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Reality . . .Reality . . .yy
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Arctic Front case studyArctic Front case study
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Arctic Front case studyArctic Front case study
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Arctic Front case studyArctic Front case study
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Arctic Front CaseArctic Front Case
TakeTake--home messageshome messagesTakeTake--home messageshome messages

Real atmosphere teaches humilityReal atmosphere teaches humility
–– “always” isn’t necessarily always“always” isn’t necessarily alwaysalways  isn t necessarily alwaysalways  isn t necessarily always

Just when you think Just when you think –– have something figured outhave something figured out
–– Atmosphere finds a way to jump up, bite you in the rearAtmosphere finds a way to jump up, bite you in the rear

Especially true if what you ‘know’ comes from modelEspecially true if what you ‘know’ comes from modelEspecially true if what you know  comes from modelEspecially true if what you know  comes from model
–– Conceptual, numerical, analytical, engineeringConceptual, numerical, analytical, engineering

E ti l f t t ! f t i d di t dE ti l f t t ! f t i d di t dEssential forecast was accurate ! …front arrived as predictedEssential forecast was accurate ! …front arrived as predicted
–– Bust to customer, Bust to customer, thotho = cloud= cloud--base and base and vsbyvsby wrongwrong

Changes happen after last obs., if ‘too far’ awayChanges happen after last obs., if ‘too far’ away

Precise wind speeds more capricious, unpredictable than Arctic Precise wind speeds more capricious, unpredictable than Arctic 
Front clouds, weatherFront clouds, weather
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What about wind energy ?What about wind energy ?What about wind energy ?What about wind energy ?
ForecastsForecasts of winds neededof winds needed

35
CharacterizationCharacterization of winds neededof winds needed
–– Mean value, variability, extremes, Mean value, variability, extremes, 

t t t b t fl t tit t t b t fl t ti

35 
m

vert. structure, abrupt fluctuations vert. structure, abrupt fluctuations 
((inclincl turbulence)turbulence)

2 special requirements2 special requirements
80 
m

2 special requirements2 special requirements
–– AccuracyAccuracy –– more precise than more precise than 

previous applicationsprevious applicationsprevious applicationsprevious applications
–– Above surface Above surface –– traditionally traditionally 

difficult to measuredifficult to measure
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Wind energyWind energy
Wind plants (farms) must be Wind plants (farms) must be economically viable economically viable -- $$$$
–– Estimated for one plant Estimated for one plant –– 0.5 m s0.5 m s--11 difference in annual wind speed difference in annual wind speed 

= $ 40 M per year= $ 40 M per year$ 0 pe yea$ 0 pe yea

Major meteorological issue:Major meteorological issue:
Lack of measurements in 30Lack of measurements in 30--300m layer300m layer

–– HighHigh--quality, long termquality, long term
–– Must include turbine layer + ‘context’Must include turbine layer + ‘context’
–– Poor understanding of processes flow structure in this layerPoor understanding of processes flow structure in this layerPoor understanding of processes, flow structure in this layerPoor understanding of processes, flow structure in this layer
–– “     “      variability on all relevant scales“     “      variability on all relevant scales
–– NWP model performance unknownNWP model performance unknown

New technology, instrumentation becoming New technology, instrumentation becoming 
availableavailable

1111



ObservationsObservationsObservationsObservations

‘Lack of measurements’ does not mean no ‘Lack of measurements’ does not mean no 
measurements existmeasurements exist

Field programs of limited durationField programs of limited duration

–– Involving the new instrumentation systemsInvolving the new instrumentation systems

1212



OutlineOutline
1.1. What’s really up there ?What’s really up there ?

Wh l i l i fWh l i l i f2.2. What are meteorological requirements for What are meteorological requirements for 
wind energy ?wind energy ?
–– range of objectives range of objectives –– all importantall important

3.3. How to measure turbine layerHow to measure turbine layer
–– technological optionstechnological options

4.4. How to use the technology to addressHow to use the technology to address4.4. How to use the technology to address How to use the technology to address 
objectivesobjectives

55 Summary and conclusionsSummary and conclusions5.5. Summary and conclusionsSummary and conclusions
1313



ThemesThemesThemesThemes
Two important aspects of the meteorologyTwo important aspects of the meteorologyTwo important aspects of the meteorologyTwo important aspects of the meteorology
–– Resource Resource 

CostsCosts outages maintenance repairoutages maintenance repair–– Costs Costs –– outages, maintenance, repairoutages, maintenance, repair
Diurnal cycle importantDiurnal cycle important
Isolated or extreme events importantIsolated or extreme events important
Role of numerical weather predictionRole of numerical weather predictionpp
–– Need for improvementsNeed for improvements
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1. What’s really up y p
there ?

Wind resource types Wind resource types –– examplesexamples
[Use Doppler [Use Doppler lidarlidar data, skip over description until later]data, skip over description until later][ pp[ pp , p p ], p p ]

Daytime mixed flowDaytime mixed flow
LLJsLLJs
ComplexComplex--terrain flowsterrain flowspp

1515



Development in diverse regionsDevelopment in diverse regionsDevelopment in diverse regionsDevelopment in diverse regions

Variety of climate regimesVariety of climate regimesVariety of climate regimesVariety of climate regimes
Different types of wind resourceDifferent types of wind resource
Diff t f ti h llDiff t f ti h llDifferent forecasting challengesDifferent forecasting challenges
Different types of adverse flow conditionsDifferent types of adverse flow conditions
–– LLJ turbulenceLLJ turbulence
–– Frontal passagesFrontal passagesp gp g
–– ComplexComplex--terrain flow interactionsterrain flow interactions

1616



Wind resource - examples

NWTC

Lamar
CASES-99 Site

San Gorgonio

NWTC

Great 
Plains

Lamar
Colorado Green

g
Pass

In this presentation – show data at turbine height from several of these areas, from 
fi ld j tfield projects 
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Challenges Associated withChallenges Associated with
R l ti l  Fl t  R l ti l  Fl t  Relatively Flat, Relatively Flat, 

Homogeneous TerrainHomogeneous Terraingg
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A High Plains Wind SiteA High Plains Wind SiteA High Plains Wind SiteA High Plains Wind Site

Pikes PeakPikes Peak
(4302 m  (4302 m  -- 14110 ft)14110 ft)

Great PlainsGreat Plains

Arkansas River

Colorado Green Colorado Green 
Wind FarmWind Farm

(1357 m – 4451 ft)
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Colorado Green Local TopographyColorado Green Local Topography

 2
87

Lamar

U
S

ColoradoColorado
GreenGreen
ColoradoColorado
GreenGreen

120m Tower
HRDL, Sodar

(1357 4451 ft)

GreenGreen
Wind FarmWind Farm
GreenGreen
Wind FarmWind Farm

(1357 m – 4451 ft)

Prowers County

Baca County
Springfield

2020

Photo courtesy of Ed McKenna



Typical 48 Hour Diurnal Variation of Wind Speeds at Typical 48 Hour Diurnal Variation of Wind Speeds at 
Three Heights Over Colorado Green Wind Farm SiteThree Heights Over Colorado Green Wind Farm Site
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Lamar, ColoradoLamar, Colorado
ESRLESRL--NREL collaboration NREL collaboration –– September 2003September 2003

Doppler Lidar wind profilesDoppler Lidar wind profiles

midnight

sunset
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LowLow--level Jet level Jet ––
Major warmMajor warm--season wind resource in the U S  season wind resource in the U S  Major warmMajor warm--season wind resource in the U.S. season wind resource in the U.S. 
(Great Plains)(Great Plains)

Nocturnal acceleration aloftNocturnal acceleration aloft
Dynamic response to surface cooling, Dynamic response to surface cooling, y p g,y p g,
decoupling from surface frictiondecoupling from surface friction
What is the nature of this resource ?What is the nature of this resource ?What is the nature of this resource ?What is the nature of this resource ?
–– MeanMean

T b l tT b l t–– TurbulentTurbulent

–– Representation in models Representation in models 

2323



LLJ characteristicsLLJ characteristics

Mean wind 
speedColorado Green Characteristic Jet Height Distribution speed

SS Midnight

Colorado Green Characteristic Jet Height Distribution

n/
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)
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0

2

KS
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2424[Banta et al. 2002: Bound.-Layer Meteor., 105, 221ff] 



Nonstationary effects

LLJ turbulenceEvening transition
Mean wind and 
turbulence quantities

i tivary in time

Low Level jetLow Level jet

Turbine  height
(115 m )

[Animations]



Colorado Green Colorado Green 
Distribution of LLJ shearDistribution of LLJ shearDistribution of LLJ shearDistribution of LLJ shear

Sh 4 /Shear > 4 m/s 
per 100 m 
more than 
90% of time

Power-law profiles not 
applicable to LLJ profiles

> 8 more than 
50% of time

applicable to LLJ profiles

2626
0.1 s-1 = 1 m/s per 10 m of height, or 10 m/s per 100 m



Model vs. observations Model vs. observations –– LLJLLJ
Few examples in literatureFew examples in literature

Wind speed Wind direction

Few examples in literatureFew examples in literature

WRF 
model

ObservedObserved

“Core of the jet tended to be higher and slower than observed ”

Storm et al. 2008; Wind Energy 2727

Core of the jet tended to be higher and slower than… observed.  
“…likely related to the enhanced mixing of the PBL schemes.”

[ Small differences = big $$ ]



The Challenge of The Challenge of The Challenge of The Challenge of 
ComplexComplex--terrain Sitesterrain Sites

2828



Great Salt Lake BasinGreat Salt Lake Basin
Daytime up-basin flow

2929

Nighttime down-basin flow
[Banta et al. 2004: J Appl Meteor., 43, 1348ff] 



Complex terrain:  Complex terrain:  
Locally generated flows can dominateLocally generated flows can dominateLocally generated flows can dominateLocally generated flows can dominate

Flows very complex esp. at night Flows very complex esp. at night –– but measurablebut measurable

Flow exiting canyon 
in thin layer

Details of flows difficult Details of flows difficult 

3030
for NWP modelsfor NWP modelsCONVERGENCE

[Banta et al. 2004: J Appl Meteor., 43, 1348ff] 



Wind energy applicationsWind energy applicationsgy ppgy pp

Two Examples . . .Two Examples . . .

San Gorgonio Pass near Palm SpringsSan Gorgonio Pass near Palm SpringsSan Gorgonio Pass near Palm Springs, San Gorgonio Pass near Palm Springs, 
CaliforniaCalifornia

The National Wind Technology CenterThe National Wind Technology Center

3131



San Gorgonio Regional TerrainSan Gorgonio Regional Terrain

Mojave DesertMojave DesertMojave DesertMojave Desert
San Bernardino MountainsSan Bernardino MountainsSan Bernardino MountainsSan Bernardino Mountains

wind farmswind farms
(152 m, 500 ft)(152 m, 500 ft)
wind farmswind farms
(152 m, 500 ft)(152 m, 500 ft)

(793 m, 2600 ft)(793 m, 2600 ft)(793 m, 2600 ft)(793 m, 2600 ft)
Los AngelesLos Angeles

BasinBasin
Los AngelesLos Angeles

BasinBasin

San Gorgonio PassSan Gorgonio PassSan Gorgonio PassSan Gorgonio Pass

Pacific OceanPacific Ocean
SaltonSalton

SeaSea

((65 m, 65 m, 220 ft)220 ft)((65 m, 65 m, 220 ft)220 ft)

SonoranSonoran
DesertDesert

SonoranSonoran
DesertDesert

3232
[Kelley, 1989] 



Wind Farm Nearby TopographyWind Farm Nearby Topography

San Gorgonio PassSan Gorgonio PassSan Gorgonio PassSan Gorgonio Pass

nocturnalnocturnalnocturnalnocturnal

wind wind 
farmfarm

Palm Springs

nocturnalnocturnal
canyon canyon flows

nocturnalnocturnal
canyon canyon flows

Mt. Jacinto
(

(3166 m, 10834 ft)(3166 m, 10834 ft)
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SeaWest Wind Farm San Gorgonio SeaWest Wind Farm San Gorgonio Pass, Pass, 
C lif iC lif iCaliforniaCalifornia

1000 it i d f f 44 65 108 kW i d t bi (19891000 it i d f f 44 65 108 kW i d t bi (1989 90)90)•• 1000 unit wind farm of 44, 65, 108 kW wind turbines (19891000 unit wind farm of 44, 65, 108 kW wind turbines (1989--90)90)

•• Significant Significant number of turbine failures number of turbine failures occurred during late evening hoursoccurred during late evening hours

•• Extensive damage to turbine yaw systems requiring extensive Extensive damage to turbine yaw systems requiring extensive g y y q gg y y q g
maintenance and replacementmaintenance and replacement

3434



Schematic of SeaWest San Gorgonio Wind Schematic of SeaWest San Gorgonio Wind 
Farm LayoutFarm LayoutFarm LayoutFarm Layout

N

Additional

Operating

Wind  Farms

3535



Wind Farm Energy Production and Wind Farm Energy Production and 
Maintenance & Operations CostsMaintenance & Operations Costs

Highest
M&O Costs

Highest
M&O Costs

Energy ProductionEnergy Production

M&O CostsM&O Costs

High

Low

Low

High

3636

M&O CostsM&O Costs



Daytime Wind Flow Patterns Daytime Wind Flow Patterns 
Aff ti  th  Wi d FAff ti  th  Wi d FAffecting the Wind FarmAffecting the Wind Farm

Westerly flow comingWesterly flow coming
through the Passthrough the Pass

H S h lH S h l
Warm air flows up Warm air flows up 
towards mountaintowards mountain
top replacing air heated top replacing air heated 
by sunby sun

Hot SoutheasterlyHot Southeasterly
flow from Salton Seaflow from Salton Sea

3737

by sunby sun



Nighttime Wind Flow Patterns Nighttime Wind Flow Patterns 
Affecting the Wind FarmAffecting the Wind Farm

Intense turbulence isIntense turbulence isIntense turbulence isIntense turbulence is
generated where twogenerated where two
streams meetstreams meet

Warmer flow
coming through
the Pass

Cooler drainage winds flow fromCooler drainage winds flow from
canyon into the wind farm twocanyon into the wind farm two
to three times per nightto three times per night CONVERGENCE

3838



San Gorgonio PassSan Gorgonio PassSan Gorgonio PassSan Gorgonio Pass

ComplexComplex--terrain flowsterrain flowsComplexComplex--terrain flows terrain flows 
––(good news / bad news)(good news / bad news)
Nighttime flow convergence due Nighttime flow convergence due 
to local valley outflows of cold airto local valley outflows of cold airyy
Turbulence Turbulence in middle ofin middle of wind farmwind farm

Si ifi t t bi tSi ifi t t bi t––Significant turbine outagesSignificant turbine outages
––Excess maintenance costsExcess maintenance costs

3939



The NWTC:The NWTC:
Downwind of Very Complex TerrainDownwind of Very Complex TerrainDownwind of Very Complex TerrainDownwind of Very Complex Terrain

EldoradoEldorado

Continental DivideContinental Divide

Eldorado Eldorado 
CanyonCanyon

4040



NWTC Regional TopographyNWTC Regional Topography
Terrain Profile Near NWTC in Direction of Prevailing Wind Direction

Bo lderBo lderBo lderBo lder
NWTC

(1841 m – 6040 ft)
NWTC

(1841 m – 6040 ft)

Great PlainsGreat Plains

BoulderBoulderBoulderBoulder

DenverDenver

NWTC
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NWTC Local TopographyNWTC Local Topography

Marshall MesaMarshall Mesa
(1768 m – 5800 ft)(1768 m – 5800 ft)

NWTC
(1841 m – 6040 ft)

NWTC
(1841 m – 6040 ft)

4242



LidarLidar--Observed Nocturnal Downslope Jet Observed Nocturnal Downslope Jet 
Structure Influencing Wind Conditions at Structure Influencing Wind Conditions at gg

NWTCNWTC
Downwind Horizontal Structure 

t 300 H i htat 300 m Height

NWTCNWTC

NWTCNWTCDownwind Vertical Structure

NWTCNWTC

4343[Banta et al. 1996: J Appl Meteor., 35, 330ff] 



Nocturnal Downslope Jet Structures Transport Intense Nocturnal Downslope Jet Structures Transport Intense 
Turbulent Energy From the Jet Above and Into the Turbulent Energy From the Jet Above and Into the gygy

Turbine RotorsTurbine Rotors

Turbulence inTurbulence in
1000

58 m 58-m level (rotor top) Turbulence in Turbulence in 
isolated eventsisolated events
May occur 1May occur 1--2 x per 2 x per 400 450 500 550 600

-1000

0

(m
/s

)3
m

/s
)3 yy pp

night, a few nights night, a few nights 
per weekper week

Measured 
NWTC 
ART Turbine 
Inflow

0

1000

(m
/s

)3

37 m 37-m level (hub)

K
E 

flu
x 

(m

Hardware damage Hardware damage 
over timeover time

400 450 500 550 600

-1000

1000
15 m 15-m level (rotor bottom)Ve

rt
ic

al
 T

Essentially Essentially 
unpredictableunpredictable

400 450 500 550 600

-1000

0

(m
/s

)3

4444

400 450 500 550 600

Time (seconds)Time (seconds)

Kelley, N.D., et al, 2002



The Impact of Local Terrain Is The Impact of Local Terrain Is 
ImportantImportantImportantImportant

Observed Variation of Observed Variation of Turbulence IntensitiesTurbulence Intensities with with 
Wind Speed at 80Wind Speed at 80--m Hub Heightm Hub HeightWind Speed at 80Wind Speed at 80 m Hub Heightm Hub Height

Colorado Green Wind FarmColorado Green Wind Farm NWTCNWTC

ns
ity

, I
80

0.4

0.5
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P5 < > P95

rated wind speed
range

Simple topography
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m
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 tu
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80-mean wind speed, V80 (m/s) 80-m mean wind speed, V80 (m/s)



Closer Look at Conditions Experienced Closer Look at Conditions Experienced 
at the Colorado Green Wind Farm Site:at the Colorado Green Wind Farm Site:

Turbulence level distributions that occur more

at the Colorado Green Wind Farm Site:at the Colorado Green Wind Farm Site:

HOWEVER if we look at the highest turbulent

U
 (m

/s
)

5

6

Class A
Class B
Cl C

P5 < > P95

Turbulence level distributions that occur more 
than 5% but less than 95% of the time . . . 

U
 (m

/s
)

5

6

Class A
Class B
Class C

P10 < > P90 Outliers

HOWEVER if we look at the highest turbulent 
events that occur less than 10% of the time . . .
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 
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rated wind speed
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3 5 7 9 11 13 15 17 19 21 23 25 27

80-m mean wind speed, V80 (m/s)

3 5 7 9 11 13 15 17 19 21 23 25 27

Looks like an IEC Class II B or C 
d i ld b t bl ! These are intense turbulent periods that are

4646

design would be acceptable! These are intense turbulent periods that are 
occurring when the turbine is operating near 

rated power and which can induce large 
structural loads!



ConsequencesConsequences::
Peak turbine wear and tear (fatigue damage andPeak turbine wear and tear (fatigue damage andPeak turbine wear and tear (fatigue damage and Peak turbine wear and tear (fatigue damage and 
turbine shutdowns) Occur turbine shutdowns) Occur DiurnallyDiurnally

12

14
sunrise sunrset

8
OctMay Oct May

San Gorgonio Pass Wind Farm – Row 37 NWTC 600 KW  ART Turbine

ab
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ob

a
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Pr
ob

0

2

Local standard time (h)
2 4 6 8 10 12 14 16 18 20 22 24

0

Local standard time (h)

0 2 4 6 8 10 12 14 16 18 20 22 24
0

Turbine unable to operate much

4747

Turbine unable to operate much
of the time due to severity of 
turbulent conditions



2  What are meteorological 2  What are meteorological 2. What are meteorological 2. What are meteorological 
Requirements for WE ?Requirements for WE ?

Range of objectivesRange of objectivesRange of objectivesRange of objectives

4848



Range of objectivesRange of objectivesRange of objectivesRange of objectives

Hardware design criteriaHardware design criteriaHardware design criteriaHardware design criteria
Siting Siting –– regional, localregional, local
A ff tA ff t i t l t li t l t lArray effects Array effects –– internal, externalinternal, external
ClimatologyClimatology
Operations Operations –– forecastingforecasting
Numerical weather predictionNumerical weather predictionNumerical weather predictionNumerical weather prediction
–– Important tool for Important tool for all applicationsall applications

4949



Meteorological processesMeteorological processes-- ImpactImpact

SitingSiting (plant(plant--, turbine scales), turbine scales)
Wi dWi d f tf t ti t f d titi t f d tiWind Wind forecastsforecasts →→ estimates of production, estimates of production, 
interaction with electrical gridinteraction with electrical grid

‘Hour ahead’ ( 1‘Hour ahead’ ( 1 6 hr)6 hr)–– Hour ahead  ( ~1Hour ahead  ( ~1--6 hr)6 hr)
–– ‘Day ahead’ ( ~16‘Day ahead’ ( ~16--48 hr)  48 hr)  < confidence ? >< confidence ? >

Underperformance of arraysUnderperformance of arrays of turbinesof turbinesUnderperformance of arraysUnderperformance of arrays of turbines of turbines 
–– Wake, other aerodynamic effectsWake, other aerodynamic effects

TurbulenceTurbulence wind shearwind shear ––TurbulenceTurbulence, wind shear , wind shear 
–– Strong stresses on hardwareStrong stresses on hardware
–– Excess maintenance costsExcess maintenance costs

5050



The Local Atmospheric Operating The Local Atmospheric Operating The Local Atmospheric Operating The Local Atmospheric Operating 
Environment Influences . . .Environment Influences . . .

Power Production LossesPower Production Losses Maintenance & Repair Cost Trends 

$

Source:  American Wind Energy AssociationSource:  American Wind Energy Association
Expected M&R Costs Over 20 year turbine lifetimeExpected M&R Costs Over 20 year turbine lifetime

5151

p yp y

Courtesy:  Matthias Henke, Lahmeyer InternationalCourtesy:  Matthias Henke, Lahmeyer International



Array effectsArray effects

Losses / inefficiencies very importantLosses / inefficiencies very important

Amenable to research using remote Amenable to research using remote 
sensing technologysensing technologysensing technologysensing technology

5252



Wind Farm Wake VisualizationWind Farm Wake VisualizationWind Farm Wake VisualizationWind Farm Wake Visualization
Horns Rev OffHorns Rev Off--Shore Wind Farm DenmarkShore Wind Farm Denmark

5353



Wakes are ComplexWakes are Complex
buoyant plume:
entraining dryer air, as a result of 
downward momentum, temperature, and moisture fluxes
and stronger winds near the surface

significant lateral
wake growth likely

and stronger winds near the surface

wake growth likely
due to weaker 
winds at right

Vertical velocity in wakeVertical velocity in wake
cools air forming cloud.cools air forming cloud.
Latent heat is releasedLatent heat is released
creating vertical buoyantcreating vertical buoyant strong 3strong 3--D turbulentD turbulent

moist area near sea surfacemoist area near sea surface
capped by marine inversioncapped by marine inversion

creating vertical buoyantcreating vertical buoyant
plumes and wave motionsplumes and wave motions.

i d

gg
mixing regionmixing region

stronger winds weaker windshorizontal wind speed gradient?

5454conceptual analysis by N. Kelley, NREL



Need for Remotely Sensed MeasurementsNeed for Remotely Sensed Measurements

Impractical = in-situ measurements of wind 
characteristics at heights of current (80-120 m) and g ( )
future wind turbine rotors (200 m)

Details of vertical boundary-layer structure over 
candidate sites and operating wind farms: 

important from both a resource and operational viewpoints

Regional as well as local measurements are required 
to meet the needs of resource assessment, R&D, and 
operational numerical weather predictionp p

Reliable, autonomous, and cost effective remote 
sensing instrumentation will need to be developed 

5555



Technology optionsTechnology options

3  How can we 3  How can we 

gy pgy p

3. How can we 3. How can we 
measure the turbine measure the turbine measure the turbine measure the turbine 

layer ?layer ?yy

5656



Instrumentation Available for Wind Instrumentation Available for Wind 
E  T h lE  T h lEnergy TechnologyEnergy Technology

Tower / in situ Tower / in situ –– traditional, and traditional, and TheThe accepted accepted 
ReferenceReference
Remotely SensedRemotely Sensed
–– SodarSodar (acoustic)(acoustic)SodarSodar (acoustic)(acoustic)
–– Radar wind profiler  (RF)Radar wind profiler  (RF)
–– OpticalOpticalOpticalOptical

Lidar Lidar 
Microwave radiometryMicrowave radiometryyy

5757



In situIn situ
AdvantagesAdvantages

E ll t ti iE ll t ti i
DisadvantagesDisadvantages

C li it d tC li it d t–– Excellent time series, Excellent time series, 
temporal coverage temporal coverage 
possiblepossible

–– Coverage limited to one Coverage limited to one 
point, or a linepoint, or a line

–– Interference by platform Interference by platform 
–– Instrumentation often Instrumentation often 

simplersimpler
–– ManyMany measureablesmeasureables

(including tower) can (including tower) can 
be a concernbe a concern

Many Many measureablesmeasureables
can be collocatedcan be collocated

–– Accessibility to Accessibility to 
instrumentationinstrumentationinstrumentationinstrumentation

–– Procedures familiarProcedures familiar
–– Interpretation Interpretation 

straightforwardstraightforward
5858

Banta, R.M., 2008: presentation at Mountain Weather Workshop; Amer. Meteor. Soc.



SodarSodarSodarSodar
Transmits audible sound pulses intoTransmits audible sound pulses intoTransmits audible sound pulses into Transmits audible sound pulses into 
atmosphereatmosphere
Scattering targets are fineScattering targets are fine scalescaleScattering targets are fineScattering targets are fine--scale scale 
temperature gradients temperature gradients 

M t ft fl t ti t d bM t ft fl t ti t d b–– Most often fluctuations generated by Most often fluctuations generated by 
turbulence turbulence 

5959



CommerciallyCommercially--Available Available SodarsSodarsyy
Representative Examples of MiniRepresentative Examples of Mini--SodarsSodars

Second WindSecond Wind
TritonTriton

ASCASC
40004000

ARTART
VTVT--11

ScintecScintec
SFASSFAS

Mini Sodars Mid Range SodarsMini-Sodars Mid-Range Sodars
Nominal operating frequency 4500 Hz 2000 Hz
Measurement range 15-200 m 30-1000 m
Minimum vertical resolution 5-10 m 20 m
Averaging times 2 to 60 minutes 2 to 60 minutes
Claimed accuracy 0.3 to 0.5 m/s 0.3 to 0.5 m/s
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SodarSodar
(acoustic)(acoustic)

AdvantagesAdvantages DisadvantagesDisadvantagesgg
–– Inexpensive, deployable in Inexpensive, deployable in 

arraysarrays
–– Frequent profiles of wind and Frequent profiles of wind and 

t b lt b l l t d titil t d titi

gg
–– Coverage can be incomplete Coverage can be incomplete 

under certain atmospheric under certain atmospheric 
conditionsconditions
I t t ti ft h ll iI t t ti ft h ll iturbulenceturbulence--related quantitiesrelated quantities

–– Layers visibleLayers visible
–– TransportableTransportable

Relatively inexpensiveRelatively inexpensive

–– Interpretation often challengingInterpretation often challenging
–– Not useful in noisy Not useful in noisy 

environmentsenvironments
–– Sound pulse annoyingSound pulse annoying toto–– Relatively inexpensiveRelatively inexpensive

–– Autonomous operationAutonomous operation
–– Moderate level of technical Moderate level of technical 

expertise required to obtain expertise required to obtain 

Sound pulse annoying Sound pulse annoying to to 
neighborsneighbors

–– Sampling volume increases Sampling volume increases 
with heightwith heightp qp q

best resultsbest results
–– Temperature profiles with Temperature profiles with 

Radio Acoustic Sounding Radio Acoustic Sounding 
Systems (RASS)Systems (RASS)

–– Atmospheric absorption losses, Atmospheric absorption losses, 
strong winds can limit strong winds can limit 
maximum measureable altitudemaximum measureable altitude

Systems (RASS)Systems (RASS)
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New Developments in New Developments in New Developments in New Developments in 
Acoustic ProfilingAcoustic Profiling

Multi-frequency operation for improved 
fperformance

Combined acoustic/UHF RF (RASS)Combined acoustic/UHF-RF (RASS) 
profilers
— improved wind speed measurement p p

performance under a wide range of 
atmospheric conditions
Coincident vertical temperature profile

6262
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BoundaryBoundary--Layer ProfilerLayer ProfilerBoundaryBoundary Layer ProfilerLayer Profiler
Approx typical valuesApprox typical values

RadioRadio--frequency signalfrequency signal
Scatterers mostly Scatterers mostly 
humidity fluctuationshumidity fluctuationshumidity fluctuations, humidity fluctuations, 
gradientsgradients
Min height ~120 mMin height ~120 mgg
Max height ~4 kmMax height ~4 km
ΔzΔz ~ 40 m~ 40 m
2020--30 min average 30 min average 
~1 m s~1 m s--11 precision precision 
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Radar wind Radar wind profilerprofilerpp
(radio frequency)(radio frequency)

AdvantagesAdvantages DisadvantagesDisadvantagesgg
Frequent wind profilesFrequent wind profiles
Suitable for assimilationSuitable for assimilation

gg
Minimum range,Minimum range,
resolution coarse resolution coarse for for 
some app’s (e.g., SBL,some app’s (e.g., SBL,

Reflectivity also usefulReflectivity also useful
Freq Freq zzii meas.meas.
Rel inexpensiveRel inexpensive –– cancan

some app s (e.g., SBL, some app s (e.g., SBL, 
slope flows) (slope flows) (but RIMbut RIM))
Spatial separation (3 or 5 Spatial separation (3 or 5 
beam beam configconfig))Rel. inexpensive Rel. inexpensive can can 

deploy in arrays, use for deploy in arrays, use for 
trajtraj calc’scalc’s
Unattended operationUnattended operation

gg))
Susceptible to RF Susceptible to RF 
interferenceinterference, , espesp urbanurban
SideSide--lobe effectslobe effectsUnattended operationUnattended operation

All weatherAll weather

SideSide lobe effectslobe effects
MigratingMigrating--bird bird 
contaminationcontamination
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Optical Remote SensingOptical Remote Sensing
(light energy)(light energy)(light energy)(light energy)

Continuous wave lidarContinuous wave lidar
Pulsed lidar
– Lidars transmit light signal (UV, visible, or IR)
– Scattering targets = aerosol particles, air 

molecules

Radiometer
6565
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CommerciallyCommercially--Available LidarsAvailable Lidars
for Wind Energy Applicationsfor Wind Energy Applicationsgy ppgy pp

ExamplesExamples

Continuous Wave (CW) 
Lidar

Pulsed Coherent Lidars
Wind Profiling Lidar Scanning LidarsWind Profiling Lidar Scanning Lidars

NRG/Leosphere Lockheed-Martin

QinetiQ
Zephyr

NRG/Leosphere
WindCube WindTracer

HALO
Ph t i

6666
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Continuous Wave LidarsContinuous Wave Lidars
AdvantagesAdvantages

Continuous emissions of 
infrared light energy

DisadvantagesDisadvantages
Vertical range limited by aerosol Vertical range limited by aerosol 
concentration & distributionconcentration & distributioninfrared light energy

Line-of-sight radial wind 
speeds made within a single 
focused region along the beam

concentration & distribution concentration & distribution 
Limited cloud penetration; Limited cloud penetration; 
attenuation by fog, rainattenuation by fog, rain
Li it d b f tfocused region along the beam

Very narrow beam diameter
Useful for highly detailed 
measurements of a limited

Limited number of measurement 
heights available (typically 5)
Significant time required to 
complete a 5-level wind profilemeasurements of a limited 

spatial area
High sampling rate possible
R l ti l i i

complete a 5 level wind profile
Sampling volume increases with 
height
Profiles limited to 200 mRelatively inexpensive

Can be used for real-time 
turbine control applications

Profiles limited to 200 m
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Pulsed Coherent Research Lidar

120-m tower
with sonic anemometers at 
tower heights of 54 67

HRDL technical parameters
Wavelength               2.02 m 
Pulse energy 1 5 mJ

tower heights of 54-, 67-, 
85-, 116-m

Scintec MFAS High Resolution High Resolution Pulse energy             1.5 mJ
Pulse rate                  200/s
Range resolution      30 m
Velocity resolution ~ 0.1 m/s

medium-range 
SODAR

g eso ut og eso ut o
Doppler Lidar Doppler Lidar 

(HRDL)(HRDL)

Velocity resolution  0.1 m/s
Time resolution           0.5 s
Minimum range          0.2 km
Maximum range         3 kmg
Beam width range      6 to 28 cm
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Lidar measurements = Types of scan

Vertical-slice scansConical scans

Fixed-beam 
“scan”
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Scanning Coherent Lidar Scanning Coherent Lidar 
Measurement ExamplesMeasurement ExamplesMeasurement ExamplesMeasurement Examples

Wind/Turbulence Structures
At Colorado Green Wind Site Profiles of Turbulence Scaling Parameters

Observed Above the NWTCObserved Above the NWTC

Frehlich, R. and Kelley, N., 2008

LIDAR NWTC TOWER

Vertical scan e ampleVertical scan e ample Derived from a volume scanDerived from a volume scan
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Pulsed Coherent LidarPulsed Coherent Lidar
(scanning)(scanning)

AdvantagesAdvantages
Fi l d il d flFi l d il d fl

DisadvantagesDisadvantages
Finely detailed flow near Finely detailed flow near 
terrain (narrow beam, no terrain (narrow beam, no 
sidelobessidelobes) ) 
Clear air samplingClear air sampling

Vertical range limited by Vertical range limited by 
aerosol concentration & size aerosol concentration & size 
distributiondistribution
ExpensiveExpensivep gp g

High temporal and spatial High temporal and spatial 
resolutionresolution
Scans a volume of spaceScans a volume of space
D t il d d l l tiD t il d d l l ti

ExpensiveExpensive
Research Research lidarlidar systems require systems require 
expert techniciansexpert technicians
Limited cloud penetration; Limited cloud penetration; 
tt ti b ftt ti b f iiDetailed model evaluationDetailed model evaluation

Aerosol Aerosol –– BL height, cloud BL height, cloud 
basebase
VersatileVersatile

attenuation by fog, attenuation by fog, rainrain
Low sampling rateLow sampling rate

Versatile Versatile 
Some unattended Some unattended lidarslidars
available  (backscatter and available  (backscatter and 
Doppler)Doppler)
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Vertical Temperature Vertical Temperature Vertical Temperature Vertical Temperature 
Profile MeasurementsProfile MeasurementsProfile MeasurementsProfile Measurements

Needed for local initialization of NWP modelingNeeded for local initialization of NWP modeling

May be used in conjunction with wind profiles in May be used in conjunction with wind profiles in 
the future for determining vertical stability of the future for determining vertical stability of 
boundary layer as part of turbulence warning boundary layer as part of turbulence warning 
system for turbine loads controlsystem for turbine loads control

Instruments include:Instruments include:

Radio Acoustic Sounding System (RASS)Radio Acoustic Sounding System (RASS)

Microwave radiometer profilersMicrowave radiometer profilers
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CommerciallyCommercially--Available Available CommerciallyCommercially--Available Available 
Microwave Radiometer ProfilersMicrowave Radiometer Profilers

ExamplesExamplesExamplesExamples

RadiometerRadiometer--PhysicsPhysics Radiometrics Kipp & Zonenyy
HATPROHATPRO MP-3000A

pp
MP 5-H

temperature profilestemperature profiles
humidity profiles

temperature profiles
humidity profiles
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4  M t  t  4. Measurements to 
address objectivesaddress objectives
Provide information for turbine design criteria
Assess potential wind energy sites
Use to improve wind farm performance andUse to improve wind farm performance and 
reliability
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Uses of Remote SensingUses of Remote Sensing
For the initial resource assessmentFor the initial resource assessment
–– Use a combination of tower and remote sensing to establish if a sufficient Use a combination of tower and remote sensing to establish if a sufficient 

capacity factor would exist (capacity factor would exist (resourceresource))capacity factor would exist (capacity factor would exist (resourceresource))
–– Use remote sensing to characterize the turbine operating environment:  Use remote sensing to characterize the turbine operating environment:  

shears, turbulent structures, etc. (shears, turbulent structures, etc. (potential cost issuespotential cost issues))
For the For the micrositingmicrositing of the wind farmof the wind farm
–– Identify localized flow regimes due to terrain or other features that would Identify localized flow regimes due to terrain or other features that would 

impact turbine operationsimpact turbine operations
–– Use numerical flow simulations using remotely sensed boundaryUse numerical flow simulations using remotely sensed boundary--layer layer 

measurements for initializations and validationmeasurements for initializations and validationmeasurements for initializations and validationmeasurements for initializations and validation
For wind farm operationsFor wind farm operations
–– Initialize short term mesoscale prediction models with local valuesInitialize short term mesoscale prediction models with local values
–– Early detection of ramping events occurring upstream of the wind farmEarly detection of ramping events occurring upstream of the wind farmy p g g py p g g p
–– Use Use lidarlidar measurements for realmeasurements for real--time turbine power production and loads time turbine power production and loads 

controlcontrol
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Measurements of wakesMeasurements of wakesMeasurements of wakesMeasurements of wakes

Scanning capability of Doppler lidarScanning capability of Doppler lidar –– ableableScanning capability of Doppler lidar Scanning capability of Doppler lidar able able 
to sample wake characteristics to sample wake characteristics 

7676Images courtesy W. Alan Brewer



Forecasting
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Operations / forecastingOperations / forecastingOperations / forecastingOperations / forecasting

“Day“Day--ahead forecasting”ahead forecasting”DayDay ahead forecasting  ahead forecasting  
–– LLJ exampleLLJ example

“Hour“Hour ahead” forecastingahead” forecasting“Hour“Hour--ahead” forecastingahead” forecasting
Need for measurements (Need for measurements (espesp hourhour--ahead)ahead)
Need for NWP improvement (Need for NWP improvement (espesp dayday--
ahead)ahead)

7878



An Example of a An Example of a 
Forecasting Challenge:Forecasting Challenge:Forecasting Challenge:Forecasting Challenge:

Th  N t l LTh  N t l L L l J tL l J tThe Nocturnal LowThe Nocturnal Low--Level JetLevel Jet
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LLJ nocturnal evolutionLLJ nocturnal evolution
different behavior on different nightsdifferent behavior on different nights

Temporal variability Each night different need to forecast differencesTemporal variability… Each night different – need to forecast differences
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Conditions on 4 of 5 successive days
– wide variation, challenging forecasts

Cold

, g g
Mean wind

Cold
Front

9/12 9/15 9/169/13 <rain>

~TKE

Mean and turbulent evolution need to be documented tested vs models
(Cold Front on 9/13 – Pichugina et al  )

Mean and turbulent evolution need to be documented, tested vs. models
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Closer look, frontal passage night

direction changed from SSE  to NNW  
wind speed increased from 10-15 m s-1  to  20-27 m s-1.p

7:25, max 10 m s-1 7:28, max 16 m s-1 8:40, max 31 m s-1 8:54, max 37 m s-1
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Model vs. observations Model vs. observations –– LLJLLJ
(Reminder = model improvement needed)(Reminder = model improvement needed)

Wind speed Wind direction

(Reminder  model improvement needed)(Reminder  model improvement needed)

WRF 
model

ObservedObserved

“Core of the jet tended to be higher and slower than observed ”

Storm et al. 2008; Wind Energy 8383

Core of the jet tended to be higher and slower than… observed.  
“…likely related to the enhanced mixing of the PBL schemes.”

[ Small differences = big $$ ]



DayDay--aheadahead (12(12--36 hr) forecast36 hr) forecastDayDay aheadahead (12(12 36 hr) forecast36 hr) forecast

Numerical model predictions importantNumerical model predictions important
Regional arrays of remoteRegional arrays of remote--sensing sites to sensing sites to 
profile wind, temperature to define met. contextprofile wind, temperature to define met. context
Involves dayInvolves day--night transitionsnight transitions
–– Driven by surface heating/cooling cycleDriven by surface heating/cooling cycle

Need to be improved in NWP modelsNeed to be improved in NWP models–– Need to be improved in NWP models Need to be improved in NWP models 
Processes controlling LLJ Processes controlling LLJ 
–– Speed, height, timing, turbulenceSpeed, height, timing, turbulencep , g , g,p , g , g,
–– Stable Atmospheric Boundary Layer (SBL)Stable Atmospheric Boundary Layer (SBL)
–– Acknowledged weakness in NWP models Acknowledged weakness in NWP models 
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Hour-ahead:
How do we evaluate a How do we evaluate a 
forecast?

• Typical forecast vendor 
graphic

• Evaluate by eye
Tracks well– Tracks well

• Calculate MAE or RMSE.
– MAE here is fairly low: 

9.33%
• Look closely at the ramps

85
Courtesy Justin Sharp, Iberdrola Renewables



Plotting Hourly Error is 
Revealing

• Long periods with small errors• Long periods with small errors
• Record is punctuated by large 

errors collocated with ramps
• Let’s look closer at one ramp

Election
Day!!

86
Courtesy Justin Sharp, Iberdrola Renewables



Plotting Hourly Error is 
R liRevealing

• Long periods with small 
errors

• Record is punctuated byE
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• Typical measures of forecasting effectiveness give equal weight for periods with 
little change to output and ramp events.

• Amount of time with stable output far exceeds the amount of time for ramp events
• Forecast accuracy is easily obtained during periods of no change
• Current automated forecasts typically lag ramp events creating problems

88

• Current automated forecasts typically lag ramp events creating problems 
associated with large imbalances
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HourHour--aheadahead (>1 ~ 6 hr) forecasts(>1 ~ 6 hr) forecastsHourHour aheadahead (>1  6 hr) forecasts(>1  6 hr) forecasts

Hard to beat persistenceHard to beat persistence
Lots of $$ at stakeLots of $$ at stakeLots of $$ at stakeLots of $$ at stake
Need for good localNeed for good local--area area 
measurementsmeasurements
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The Value of Better ShortThe Value of Better Short--range range 
F tF tForecastsForecasts

Example: Better forecasting (scheduling) reduces reserveExample: Better forecasting (scheduling) reduces reserveExample: Better forecasting (scheduling) reduces reserve Example: Better forecasting (scheduling) reduces reserve 
needsneeds
–– Bonneville Power proposed Bonneville Power proposed $12/$12/MWhMWh Wind Integration Charge Wind Integration Charge 

(WIC) based upon 2008 scheduling accuracy(WIC) based upon 2008 scheduling accuracy( ) p g y( ) p g y
Approx $73M/yr cost to the wind industry in their control areaApprox $73M/yr cost to the wind industry in their control area

–– Rate adopted was Rate adopted was ~$5.70/~$5.70/MWhMWh
Savings of $34.6M/yr to BPA area wind operatorsSavings of $34.6M/yr to BPA area wind operatorsg y pg y p

–– A major driver in the decrease was forecasting improvements that A major driver in the decrease was forecasting improvements that 
IberdrolaIberdrola has realized by staffing a 24x7 forecasting deskhas realized by staffing a 24x7 forecasting desk

High wind penetration reduces need for High wind penetration reduces need for carboncarbon--based based g pg p
generationgeneration
–– Better shortBetter short--range forecasting is a piece of low hanging fruit to range forecasting is a piece of low hanging fruit to 

reduce integration reduce integration problemsproblemsgg

9090Courtesy Justin Sharp, Iberdrola Renewables



5  Summary and 5  Summary and 5. Summary and 5. Summary and 
conclusionsconclusionsconclusionsconclusions
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Outlook Outlook -- meteorologicallymeteorologicallyg yg y
Time window of opportunity Time window of opportunity –– explosive explosive 
development of WE (favorable ‘opinion polls’)development of WE (favorable ‘opinion polls’)
Wind energy / variable source “detractors”Wind energy / variable source “detractors”
Could envision pessimistic scenario: Could envision pessimistic scenario: 
–– Costs, poor understanding of atmosphere, inadequate predictionsCosts, poor understanding of atmosphere, inadequate predictions
–– Public disillusionment with wind energyPublic disillusionment with wind energy
–– Avoidable if took time now to get proper measurements, improve Avoidable if took time now to get proper measurements, improve 

forecast modelsforecast models

Instrument deployments: learn from previous Instrument deployments: learn from previous 
experienceexperienceexperienceexperience
–– Not reinvent previous findingsNot reinvent previous findings
–– Not repeat past mistakesNot repeat past mistakes
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WindWind--resource research needsresource research needsWindWind resource research needsresource research needs
Most urgent need Most urgent need –– measurements in the 30 measurements in the 30 -- 300+ m layer300+ m layer
–– Wind, temperature, turbulence profilesWind, temperature, turbulence profiles

–– Carefully planned deploymentCarefully planned deployment

U d t d t l i l t lli SBL LLJ t tU d t d t l i l t lli SBL LLJ t t–– Understand meteorological processes controlling SBL, LLJ structure, Understand meteorological processes controlling SBL, LLJ structure, 
intensity, behaviorintensity, behavior

Use measurements to verify model output, improve Use measurements to verify model output, improve y p , py p , p
representation of modeled physical processes (including representation of modeled physical processes (including 
parameterizations)parameterizations)

Accuracy of predictions more important than any previous Accuracy of predictions more important than any previous 
applicationsapplications
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Thank you !! Thank you !! Thank you !! Thank you !! 

LLJ impact: strong 
shear produces 
turbulence, wave 
activityactivity 

Newsom and Banta 2003: 
J. Atmos. Sci, 60,16-33.[Animation]
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