Mesoscale modelling for an offshore wind farm
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Summary

Relatively small gradients in wind speed impactgbwer output across large wind farms and changexpected
power loss and also the expected wind shear. Heresascale model study has been conducted at 2datution
to quantify wind conditions for an offshore windrfain a coastal location. Spatial gradients andicedrprofiles
between 25 m and 70 m height are examined undferetit wind direction and stability conditions. Eting and
potential offshore wind farms tend to be placedinitthe coastal zongthe region within around 50km from the
coastline. For winds from the direction of the latite atmospheric boundary layer undergoes a tiamsn this
zone due to the sharply contrasting surface canditfrom land to sea. Offshore wind farms tendawec a large
area and only limited point measurements can beenthdrefore knowledge gained through mesoscalelimgl
of the spatial variation of winds in tlteastal zonés of value. Such knowledge can be used to opéirttiz siting
of turbines and highlight conditions that may leéadharp gradients of wind speed across a wind.fahis paper
concentrates on a special application of the KAMMsoscale model in the region of the Nysted offshvare
farm, off southern Denmark.



Motivation

The spatial variation of offshore wind resource bardifficult to assess due to limitedsitu measurements.
Synthetic Aperture Radar (SAR) images can providelw@source estimates over water [1] but the nurober
satellite scenes that can be used may be limitedalthe cost. Mesoscale modelling has been usass&ss
offshore resource [2], and been able to captur@scade features created by changes in surface niomemd
heat fluxes at coastlines. This paper presents imodstigating the use of a mesoscale model tosagsav wind
conditions over a wind farm change in relationiftedent wind directions and different land and se&face
temperature configurations. For offshore wind faohkarge size, located in a boundary layer that sansition,
the variation of wind conditions at different tunbs across the farm may be considerable. Studiestigating
wake losses associated with large wind farms [3}] aiso need to consider the background gradientsraf.
Gradients of power performance in an offshore varch are possibly influenced by gradients in wiedaurce as
well as wind direction-dependent wake losses. Agsgitinat the effect of wake losses and gradientgitir
resources may be superimposed, mesoscale modelinlis may in the near future be applied in coctjon with
wake models, in order to predict farm power oufpugiven conditions. Some of the results of thigly have
been included in [4], in connection to short-tenretasting of offshore wind speeds.

Method

The Karlsruhe Atmospheric Mesoscale Model [5] isdugxtensively in wind energy applications, mostlythe
calculation of numerical wind atlases in the KAMMAAP methodology [6]. In this article the applicatiof
KAMM is rather different. KAMM has been run withumiform 2 km horizontal resolution in a domain @02x
200 km. In the vertical 25 model levels using adier following coordinate were used from the sugféa 5500 m.
The spacing between vertical levels is not unifdewels close to the surface have the smallestialte

Figure 1 shows the surface elevation used in thepatation domain. The data is derived from the Sd®Radar
Topography Mission (SRTM) [7] dataset available domnload at 30 arc second resolution from [8]. Wikir
gridded dataset is created for the surface roughimethe computation domain, derived from the Gldkend
Cover Classification [9] dataset from the USGS.
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Figure 1: KAMM mesoscale modelling domain centredtbe Nysted offshore wind farm. The plot shows the
orography with a 25 m contour interval. The gressads land, the white area sea. The horizontalu#en is 2
km.

KAMM requires a potential temperature and geostiop¥ind speed and direction profile to define tloecing
state of the model. A single temperature profilel @ single wind speed profile were defined. Theszew
calculated using NCEP/NCAR reanalysis [10] temperatma geopotential height gradient data determineah f



the four nearest grid points to the wind farm feass 1965 to 1998 for the heights 0 m, 1500 m, 30@Mhd 5500
m above sea level. The mean geostrophic wind aiv@sfound to be 9.826 m/s. In order to simplify ghefile a
little, the mean winds at all heights were mulgpliby 10.0/9.826 in order to give a 10 m/s geosimforcing at 0
m. Figure 2 shows the potential temperature andi\wspeed profiles used for the KAMM modelling. Iredally,
the mean geostrophic wind directions for the 4 hisigvere found to be 262268, 272, 275, indicating a
turning of the geostrophic wind and warm advectionthis idealized study a set of 12 wind direciamas used
from @ to 33¢ with a constant 30nterval, with no variation of direction with héit
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Figure 2: Graphs showing the wind speed profil&)(lend potential temperature)(profile (right) used in the
KAMM simulations.

In KAMM the land and sea surface temperatures @aseb by a constant offset relative to the lowestiehlevel
air temperature at initialization. In the first sdtintegrations, set A, the offset temperatureesto OK for both
land and sea surfaces. That is to say that thacutémperature is set to the lowest model levakaiperature at
initialization everywhere in the domain. The sueaemperatures do not change during the modelratieg.

In the second set of integrations, set B, the sartacnperature offset relative to the lowest moeekl air

temperature is +5K for sea surfaces and —5K fadl Eurfaces. That is to say the sea surface is wadrthe land
surface is cold. In the third set of integratiosst C, the surface temperature offset is —-5K forssetaces and
+5K for land surfaces, meaning a cold sea surfadesavarm land surface.

Results

Figure 3 shows two examples of the wind fieldsdd40 wind forcing from set A and a 1%@ind forcing from
set C, at 70 m above surface level after a 6 haegration. It can be seen that there is consitkerariation of
wind speeds above the sea, especially in the sas€ c

The spatial variation of the wind speed and dicecteads to variation of the wind conditions expreced across
wind farm, since the spatial extent of the windnfas large. Figure 4 summaries this intra-farm atéoh by
plotting the wind speed and direction for five lboas around the farm for each of the integratiofise five
locations comprise of the four corners of the wianan and the anemometer location.

It can be seen from Figure 4 that the variatiowiofd speed and direction experienced over the éxiketie wind
farm is influenced by large-scale wind forcing anniface temperature conditions.

By examining simulations from set A it can be s#&at the wind speed varies with wind forcing angléh two
maxima for wind speed occurring at 24gnhd 300 forcing angles. These directions correspond tateviysand
south-westerly winds respectively at the wind faxin¥0 m due to the Ekman spiral. In these direstiere is a
long fetch from the bay northwest of Libeck andween the islands in the area up to southern Jytland
respectively.

Two minima of wind speed occur at around 380° and 150 wind forcing angles. At 70m at the wind farm, thes
correspond to north-westerly to north-easterly awdith-easterly winds, respectively. In these diast
especially north-westerly to north-easterly, the fetch is reduced.

For set B (warm sea, cold land) the variation ofdvepeed as a function of wind forcing angle is oedu
compared to set A. The maxima and minima are ajipaiely located at the same forcing angles astikhsAlso
the variation of wind speed within the wind farmreduced, except in cases where the wind is bloviriom
between the north and northeast, i.e. off the needastline. At these wind forcing angles therarisenhanced
variation of wind direction at 70 m within the farm



Figure 3: The wind vectors and wind speed at 7(ava the surface for (left) 22@orcing from set A and (right)
15@ forcing from set C. The thick white lines mark dtiaes. The wind speed is indicated by colour seald
black contours with a 1 m/s interval. The small redmboid and blue squares mark the extent of tysteld wind
farm and the KAMM grid points representing the wiadm corners.

Above the warm sea surface, reduced stability as#e the mixing of air with higher momentum frorofial

Conversely, above the cold land surface, increataillisy decreases this mixing. So generally thedvabove

land is reduced compared to set A, whereas the aliode sea is increased compared to set A. Therdfere is

typically a more distinct change of wind speedsiglthe coastline, hence the variation in farm wspdeds when
the wind is blowing off the nearby coastline, whka wind farm is partly within the sharp coastahsition. On

the other hand, the variation of wind speeds amaetion of wind forcing angle is reduced becauspjiears once
the distance to an upstream coastline is greatder #30 km the fetch plays a less important rolenwthe marine
boundary layer is unstable.

For set C (cold sea, warm land), the variation ofidvspeed as a function of wind forcing angle isatge
compared to simulations from sets A and B. Alsouagation of wind speed within the wind farm is grer for
most wind forcing angles. The wind directions an7®ithin the farm vary more than the simulatioranf set A.

Figure 4: Diagrams showing the mesoscale effectheigeostrophic wind forcings for set A (left), Biddle) and

C (right). Each wind forcing direction is indicatedth a bold rectangle of a particular colour, elye sector
centred on 3is red. For a given large-scale forcing the sitadavinds at 70m for five locations at the wind
farm are show by lines of the same colour. Thectiva on the diagram indicates the direction whees wind
comes from and the length indicates the wind sfisgeed-up”. The dotted-line circle represents aéspup” of

1, meaning that wind speed at 70m is the sameeafothing at 0 m. “Speed-up” above 1 indicates adwaster
than the forcing wind speed and below 1 indicatedna slower than the wind forcing.

Explaining the wind characteristic of set C is mooenplicated. To start with, above a cool sea setfacreased
stability decreases the mixing of air with highesmentum from aloft and may give rise to reducedidvgpeeds at
low level. At the same time, above the warm landreased mixing may give rise to increased wineéagelf this
is the case then a less distinct change of windsealand and sea would be expected at low levelsadse the



stability change effect is counter-acting the rauggs change effect. However, for transitions ttahls marine
boundary layer, jet features can arise caused biméalance of the pressure, Coriolis and frictiofakes,
following a decoupling of the frictional force dio@ an increase in stability [11]. Such jet featucas then give
rise to increased winds above the cool sea. Framsimulations of set C a mix of these effects imsé&®r
instance in some locations high wind speed jetufeatappear whilst in other locations the ‘winddsiw of an
island extends many tens of kilometres across ¢lae Fhis complexity of the situation is reflectedtie large
variations of wind speed within the farm and fdfatient wind forcing angles for set C simulations.

Figure 5: Diagrams showing two examples of modeldnspeed and wind direction at 25 m (+ symbolsj Zhm
(x symbols) above the surface using the 3 surfan®eérature configurations for 5 locations arours Nysted
wind farm: 4 corner locations of the wind farm aad anemometer location. Two geostrophic wind faycin
directions are shown, 18(eft) and 300 (right).

Figure 5 gives an impression of the vertical peo@f the modelled winds at the wind farm for twéfetient wind
forcing directions. The 180forcing represents a rather simple situation withd blowing from Germany’s
northern German coast, whereas the °30€cing represents a more complicated situatioth wiinds blowing
from the direction of the southern-most tip of lamitl, such that wind farm is partially influencedthg increased
roughness upstream. For the 18dd 300 forcings the smallest vertical wind shear is sieegset B case (warm
sea, cold land), indicative of a unstable marinerary layer, and the largest vertical wind sheaeien in set C
(cold sea, warm land) indicative of a stable maboandary layer. However for the T8frcing the set B case
exhibits the largest wind speed whereas for the® 3@@ing it is the set C case that exhibits the datgwind
speeds. The 30dorcing also gives the largest variation of thedvspeed at 70 m within the farm, for the set C
case, indicative of the influence of the southeoshtip of Lolland on part of the wind farm.

Conclusions

The mesoscale model KAMM has been used to investitfee wind conditions over the spatial extent of a
offshore wind farm south of Nysted. Similar to tiredings of [2], inhomogeneities of wind conditionser the
sea are created by the KAMM, however here focadsis given to variations of wind conditions ovee tirea of a
wind farm. The model simulations have demonstrdbed the wind conditions for the Nysted wind farary
greatly, depending on the direction of the windcfiog and the land and sea surface temperatureignifisant
advantage of mesoscale modelling is that complicfge and channelling features are captured thagraise
cannot be predicted with microscale models.

The simulations with a cold sea, warm land configion (case C) demonstrated a larger degree ofringeneity
in the wind speed modelled over the sea regionspeosd to the warm sea, cold land configuration gk
Topographical effects may not be strongly influegcthe offshore wind conditions, however the déferes in
surface momentum and heat fluxes over the landsaadand the complicated shape of the coastlimgi@il),
give rise to these inhomogeneities.

The study indicates how wind conditions, and theeefresource, can vary within the spatial extentftshore
wind farms. If in situ measurements are limiteddaroffshore site, then further methods to ass@ss eonditions
need to be utilized. Synthetic Aperture Radar (SAB)ved spatial wind data and mesoscale modellifigr of
complimentary methods to complement in situ measangs. In the case of the mesoscale modellingssbkan
shown that correctly setting the sea surface teatper conditions will be of great importance in@rdo model
the maritime boundary layer accurately.
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