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1. Introduction

This report examines the complex interactions between atmospheric stability and turbine-induced
wakes on downwind turbine wind speed and power production at a West Coast North American multi-
MW wind farm. Wakes are generated when the upwind flow field is distorted by the mechanical
movement of the wind turbine blades. This has two consequences for downwind turbines: (1) the
downwind turbine encounters wind flows with reduced velocity and (2) the downwind turbine encounters
increased turbulence across multiple length scales via mechanical turbulence production by the upwind
turbine. This increase in turbulence on top of ambient levels may increase aerodynamic fatigue loads on
the blades and reduce the lifetime of turbine component parts. Furthermore, ambient atmospheric
conditions, including atmospheric stability, i.e., thermal stratification in the lower boundary layer, play an
important role in wake dissipation. Higher levels of ambient turbulence (i.e., a convective or unstable
boundary layer) lead to higher turbulent mixing in the wake and a faster recovery in the velocity flow
field downwind of a turbine. Lower levels of ambient turbulence, as in a stable boundary layer, will lead

to more persistent wakes.

The wake of a wind turbine can be divided into two regions: the near wake and far wake
(Vermeer et al. 2003), as illustrated in Figure 1. The near wake is formed when the turbine structure alters
the shape of the flow field and usually persists one rotor diameter (D) downstream. The difference
between the air inside and outside of the near wake results in a shear layer. This shear layer thickens as it
moves downstream and forms turbulent eddies of multiple length scales. As the wake travels downstream,
it expands depending on the level of ambient turbulence and meanders (i.e., travels in non-uniform path).
Schepers (2003) estimates that the wake is fully expanded at a distance of 2.25 D and the far wake region
begins at 2-5 D downstream. The actual distance traveled before the wake recovers to its inflow velocity

is dependent on the amount ambient turbulence, the amount of wind shear, and topographical and



Tall Turbine Wake Effects LLNL-TR-524756 Wharton et al.

structural effects (Sanderse 2009). The maximum velocity deficit is estimated to occur at 1-2 D but can be

longer under low levels of ambient turbulence (Ainslie 1988).
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Figure 1: Schematic of a turbine wake showing (1) the vertical profile of wind speed in the atmospheric
boundary layer prior to turbine energy extraction, “i.e., inflow conditions”, (2) the velocity deficit
maximum and increased turbulence downwind of the turbine, “i.e., near wake conditions”, and (3) the
velocity deficit and laminar flow recovery further downwind of the turbine, ‘“i.e., far wake conditions”.
The lower figure is a numerical model simulation of the near wake region showing increased turbulent
mixing induced by the upstream turbine wake and reduction in wind velocity behind the upwind turbine.

Our understanding of turbine wakes comes from wind tunnel experiments (e.g., Chamorro and
Porte-Agel 2009), field experiments (e.g., Neustadter and Spera 1985, Elliott 1991, Conzemius 2010,
Schepers et al. 2012), numerical simulations (e.g., Ainslie 1988, Dahlberg et al. 1991, Schepers 2003,
Zahle and Sgrensen 2008, Barthelmie et al. 2009, Porte-Agel et al. 2011, Politis et al. 2012), and from
studies utilizing both experimental and modeling methods (e.g., Barthelmie and Jensen 2010). It is well
documented that downwind turbines in multi-Megawatt wind farms often produce less power than
upwind turbine rows (Neustadter and Spera 1985, Elliott 1991, Barthelmie et al. 2009, Barthelmie and
Jensen 2010). These wake-induced power losses have been estimated from 5% to up to 40% depending
on the turbine operating settings (e.g., thrust coefficient), number of turbine rows, turbine size (e.g., rotor
diameter and hub-height), wind farm terrain, and atmospheric flow conditions (e.g., ambient wind speed,

turbulence, and atmospheric stability) (Sanderse 2009).
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Early work by Elliott and Cadogan (1990) suggested that power data for different turbulent
conditions be segregated to distinguish the effects of turbulence on wind farm power production. This
may be especially important for downwind turbines within wind farms, as chaotic and turbulent wake
flows increase stress on downstream turbines (Mann et al. 2008). Impacts of stability on turbine wakes
and power production have been examined for a flat terrain, moderate size (43 turbines) wind farm in
Minnesota (Conzemius 2010) and for an offshore, 80 turbine wind farm off the coast of Denmark
(Hansen et al. 2012). Conzemius (2010) found it difficult to distinguish wakes (i.e., downwind velocity
deficits) when the atmosphere was convective as large amounts of scatter were present in the turbine
nacelle wind speed data. This suggested that high levels of turbulence broke-up the wake via large
buoyancy effects, which are generally on the order of 1 km in size. On the other hand, they found
pronounced wake effects when the atmosphere was very stable and turbulence was either suppressed or
the length scale was reduced as turbulence in this case was mechanically produced (i.e., friction forces).
This led to larger reductions at downwind turbines and maximum velocity (power) deficits reached up to
50% (70%) during strongly stable conditions. At an offshore Danish wind farm, Hansen et al. (2012)
found a strong negative correlation between power deficit and ambient turbulence intensity (i.e.,
atmospheric stability). Under convective conditions, when turbulence levels were relatively high, smallest
power deficits were observed. Power deficits approaching 35 to 40% were found inside the wind farm

during stable conditions.

2. Methods
2.1. Wind and power observations

Turbine power data from July 2007 to June 2008 were collected at a multi-MW wind farm in
western North America. Strong land-ocean temperature differences, particularly during the summer
months, drive strong local southwesterly winds at the site. The landscape is not flat; instead, the local
area and immediate fetch is grass-covered rolling hills, with elevation changes of less than 150 m. 80 m
tall, horizontal-axis, three-bladed wind turbines, with rotor diameters of approximately 80 m are located
at the wind farm. The turbines generate power based on the wind between 40 m and 120 m above ground
level (AGL). Hub-height (80 m) wind speed was measured with cup anemometers (IceFree3, NRG
Systems, Hinesburg, VT, USA) located downwind of each turbine's nacelle hub. The free stream wind
direction was determined using a wind vane (NRG #200) mounted at a height of 77 m on an 80 m tall
meteorological tower. Measurements from a three beam, 4500 Hz Doppler mini Sonic Detection and
Ranging (SODAR) (Model4000, Atmospheric Systems Corporation, Santa Clarita, CA, USA) provided

wind speed and direction every 10 m from 20 m to 200 m AGL. All meteorological and power
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measurements were 10-minute averages. The stability parameters were derived from a combination of
SODAR and meteorological tower data (see Section 2.2).

A map of the wind farm and summer-time wind direction observations is shown in Figure 2.
Previous work by Wharton & Lundquist (2012a) showed that wind direction within the wind farm varies
little with height across the rotor disk for any 10-minute period. We took advantage of the lack of
direction shear and persistent onshore flow conditions and selected two areas of wind turbines in the
northern and southern sections of the wind farm for wake analysis. The first subset, the North cluster,
contained three rows of turbines, numbered 1(upwind) to 3(downwind). The second subset, South
cluster, contained only two rows: row 1 (upwind) and row 2 (downwind) (Fig. 2). The turbines in each
cluster were carefully selected so that no turbine was more than 10 m in elevation from any other turbine
within the cluster. The turbines in row 1 were also selected to ensure that they did not experience wakes
from upwind hills or other obstacles, i.e., the distance between an upwind obstacle and downwind turbine
was verified to ensure that the turbine was no closer than four rotor diameters (IEC 2003).

a Terrain Height Contours: 0 to 160 by 10 b Frequency counts of wind direction: July-August, 2007
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Figure 2: (a) layout of the wind farm showing a July shap-shot of turbine nacelle wind speed
observations (magnitude according to color), subset of North and South turbine clusters and rows,
upstream 80 m tall meteorological tower, and SODAR. (b) wind rose of 77m height wind direction data
illustrating the strong summer-time (July and August) direction dominance around 240 degrees (west-
southwest) as measured by the 80 m meteorological tower.

The amount of power theoretically available to a turbine, at time i, is expressed as the energy flux
(P;, Watts):
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P =05p,ACU;’ (1)

where, p, is the air density (kg m™), A, is the area of a turbine rotor disk (m?), C, is the turbine efficiency,
and Uj is the full rotor-disk wind speed (m s™), if available, or nacelle wind speed (m s™) averaged over a
time period of interest (here, 10-minutes). Power performance by a turbine row was evaluated using a
normalized power expression, where Py, i IS the average power output of the upwind turbines (i.e.,
represents the free stream power generation) and P iS the average power of the downwind turbines,
where X is turbine row 2 (South Cluster) or row 2 or row 3 (North Cluster).

P

rowl,i

Pnorm =
P

rOWX, i

)

As shown in Eq (2), the downwind turbines are normalized by the first upwind turbine row, such that
rowl always has a Pyom value of 1. A power deficit is observed when Py is less than 1 for turbines in
row 2 or 3. Pyom Was calculated collectively for each row for every 10 minute period (i) when the nacelle
wind speed was greater than the cut-in speed (U;> 3.5 m/s) at all turbines within a turbine cluster. A

normalized nacelle wind speed (Unom) for row 2 and 3 was calculated in a similar manner as Py orm,

U _ U rowl,i

norm U (3)

rOWX,i

2.2 Atmospheric stability classification

In earlier works, the influences of atmospheric stability on ambient wind speed and turbulence at
rotor-disk heights (Wharton and Lundquist 2010, 2012a) and on upwind turbine power performance
(Wharton and Lundquist 2010, 2012b) were found to be significant at this wind farm. Atmospheric
stability conditions at the wind farm were determined using a combination of on-site, SODAR-derived
stability parameters, including turbulence kinetic energy (TKE), vertical turbulence intensity (1),
horizontal turbulence intensity (ly), and the wind shear coefficient («). The on-site parameters were
validated against the more robust estimate of stability, the Obukhov length (L), using a nearby research
station 3-dimensional sonic anemometer. The complete methodology and details can be found in Wharton
and Lundquist (2012a). In brief, the SODAR-based horizontal turbulence intensity was found to be a well
suited parameter for estimating turbulence at the wind farm because of its high accuracy (as compared to
L) and high data availability. In the current study, we use I to classify 10-minute time periods as being
either stable (I, < 10%), neutral (10% < Iy < 13%), or convective (I, > 13%). A stable atmosphere at the
wind farm usually resulted in higher wind speeds at the top of the turbine rotor disk (e.g., higher wind

shear) and low turbulence intensity within the rotor disk. Small amounts of wind shear and high

7
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turbulence intensity magnitudes were observed during convective regimes. In the summer months,
daytime hours were generally convective, nighttime hours stable, and near-dawn and near-dusk transitions

were neutrally stable.

2.3 Wake identification

After considering the layout of the wind farm, turbine-induced wakes were presumed to occur
when the wind was from 245 + 15 degrees at the North Cluster and from 270 + 15 degrees at the South
Cluster. This put the turbines in row 2 directly in the wake of row 1 (Clusters North and South), and row
3 directly in the wake of rows 1 and 2 (North Cluster). In the northern cluster, turbines in row 2 were
approximately 8 rotor diameters (~ 640 m) from upwind turbines in row 1, while turbines in row 3 where
approximately 6 D (~ 480 m) from row 2, and 14 D from row 1 (1.1 km). In the southern cluster, row 2
was approximately 9 D (~ 720 m) downwind of row 1. Turbines used in this analysis were selected so that
all turbines in either cluster were no more than 10 m in elevation to minimize nacelle wind speed and
power differences due to wind shear. A more exact wake identification process would require high-
resolution, 3-dimensional (3-D) wind field data such as from a scanning Light Detection and Ranging
(LIDAR) remote platform (e.g., Kasler et al. 2009, Pichugina et al. 2011). Scanning LIDARSs measure
wind speed, direction and turbulence in both the vertical and horizontal fields unlike the SODAR unit

used here which measured only the vertical field.

3. Results

3.1 Upwind turbines: effects of stability on wind and power

As shown in detail in Wharton and Lundquist (2012a, 2012b), stability conditions had a
significant impact on the ambient wind speed and turbulence vertical profiles and power generation at
upwind (row 1) turbines during the spring and summer months. During stable conditions, wind shear was
high, positive, and wind speeds at the top of the rotor disk (120 m) were on average 20% higher than at
hub-height (80 m). In contrast, during convective conditions, wind shear was low and often negative;
wind speeds at the top of the rotor disk were lower on average than at hub-height (Fig. 3a). In Figure 3,
the predicted wind profile (based on the basic power law) is also shown. The power law was based on a
wind shear parameter of 0.17 (i.e., expected conditions during a neutral atmosphere). During observed
neutral conditions at the wind farm, the measured wind profile was nearly identical to the “expected

profile”. This indicates both the utility and accuracy of the derived stability parameters found in Wharton
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and Lundquist (2012a) and the accuracy of the SODAR measurements. In Figure 3, as well as in Figures

5-8, atmospheric stability was determined using the stability parameter, Iy.
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Figure 3: (a) normalized vertical profiles of SODAR wind speed from 40 m (equivalent to the bottom of
the rotor disk) to 120 m (top of rotor disk) according to stability regime during the summer months. The
profiles are normalized by hub-height (80 m) wind speed. Also plotted is the expected wind speed profile
as predicted by the basic power law (see Wharton and Lundquist 2012a). (b) power curves for row 1
turbines, segregated by stability regime, show strong power distinctions. The wind speed on the x-axis is
a “true-flux” equivalent wind speed and represents conditions across the entire rotor disk (see Wharton

and Lundquist 2012b).

Stable atmospheric conditions led to higher wind speeds at heights equivalent to the top of rotor
disk (100 to 120 m AGL), lower ambient turbulence levels, and higher power performance in the upwind
turbines than during any other stability regime. Power performance during stable conditions was up to
15% higher than during convective conditions when turbine power was plotted as a function of the “true-
flux” equivalent wind speed (Fig. 3b). The equivalent wind speed includes measurements of wind shear
(in the vertical field) and turbulence. This wind speed was used in the power curves (Fig. 3b) because the
SODAR profiles show that these variables are influenced by stability (Fig. 3a) (see Wharton and
Lundquist 2012b for more discussion). The greatest stability-influenced power differences occurred at
wind speeds above 9 m/s. Underperformance (power generation below the expected amount) was
observed during convective conditions for all wind speeds above 7.5 m/s. The “expected” power curve in

Figure 3b is based on the manufacturer’s power data and neutral conditions.
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3.2 Cluster turbines: average effects of turbine wakes on downwind power

To distinguish the effects of turbine wakes on downwind hub-height wind speed and power
generation, we examined these variables regardless of stability condition for wind sectors which presented
“likely” wake events. The direction sectors were determined by the layout of the wind farm (see Section
2.3). Figure 4 shows average normalized power production (top panel) and average normalized wind

speed (bottom panel) for turbines in the (a) North and (b) South turbine clusters over a two month period.
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Figure 4: Normalized power output (top panel) and wind speed (lower panel) in the (a) North cluster and
(b) South cluster. These plots show wake effects up to -6% in downwind turbine power output. Averages
are based on the 10-minute measurements in July and August (regardless of stability) and the wake
determination criteria described in Section 2.3.

Over the two month period, North cluster turbines in row 2 and 3 had on average lower hub-
height wind speeds and power generation than the upwind turbines in row 1 (Fig. 4a). The largest power
and wind speed deficiencies between two rows were observed between row 1 and 2. Power deficiencies
reached 3% between row 1 and 2 (8 D distance) in the North Cluster. Between row 2 and row 3 (6 D
distance), a smaller deficiency was observed (1%). Slightly larger wind speed and power deficiencies

were observed at the southern end of the wind farm (Fig. 4b) and approached 6% for power and 5% for
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hub-height wind speed in row 2 versus row 1 (9 D distance). Total power deficiencies in the Southern
Cluster were almost twice those observed in the northern end of the wind farm even though North Cluster
had an additional row of downwind turbines. Although the two month average deficiencies are relatively

small, a trend towards lower wind speeds and power generation in downwind turbine rows was consistent.

3.3 Cluster turbines: effects of turbine wakes and atmospheric stability on downwind power

Wind direction was not influenced by stability regime during the summer months at this wind
farm. This allowed for the analysis of wake effects under different stability regimes (stable, near-neutral,
and convective) without the added effect of direction variability. The two month 10-minute wind speed
and power generation measurements were segregated by atmospheric stability during “likely” wake
events in Figure 5b. The conditions regardless of stability are shown in the left hand panel for direct

comparison. These are the same data as found in Figure 4a. Small but perceptible stability effects on
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Figure 5: Two month average normalized power output (top panel) and wind speed (lower panel) during
(a) all stability conditions and (b) segregated by stability class (stable, neutral or convective) at the North
cluster turbines for July and August in 2007. Compared to the two day event in May 2008 (Figure 6),
power losses and wind speed deficiencies averaged less over the longer time period (4% here versus
19% during the May event). Even so, the pattern of highest losses during stability conditions remained a
consistent feature in the downwind turbine rows.
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downwind power production and nacelle wind speed are apparent in the North Cluster. Power losses were
up to 5% during stable conditions as compared to power losses of only 3% during connective and neutral
conditions (Fig. 5b). Figure 5 illustrates average wake effects over a two month period. In order to see if
individual days had stronger wake effects, we isolated a three day period in May that had noticeably
larger power and wind speed deficiencies in row 2 and 3. Figure 6a shows the downwind power and wind
speed losses during all stability classes, while figure 6b shows the same measurements segregated by
atmospheric stability. Two things are clear in this figure: (1) Wake effects on a daily time scale can be
much greater than the monthly averages. Here, power deficiencies reached 19% when atmospheric
stability was not taken into account. (2) Atmospheric stability exaggerates wake effects on a daily time
scale. For two days in May, power losses reached 16% in row 2 and 24% in row 3 during stable
conditions. During convective conditions the losses were 13% and 15%, respectively, for both rows. We
found that power losses were more exaggerated between row 2 and row 3 during stabile conditions than
during neutral and convective conditions. This suggests that the wake persisted farther downstream during

stable conditions and maximum velocity deficits at the downwind turbines were larger.
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Figure 6: Normalized power output (top panel) and wind speed (lower panel) during (a) all stability
conditions and (b) segregated by stability class (stable, neutral or convective) at the North cluster
turbines for two days in May 2008. Without considering stability the average power loss reaches 19% for
turbines in row 3. The power deficit is not uniform for all stability regimes: power losses reached 24%
during stable atmaospheric conditions compared to a loss of only 16% during convective conditions.
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In June and July, average power losses at the North Cluster reached 5% when stability was
considered (Fig. 5b), while slightly larger power deficits across the two month period were observed at
the southern end of the wind farm (Fig. 7). At the South Cluster, power deficits equaling 6% and wind
speed deficits of 5% were observed in row 2 when all stability classes were considered over the two
month period (Fig. 7a). After segregating the data for stability, even larger deficits were found. During

stable conditions, power losses reached 8% at the downwind turbines (Fig. 7b).
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Figure 7: Two month average normalized power output (top panel) and wind speed (lower panel) during
(a) all stability conditions and (b) segregated by stability class (stable, neutral or convective) at the South
cluster turbines for July and August in 2007. Compared to the two day event in May 2008 (Figure 8),
power losses and wind speed deficiencies averaged less over the longer time period (6% here versus 21%
during the May event). Even so, the pattern of highest losses during stability conditions remained a
consistent feature in the downwind turbine rows and power losses were double (8%) during stable
conditions than they were during convective conditions (4%).

The effects of wakes and stability were also examined at the southern end of the wind farm for
the three day period in May. The largest power deficits were observed in this cluster. Power losses of
32% were measured during stable conditions at the downwind turbines. This resulted from a 14% loss in
wind speed. During stable conditions the power losses were double those measured during convective
conditions. These data confirm that stable conditions result in the strongest wake effects across the wind

farm.
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South turbines - May 13-15, 2008 (255 - 285" wind direction)
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Figure 8: Normalized power output (top panel) and wind speed (lower panel) during (a) all stability
conditions and (b) segregated by stability class (stable, neutral or convective) at the South cluster
turbines for two days in May 2008. Without considering stability the average power losses reached 21%
for turbines in row 3. The power deficit is not uniform for all stability regimes: power deficits reached
32% during stable atmospheric conditions compared to a loss of only 17% during convective conditions.

4. Discussion

As both onshore and offshore wind farms are expanding in size, most turbines within a wind farm
are downwind of at least one row of upwind turbines. This causes them to be almost continuously located
in turbine wakes. The situation may be even more complex as multiple wakes can merge deep within
wind farms and significantly change the characteristics of the wind flow (e.g, “deep array effect”). From
both observations and modeling simulations, wakes are known to cause a decrease in power production
through velocity deficits, although the exact understanding of wake physics and interactions with
downwind turbines (e.g., rotor-scale response) is not known. Few studies have been able to capture
information about the two- and three-dimensional flow fields of wind speed, direction, and turbulence, as
well as how these atmospheric variables affect fatigue loads (e.g., stress on the blades) and turbine thrust
coefficients. In Wharton and Lundquist (2012b) we examined the influences of ambient turbulence and

wind shear on power production in the leading row of turbines at the same wind farm as discussed here.
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The present study looked at downwind power and wind speed measurements in up to two downwind rows
at the north and south boundaries of the wind farm. We also examined the same turbines under ambient
periods of high mixing (convective), low mixing (stable), and near-neutrality to see if atmospheric

stability had any influence on wake effects.

In order to determine the wind directions which would lead to “likely” wake events, we first
examined the power and wind speed data at both upwind and downwind turbines. The data were
normalized by the first row of turbines, row 1, as we were looking for power and wind speed losses in
rows 2 and 3. This methodology allowed for downwind turbines to either produce more electricity or have
higher wind speeds (i.e., those data were not screened out), but after careful data analysis we found that
power and velocity deficits downwind during wake events were always present. Our data analysis
included a careful treatment of wind direction and selection of turbines so that all turbines within a cluster
were no more than 10 m in elevation. We also focused on spring and summer time periods because earlier
work (Wharton and Lundquist 2012a) found that stability effects on the wind speed profile and turbulence
profile were strongest during these time periods. Wharton and Lundquist (2012b) furthermore found
strong stability effects on power generation during these months at the upwind row of turbines.

Our wind direction criterion (£15 degrees) was larger than other studies have used. Hansen et al.
(2012) used a 5 degree wind direction bin for their wake analysis at the Horns Rev offshore wind farm.
Horns Rev is evenly grid-spaced with 7 D turbine spacing. They found that quantification of wake effects
was hampered by the lack of observations in a particular direction bin and this resulted in high scatter in
the observations for certain direction sectors. After careful study of our wind farm layout and the wind
rose, we decided to use a +15 degree wind direction criterion (245 + 15 degrees at the North and 270 + 15
degrees at the South Cluster). This eliminated the problem of high scatter as found in Hansen et al. (2012)
who averaged over small sample sizes. It also seemed appropriate to have a larger wind sector at our site
for “likely” wake events since the turbines are not uniformly distributed across a grid. Instead, the

turbines are sited in roughly parallel rows along hill tops (Fig. 2).

Even in grid-spaced wind farms, power deficiencies are not uniform. Hansen et al. (2012) and
Schepers et al. (2012) report significantly larger power deficits between the first and second row of
turbines while the remaining downstream power deficits were less. We saw a similar effect in the North
Cluster where the largest power and wind speed deficiencies were between row 1 and row 2 while smaller
losses were measured between row 2 and 3. For reference, the maximum velocity deficit is estimated to

occur at 1-2 D but can be longer under low levels of ambient turbulence (Ainslie 1988).
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Although most of the literature report downwind power deficiencies on the order of 5-15%,
several studies have observed much larger wake effects. Power losses up to -80% were observed during
periods of very low turbulent mixing (i.e., stable atmosphere) at the Netherlands ECN Wind Turbine Test
Site (Schepers et al. 2012). We also observed the strongest power and nacelle wind speed deficiencies
during stable conditions, approaching 32%. We found smaller but noticeable power and wind speed losses
(up to 20%) during convective and neutral conditions. In comparison, Hansen et al. (2012) observed little
to no mean wind and power deficits when atmospheric conditions were near-neutral or convective in

downwind turbines.

The size (i.e., scales) of turbulence, in addition to magnitude, is important in wind farms because
of the destructive nature of certain turbulent structures on turbine structural loading. Scale is usually
determined by isolating the maximum energy scale in the power spectrum. As wind speed fluctuations
were studied here as perturbations from 10-minute averages, we were not able to isolate both high
frequency turbulence (which could be analyzed from 1 Hz or faster data) or low frequency turbulence
(which require a longer averaging period). More work needs to be done to address and quantify the
uncertainty related to the scales of turbulence on power generation. In wind farms it is estimated that
turbulence scales found in wakes are reduced to about half the free-stream conditions (Verheij et al. 1993,
Tindal 1993). Furthermore, wake effects in non-flat terrain may be intensified as a high surface roughness
increases atmospheric turbulence and causes it to become more isotropic (Petersen et al. 1998, Mann
2000, Silva Lopes et al. 2007). Some attempts to quantify these wake effects at wind farms in non-flat
terrain have been made (Jimenez et al. 2011). Jimenez et al. report a shift towards higher turbulence
frequencies in wakes at non-flat terrain sites. Although the effects of these turbulence shifts on power

production in downwind turbines are not well understood and more research is needed.

In some locations, particularly the Great Plains, USA, strong bursts of turbulence at heights near
the top of turbine rotors are a regularly occurring phenomena. These coherent structures are produced by
strong shearing from nocturnal low-level jets and can be damaging to turbine rotor components (Kelley et
al. 2001, Hand et al. 2003). The wind farm studied here does not appear to experience strong “top-
downed” turbulence on stable nights as low-level jets are very infrequent. This likely explains why the
leading row of turbines at this wind farm produced more power during stable conditions than when the
atmosphere is convective as wind shear in stable conditions leads to higher wind speeds at the top of the
rotor without also producing destructive turbulence scales. The effects of both wakes and stability are
more complex as shown here and likely lead to smaller than expected wind farm power generation levels,

at least within the two clusters examined, on stable nights. Although more work, including modeling, is
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needed in order to examine atmospheric conditions, e.g., wind shear and turbulence levels, across the

entire wind farm.

5. Future Work

The “deep array effect” in large wind farms has caused the need for predicting the spatial
distribution of wakes (e.g., meandering and merging wakes) and consequential power losses. Several
modeling studies have looked at simulating downwind velocities within these farms. These include: the
Risg WAsP model (Barthelmie and Jensen 2010), the MM5 model (Rooijmans 2004), and the RAMS
model (Roy et al. 2004). More recently, attempts have been made to include wind turbine
parameterizations in the Weather and Research Forecasting (WRF) model (Adams and Keith 2007, Fitch
et al. 2011). Presently, the multi-agency (CUB, NREL, NOAA, LLNL) Turbine Wake and Inflow
Characterization Study (TWICS) has begun to model inflow and wake conditions using WRF-LES
(Pichugena et al. 2011).

To our knowledge, nearly all wake modeling and observational studies have previously examined
wake effects in either uniformly grid-spaced wind farms or in research sites with few turbines available.
The wind farm studied here allows us to examine how an irregular-spaced, multi-MW wind farm
influences turbine wakes. Future work will involve using wind turbine parameterizations in WRF
developed by Anna Fitch to model these effects across the entire wind farm. The Fitch et al.
parameterization simulates wind turbines as a sink of momentum and source of turbulent kinetic energy
and has been tested on idealized wind farm configurations (Fitch et al. 2011). Initial WRF simulations
have been run for this site without implementation of the turbine parameterization schemes (Marjanovic
2011, Marjanovic et al. 2011, Wharton et al. 2011). Figure 9 shows the WRF simulations of hub-height
wind speed across the wind farm compared to the interpolated nacelle wind speed observations for three
10-minute periods, each with distinct stability conditions on July 5, 2007. The WRF simulations are able
to capture spatial variability across the 6 km X 10 km wind farm. Both the wind speed magnitudes and
range of variability agree well with the observations for both the stable and near-neutral cases while less
agreement is found for the convective case. Also, in comparison to the observations, the WRF simulations
do not show a trend in lower wind speeds within the wind farm; instead wind speed increases are modeled
for the downwind turbines. These simulation runs show the complexity of modeling wakes and the need
for additional observation-modeling wake studies, particularly for wind farms in non-flat terrain and for

sites which have large stability effects on power generation.
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Figure 9: Snap-shot of interpolated hub-height (80 m) nacelle wind speed observations in comparison to
simulated hub-height wind speeds for the three major stability classes. The black dots show the locations
of individual turbines. Model simulations were made using the Weather and Research Forecasting (WRF)
model without a wind turbine parameterization (see Wharton and Lundquist 2011 for details on the WRF
analysis). The WRF simulations also show the modeled wind direction vectors (southwesterly flow across
the wind farm). The observations and simulations are for July 5, 2007 at 24:00 Pacific Standard Time
(PST) (stable condition), 20:00 PST (near-neutral condition), and 12:00 PST (convective condition).
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