (km)
Turbineno. 1 6093.530 492.960 ;
Turbineno. 2 6093.659 492.944
Turbineno. 3 6093.788 492.927
Turbine no. 4 6093.591 493.069
Turbineno. 5 6093.720 493.053
Sonofonmast  6093.136 492532 3

Dx=125m, 61 Deg

HIRLAM forecasts are used to scale a priori distributions for wind speed f(s) and direction
fo(6). The normal distribution is applied for both variables, since the wind-speed standard de-
viation is assumed small compared to the average speed, and directional standard deviation is
assumed small compared to 27. The expected power production, depending on speed and di-
rection, is known by WASP analysis, and arealistic variability is estimated by the error analysis
used in power-curve calibration tests (Pedersen, 1993). With the expected mean production
and variance we model the conditional probability distribution fp|, ¢ (P), again by a normal
distribution. Finally, the a posteori wind-speed distribution is calculated by equation 33.

3.3. A study of wind and energy production at Abild wind turbine park

As atest case we have studied data from the Abild wind farm located in flat terrain ~4km N
of Tender and ~10km from the sea. Measurements and background information were commu-
nicated by ELTRA, whilst DMI extracted a corresponding series of wind speeds at hub height
from historical HIRLAM forecasts. The farm is designed as rows of turbines oriented along
the 173° direction with three turbines in the predominating upwind row and two turbinesin the
rear row, see Table 4. Distances between turbines is 130m within the main rows and 125m or
142m between turbinesin separate rows for the directions 61° or 118°, respectively. Theturbine
model is Wind World 3700, which has a rated power of 550kW. The power curve was known
in advance and NEG-Micon (new owner of Wind World) supplied an approximate cal culated
thrust-coefficient curve. From previous projects, digital maps of terrain and surface-roughness
were available in the standard WASP format. These digital maps were originally derived from
information by Kort & Matrikelstyrelsen, and our partners at Energi- & Miljg Data processed
the surface-roughness data. The regiona wind climate was available from the same project,
where it was calculated by measurements from the DMI station at Vester Vedsted during 1987-
96. Local obstacles were neglected; the closest buildings are ~100m toward WNW measured
from the closest turbine, whereas Abild village is ~1000m toward SW.

Additional signals are available from sensors mounted on a telecommunication mast (Sonofon)
approximately 1/2km S of the farm. This station is equipped with two anemometers, a wind
vane and a temperature sensor. The ratio of the anemometer signal difference over their mean
is shown in Figure 32. There are signs of flow distortion and for this analysis we select data
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Figure 32: Theratio 2(u; — u2)/(u1 + u2) asafunction of wind direction.

from the first anemometer with wind directions in the sector 80-140° data from the second
anemometer with directions in the sector 180-240° and the average speed otherwise, provided
that both signals are available. The database was screened for obvious outliers. Wind speeds
measured prior to October 4, 2001 were corrected with afactor of 1.33 (ELTRA, persona com-
munication) and, in addition a height correction from measurement height (35m) to hub height
(42m) was applied, assuming logarithmic profiles and a surface roughness of z¢=0.03m. The
farm was analysed by WASP 7.2 and the over-all production loss was found to be modest 9%, see
Figure 33. The wake-effect may, however, be much larger for specific combinations of speed
and direction, in particular for weak winds and when turbines are aligned in the wind direction,
see Figure 34. Thisfigureiscalculated by WASP using 1° directional resolution. The most sensi-
tivedirectionsare 118°/298° (three turbines sheltered) and 173°/353° or 61°/241° (two turbines
sheltered). Weaker wake effects are observed for the directions 26°/206° (turbinesno. 1 and 5
aligned) or 144°/324° (turbines no. 3 and 4 aligned). No production loss is expected for wind
speeds beyond 15 m/s when power regulation starts. The figure illustrates the importance of
knowing the wind direction when predicting speeds by power production with wake effects.

Figure 35 shows the empirical relation between wind speed and production. The shapeisin
general agreement with WASP predictions shown by a solid curve. Situations with expected
minimal and maximal wake effect are indicated by blue and red dots and, athough a dlight
distinction is observed, this does not explain all of the variance. The plot is repeated for 10-
min averaging time, compatible with HIRLAM predictions, and for 1-hour averaging time. The
longer averaging-time reduces the scatter, probably because this time-resolution is in better
accordance with the WASP model and because of better spatial correlation of winds in the park
and at the reference mast, ~ 1/2km apart. For higher wind speeds the marked points falls on
three tracks, suggesting that the park operated with only three or four turbines for part of the
period. Unfortunately, statistics of turbine stops are unavailable. Mean and standard deviations
the 1-hour data are shown in Figure 36. The model seemsto underestimate the power production
dightly, or as an aternative explanation, the reference wind speeds measured at the Sonofon
mast could be too low.
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Figure 33: a) Predicted annual production of individual turbines as a function of wind direction
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Figure 35: Coincident measurements of wind speed and power production during 2000-2001
with 10-min (left) or 1-hr (right) averaging time. Blue and red dots indicates measurementswith
wind directions 85-95°/265-275° and 168-178°/168-178°, respectively. The solid curveisthe
model prediction.
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Figure 36: Mean and standard deviations of measured power productions as a function of wind
Speed.
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The power measurements and HIRLAM forecasts are used for wind-speed prediction by equa-
tion 33 and compared with measurements at the Sonofon mast. The a priori prediction of wind
speed and direction are assumed Gaussian with mean values equal to the most recent forecast
and variances estimated by Equation 37 using a 12-hour exponential decay for the weight co-
efficients. The expected power production extracted from WASP is a function of wind speed
and direction. The power-curve uncertainty is estimated in accordance with certification stan-
dards (Pedersen, 1993), although Figure 35 indicatesthat actual scatter was considerably higher.
Figure 37 compares series of HIRLAM forecasts, the predictions, and local measurements and
the predictions are seen to be closer to the local measurements than the raw forecasts. Also
shown are the estimated uncertainty and observed differences between forecasts and local mea-
surements. The HIRLAM uncertainty estimated by Equation 37 is in agreement with observed
differencesrelativeto local data, whereas estimated uncertainties of predictions seem far too op-
timistic. The most likely explanation is that power production is less predictable than expected.
An alternative prediction was made with empirical power uncertainty as observed in Figure 36.
This test provided realistic uncertainty estimates of the predictions, but unfortunately the bias
of the alternative method was less ideal than with the first approach. Figure 38 shows monthly
statistics of discrepancies between HIRLAM forecasts and local measurements or similar for
the predictions. The monthly bias is aways improved by the production-based estimates with
no systematic seasonal dependence. The standard deviation is usually improved by a factor of
two.

The conclusionisthat it is possible to improve the forecast by knowledge of current wind power
production. The method could be improved with access to more detailed information, e.g. the
production of individual turbines or, even better, from isolated wind turbines not exposed to the
wakes of upstream turbines. Signalsfrom the nacelle anemometer are also of interest, especially
when a correlation with the free-stream vel ocity has been established and when the turbine yaw
signal is available (Antoniou et a., 1998). Data from anemometers sometimes mounted on
near-by masts would provide ideal information.
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3.4. Other studiesduring the project

A five month integration (October 2000 to March 2001) has been carried out with 6 hourly
ECMWEF analysis increments on a 1.0° scale. This approach keeps the model close to the cor-
rect atmospheric state. Any improvementswill therefore show up asrelatively small differences.
The statistical signal from 600 times 6 hour forecastsis very stable.

The model wasrun in three versions. One uncoupled version and two coupled versions. The dif-
ference between the two coupled versions was with respect to the parameter exchanged between
DMI-WAM and DMI-HIRLAM. One experiment (‘v10m’) exchanges 10 metre wind while the
other experiment (* stress') exchanges the surface stress. The model resolution in HIRLAM was
0.45° with 31 vertical levels. The model integration area was selected such that the typical
storm track the Atlantic from the USA to the northern part of Norway was covered. The model
grid does not cover the part of the Atlantic with alarge percentage of ice, because the param-
eterization in WAM is not yet developed for this. The model grid contains a large fraction of
the Atlantic Gulf Stream which is very critical for mid-latitude weather prediction. Thisareais
associated with strong currents and a strong horizontal temperature gradient in the surface tem-
perature. The wave structure is normally very complicated along the polar front, which implies
that the sea surface is very rough. The nature of the polar front is that the position can change
rather rapidly, but the width of the polar front is less than 100 km. Another issue is the static
stability. Because of the sharpness of the polar front’s sea surface temperature gradient, the
atmospheric model’s static stability may become incorrect near the front. Thus the full benefit
of the coupling between an atmospheric model and a wave model may only be achieved when
an ocean model isincluded aswell.

The focus of this particular run is on an examination of the possible benefit of the ocean cou-
pling on actual wind energy estimates on land stations. Most wind energy capacity in Europeis
installed in a belt around 10 km from the sea. We focus on 4 Danish stations in Jutland in the
vicinity of a coast. Two stations (Frederikshavn and Arhus) have been chosen on the east coast
while Remg and Hvide Sande have been selected near the west coast. A module called every
time step in DMI-HIRLAM has been devel oped which can deduce awind power estimate for a
given station. Thisis done by combining wind information with a standard power curve for the
site(s). The results of such computations and comparisons with measured power production are
given in tables 5a and 5b.

The results for the 5 month long period described above indicate that

e The effect of wave coupling on wind prediction over land is on average small, but for the
the North Sea coastline the results for estimated wind power suggest an improvement of
the coupling around 2.5 %.

e Improvements more than 100 km inland for onshore wind conditions indicate that the
coupling has a positive large scale effect on the forecast.

e The stations on the North Sea coastline and 100 km away show almost the same error
statistics.

e Theresultsfor stress coupling run are marginally better than the 10m wind coupled run.
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Table 5a

Statistics for energy production at the two sites (Frederikshavn and Arhus) on the east coast. The average
mean error (bias), mean absolute error (abs) and root mean square error (rms) are given for all wind
directions, and for directions 0-179°, and 180 - 360°. Uncoupled results for wind and the two different
coupled results are shown in separate columns. The improved prediction of energy production in percent
isgiven in thelast column.

EAST coast | - - - - - -
- Direction | Number | Uncoupled | Coupled | Coupled | Improvement
- deg. of obs v10m stress %
bias: 0-359° 7196 251 2.45 2.44 29
abs: 0-359° 7196 2.60 2.54 253 25
rms: 0-359° 7196 4.38 4.29 4.29 21
bias: 0-179° 3211 2.32 2.24 2.24 3.7
abs: 0-179° 3211 2.44 2.36 2.36 3.2
rms: 0-179° 3211 4,03 3.92 391 3.0
bias: 180-359° | 3981 2.67 261 2.61 2.3
abs: 180-359° | 3981 2.74 2.68 2.68 2.1
rms: 180-359° | 3981 4,64 457 4.57 16
Table 5b:

Statistics for energy production at the two sites (Ramg and Hvide Sande) on the west coast. The average
mean error (bias), mean absolute error (abs) and root mean square error (rms) are given for all wind
directions, and for directions 0-179°, and 180 - 360°. Uncoupled results for wind and the two different
coupled results are shown in separate columns. The improved prediction of energy production in percent
isgiven in the last column.

WEST coast | - - - - - -

- Direction | Number | Uncoupled | Coupled | Coupled | Improvement
- deg. of obs v10m stress %
bias: 0-359° 4509 2.58 2.50 250 33
abs: 0-359° 4509 2.80 2.73 2.73 25
rms. 0-359° 4509 4.64 454 454 21
bias: 0-179° 2615 250 2.40 2.40 3.8
abs: 0-179° 2615 2.74 2.65 2.66 29
rms: 0-179° 2615 4.56 4.45 4.45 24
bias: 180-359° | 1894 2.70 2.63 2.63 26
abs: 180-359° | 1894 2.90 2.83 2.84 21
rms: 180-359° | 1894 4.74 4.66 4.67 16
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4. Conclusions

It is possible to draw a number of conclusions from the various studies carried out during the
project.

The results described in section 2 show that the effect of coupling DMI-HIRLAM with an ocean
wave modd is positive, athough quite modest in its present form. Wind biases appear to be
reduced in the fully coupled runs. Also the resultsindicate that synoptic scale forecast improve-
ments are best achieved if the coupling is implemented for a large model domain. Improved
quality has been obtained when increasing the horizontal model resolution from 0.45° t0 0.15°
The impact of increased vertical resolution appears to be more marginal .

The coupling experiments mentioned in section 3.4 indicate that the effect of wave coupling on
the quality of wind (and wind power) prediction may be larger over the ocean than over land.
The results suggest a potentia for improving the forecast of wind power production by 2.5 % at
the Danish North Sea coastline.

The coupling method as currently implemented has some weaknesses which may be improved
in the future. The stress computation asincluded in WAM assumes a neutral drag coefficient in
the atmospheric surface layer. Thisis somewhat inconsistent with the stability dependent stress
computation in DMI-HIRLAM, which is aso connected to the 10m wind computation in DMI-
HIRLAM. Since WAM iscurrently calibrated to the 10m wind data from the atmospheric model
there is no guarantee that using stress from DMI-HIRLAM will produce better results prior to
arecalibration of WAM. However, the results of using stress coupling appear to be marginally
better than the alternative of using 10 metre wind, and an improved forcing of WAM in the
future should involve stress from HIRLAM rather than 10m wind. A fully consistent coupling
would involve a computationally more expensive iterative procedure for determination of sur-
face fluxes.

An increase of the directional resolution of the WAM spectrum from 12 to 18 or 24 directions
may lead to improved results of the coupling asfound recently in the ECMWF model. At alater
stageit may pay off to extend the coupling to a complete ocean model including ocean currents.
This provides a better framework for describing sea surface temperatures in areas with large
horizontal temperature gradients affecting often the development of new weather systems.

Also the character of the turbulence scheme used in DMI-HIRLAM has a fundamental impact
on the wind profiles achieved in the the model. It has been shown that the modified vertical
diffusion scheme mentioned in section 2.4.5 improves the representation of the vertical wind
profile in the atmospheric boundary layer. This confirms that the turbulence parameterization is
vital and should be considered in the context of future improvements of the forecasting system.

A new method for improvement of wind forecasts from DMI-HIRLAM by local power-produc-
tion datais suggested. Comparison with independent local wind speed data proved it was pos-
sible to reduce bias and standard deviation of the local wind speed prediction. These reductions
were however smaller than anticipated, suggesting that the power production was influenced by
occasiona wind turbine stops or that reference wind speed measurements had some flow distor-
tion. The method should work better with data from individual wind turbines, since this would
avoid the problems of stopped turbines or false wake-corrections due to uncertain local wind
directions.
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