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Near-Ground Effects of Wind Turbines: Observations and Physical Mechanisms

SICHENG WU
a
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(Manuscript received 11 June 2020, in final form 16 December 2020)

ABSTRACT: Wind turbines generate wakes, which can potentially influence the local microclimate near the ground. To

verify and quantify such effects, the Vertical Enhanced Mixing (VERTEX) field campaign was conducted in late summer

2016 to measure near-surface turbulent fluxes, wind speed, temperature, and moisture under and outside of the wake of an

operational wind turbine in Lewes, Delaware. We found that, in the presence of turbine wakes from a single wind turbine,

friction velocity, turbulent kinetic energy, and wind speed were reduced near the ground under the wake, while turbulent

heat flux was not significantly affected by the wake. The observed near-ground temperature changes were ,0.48C in

magnitude. Near-ground temperature changes due to the wake correlated well with the temperature lapse rate between hub

height and the ground, with warming observed during stable and neutral conditions and cooling during unstable conditions.

Of the two properties that define a wake (i.e., wind speed deficit and turbulence), the wind speed deficit dominates the

surface response, while the wake turbulence remains aloft and hardly ever reaches the ground. We propose that the

mechanism that drives changes in near-ground temperature in the presence of turbine wakes is the vertical convergence of

turbulent heat flux below hub height. Above hub height, turbulence and turbulent heat flux are enhanced; near the ground,

turbulence is reduced and turbulent heat flux is unchanged. These conditions cause an increase (during stable/neutral

stability) or decrease (during unstable stability) in heat flux convergence, ultimately resulting in warming or cooling near the

ground, respectively.

KEYWORDS: Atmosphere; Boundary layer; Stability; Turbulence; Wind shear; Energy budget/balance

1. Introduction

Wind turbines extract energy from the wind and generate

wakes, which are plume-like volumes of low wind speed that

form downstream of a turbine. The upper parts of the wakes

are also characterized by high turbulent kinetic energy (TKE)

and high turbulent fluxes, which cause enhanced vertical mix-

ing above hub height. Vertical mixing significantly impacts the

vertical temperature and moisture distribution around the ro-

tor area. For example, at night under stable conditions with

warmer air above the rotor than within the rotor area, a wind

turbine wake will bring warm air downward from aloft and

warm the rotor area, and vice versa in unstable conditions.

Because of the ability of a wind turbine wake to redistribute

temperature and moisture by vertical mixing in the rotor area,

wind farms may have the potential of causing unwanted im-

pacts in the lower atmospheric boundary layer (ABL), such as

cooling, warming, drying, etc. The primary goal of this research

is to assess the impacts of wind turbine wakes on temperature

and humidity in the lower ABL, based on observations, and to

propose a mechanism to explain the observed changes.

This is not the first observational study of wind turbine wake

effects. Past observational studies either used ground-based

instrumentation (Baidya Roy and Traiteur 2010; Rajewski

et al. 2016; Smith et al. 2013; Armstrong et al. 2016; Moravec

et al. 2018), remote sensing data (Zhou et al. 2012, 2013;

Xia et al. 2016; Harris et al. 2014), or wind tunnel measure-

ments (Zhang et al. 2013). Most of them reported near-ground

warming at night, except for Moravec et al. (2018), who found

no clear long-term effect at wind farms inmountainous regions.

For the daytime, however, the effects are still unclear (Zhou

et al. 2012, 2013; Rajewski et al. 2014), possibly because the

surface boundary layer during the day is generally very tur-

bulent and unstable and therefore the effects of the additional

turbulence introduced by the turbines are likely negligible.

Neutral conditions have not been well studied in the literature

and the associated temperature changes have been generally

unclear or nonsignificant (Rajewski et al. 2013). All the studies

that found warming at night have attributed the warming to

enhanced vertical mixing, implicitly assuming that the en-

hanced vertical fluxes found in the upper wake region extend

all the way down to the ground. Only the Crop Wind Energy

Experiment (CWEX) field campaigns (Rajewski et al. 2013,

2014, 2016), however, have provided some evidence of the

enhanced vertical mixing by direct measurements of TKE and

heat flux near the ground.

Given the cost of performing observational campaigns,

many studies of microclimate change by wind farms were

conducted using modeling. Wind turbines have been parame-

terized as increased surface roughness in global climate models

(Keith et al. 2004; Barrie and Kirk-Davidoff 2010; Wang and

Prinn 2010), as elevated energy sinks and turbulence sources in

climate and mesoscale models (Baidya Roy et al. 2004;

Jacobson and Archer 2012; Fitch et al. 2012; Volker et al. 2015;

Miller and Keith 2018; Sun et al. 2018; Pryor et al. 2019), or as

actuator lines/disks in high-resolution large-eddy simulations

(LESs) (Lu and Porté-Agel 2011; Calaf et al. 2011; Xie and

Archer 2015, 2017; Ghaisas et al. 2017). Most climate modeling

studies found a similar nighttime warming pattern as the ob-

servational studies (Baidya Roy and Traiteur 2010; Rajewski

et al. 2016; Armstrong et al. 2016), with an unrealistically largeCorresponding author: Cristina L. Archer, carcher@udel.edu
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effect if the simple surface roughness parameterization was

used (Fitch 2015). Pryor et al. (2018) reported a small but

significant microclimate impact, but confined to the wind farm

region and only in summer. In LES studies, however, a re-

duction of surface vertical mixing, instead of an enhancement,

was found (Lu and Porté-Agel 2011; Calaf et al. 2010, 2011; Xie

and Archer 2015). A notable numerical study by Xia et al.

(2019) stated that the wind speed deficit and the added TKE

caused by the turbines have two opposite effects on surface

temperature at night. The wind speed deficit causes a reduction

of vertical wind shear near the ground, which reduces TKE and

produces ‘‘a less favorable background environment for tur-

bulent heat fluxes to transport warmer air from aloft to the

surface,’’ thus causing cooling. The added TKE increases the

magnitude of the downward turbulent heat flux, thus causing

warming near the surface. We note a few limitations of the

study byXia et al. (2019), including the use of an idealized wind

turbine model, the use of the Fitch parameterization (Fitch

et al. 2012) at the finest recommended resolution (1 km) (Fitch

2016), and the recently identified bug in the WRF Model with

the Fitch parameterization (Archer et al. 2020).

From the literature it appears that the effects of wind turbine

wakes on near-ground properties are complex to understand,

measure, simulate, and predict. Not surprisingly, there are

many inconsistencies between the observed effects and the

supposed mechanism, i.e., enhanced vertical mixing. For ex-

ample, warming was observed also during cloud-free days in

the remote sensing study by Zhou et al. (2012), when cooling

would be expected if vertical mixing was enhanced near the

ground. A reduction of vertical mixing near the ground was

reported in all LES studies, which would cause cooling, not

warming, during stable conditions. In the CWEX campaigns

(Rajewski et al. 2013, 2014, 2016), numerous findings were not

consistent with vertical mixing near the ground and the ob-

served atmospheric stability.

To try to clarify these inconsistencies, the Vertical Enhanced

Mixing (VERTEX) field campaign was conducted in Lewes,

Delaware, near a Gamesa G90–2MW wind turbine, from late

August to early October 2016, to measure the turbulent fluxes,

wind speed, and temperature near the ground. Archer et al.

(2019) already discussed the VERTEX setup and some pre-

liminary findings on the lack of enhanced vertical mixing near

the ground in the presence of a wind turbine wake, thus only a

brief description of VERTEX is provided in section 2. The

methods to identify and analyze the wake events are described

in section 3. The findings on the effects of wind turbine wakes

on surface microclimate properties (e.g., temperature) and

vertical mixing properties (e.g., friction velocity u*) are re-

ported in section 4. Last, the proposed mechanism to explain

the changes in near-surface temperature caused by wind tur-

bine wakes is described in section 5.

2. Description of the VERTEX field campaign

The VERTEX field campaign was conducted in Lewes,

Delaware, in August–October 2016. A total of 15 flux towers,

equipped with sonic anemometers and temperature/humidity

sensors were deployed in theGreatMarsh to the southwest of a

Gamesa G90–2MW wind turbine, with a hub height (H) of

78m and a rotor diameter (D) of 90m (Fig. 1). Of these 15 flux

towers, 3 were placed at a distance of 5D from the turbine (close-

wake), 3 were 5–10D (midwake), and the other 9 were farther

than 10D (distant-wake). For the same radial distance from the

turbine, the flux towers were spaced laterally so that the wake

would only affect one of them. Details about the instruments in-

stalled on each surface station can be found in Table 1. Tilt cor-

rection and quality control were applied for the measurements of

the sonic anemometers (Archer et al. 2019).

At a distance of approximately 4D northeast (upwind) of the

wind turbine was a meteorological tower (called ‘‘met tower’’

hereafter), which measured wind speed, temperature, and

humidity at 10, 25, 33, 42, and 49m. For each height, two 2.5-m

booms were set up in the southeast and northwest directions.

A lidar was installed at the site to the north of the wind

turbine (Fig. 1). The lidar was configured to scan in plan po-

sition indicator (PPI) mode, with fixed elevation angles from

2.68 to 15.88 listed in Table 1 with a sampling time of 2min each,

and azimuth angles from 1748 to 2708, which covered the whole

VERTEX field. The scanning patterns are described in Archer

et al. (2019) with more detail.

3. Methods

a. Vertical mixing variables and atmospheric stability

The variables that will be used in this study to characterize

vertical mixing are friction velocity (u*), virtual heat flux

(w0T 0
y), TKE, and w0w0. The first three variables are commonly

used in the literature (Lu and Porté-Agel 2011; Rajewski et al.

2013, 2014); the last variable, the vertical flux of vertical mo-

mentum, will be justified below.

The vertical transport of turbulent momentum can be de-

scribed by the nondiagonal terms of the Reynolds stress tensor

that are associated with the vertical direction, u0w0 and y0w0,
which are part of friction velocity as follows:

FIG. 1. Layout of the VERTEX field campaign. S1–S15 are the

locations of the surface flux stations. The sites in blue are reference

stations (or ‘‘no-wake’’) and those in yellow are the wake stations

analyzed in detail in the rest of the paper.
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u2

*5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0w02 1 y0w022

q
. (1)

The vertical transport of heat in VERTEX is described by

w0T 0
y , which is the correlation of vertical velocity and virtual

temperature. As discussed in Archer et al. (2016) and Rajewski

et al. (2016), virtual temperature Ty can be approximated by

the sonic temperature from the sonic anemometers Ts. A

positive (upward) w0T 0
y is generally associated with unstable

conditions, while a negative (downward) w0T 0
y is generally as-

sociated with stable conditions.

TKE is calculated from the turbulent normal stresses (i.e.,

the diagonal terms in the Reynolds stress tensor) as follows:

TKE5
1

2
(u0u0 1 y0y0 1w0w0) . (2)

Note that the third term in parenthesis in Eq. (2) is the vertical

flux of vertical momentum w0w0, which is the only term out of

three that accounts for fluctuations of wind in the vertical.

Thus, TKE is not adequate in studies, like this one, in which the

focus is on vertical, not horizontal, mixing, because horizontal

fluctuations dominate TKE (as also demonstrated later in

Figs. 4–6). However, since it is widely used as a proxy for

mixing, TKE will be discussed in this study too.

The turbulent linear correlation coefficients are used as a

measure of the efficiency of turbulent transfer (Roth and Oke

1995; Rajewski et al. 2014). For momentum transfer:

r
u*

5
u2

*
s
w

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
u 1s2

y

p (3)

and for heat transfer:

r
wTy

5
w0T 0

y

s
w
s
Ty

, (4)

where su, sy, and sw are the standard deviations of the u, y, and

w components of the wind vector, and sTy
is the standard de-

viation of virtual temperature. The Reynolds averaging time

needed to calculate turbulent covariances should be long

enough to cover all significant flux-carrying wavelengths, es-

pecially for vertical momentum flux, but short enough to

capture important nonstationary events, like wakes. Ogive

analysis is often used to identify the proper averaging time

(Oncley et al. 1996; Sievers et al. 2015). Ogive is the cumulative

integration of spectral density over a range of frequencies:

Og
xy
5

ðf0
‘

Co
xy
(f )df , (5)

where x and y are two variables of interest, e.g., wind speed

components (u, y, and w) or sonic temperature Ty; and Coxy is

the cospectrum of x and y. The inverse of the lowest frequency

at which Ogxy converges is the desired averaging time.

Examples of 2-h Ogives Oguw and OgwTy
at station S3 are

shown in Fig. 2. Between 0800 EST 4 September and 0400

EST 5 September, a variety of stability and wind speed

conditions were observed, which is reflected in the ogives in

two ways. First, the ogives values varied by at least an order

of magnitude and, second, the ogives converged at differ-

ent frequencies at different hours. However, for frequen-

cies lower than 1.1 3 1023 Hz (blue line in Fig. 2),

corresponding to an averaging time of 15 min, all the ogives

became flat and therefore convergence was achieved.

The same general behavior was also observed on other

days/times (not shown). As such, the statistics in this study

are calculated over a 15-min averaging period. Additional

details about the averaging and postprocessing of the

VERTEX data can be found in section 3.1 of Archer

et al. (2019).

It is known that, to understand stability in the lower

boundary layer, a local observation near the ground may not

be sufficient (Schotanus et al. 1983; Stull 1988). The tem-

perature lapse rate calculated using the virtual temperature

measured by the sonic anemometer between 49 and 10m at

the met tower, hereafter referred to as the ‘‘lower-rotor

lapse rate’’ GLR, was used for atmospheric stability in

VERTEX:

G
LR

52
DT

y

Dz
52

T
y,49

2T
y,10

49m2 10m
. (6)

TABLE 1. Details of the instrumentation used for VERTEX. The elevation angles of the lidars used for the wake detection are in boldface.

Reproduced with permission from Archer et al. (2019, their Table 1).

Sensor type Sensor model Accuracy Location(s)

Height above ground or resolution (m)

or lidar elevation angle (8)

3D sonic anemometer Campbell CSAT3 ,60.08m s21 S1–S15 3

2D sonic anemometer Gill Wind Observer 62% S1–S15 10

T–RH probe NCAR SHT75 T: 60.38C; RH: 61.8% S1–S15 3

Air pressure Vaisala PTB220 60.15 hPa S1, S3, S15 2

Soil moisture Decagon EC-5 62% S1, S9, S15 20.05

Soil heat flux REBS 65% S1, S9, S15 20.05

Soil temperature NCAR – S1, S9, S15 20.01, 20.05

Infrared gas analyzer Campbell EC-150 CO2: 61%; HO2: 62% S13, S15 3

3D sonic anemometer RMYoung 81000 60.05m s21 MetT 10, 25, 33, 42, 49

T–RH probe RMYoung 41382LC T: 60.38C; RH: 61% MetT 10, 25, 33, 42, 49

Scanning lidar Windcube 200S ,60.5m s21 L1 PPI: 2.6, 4.1, 5.6, 6.1, 7.1, 8.6, 10.1, 11.6, 13,
14.4, 15.8
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Stability was determined by comparing GLR against the dry

adiabatic lapse rate (Gd 5 0.0098Km21) using an uncertainty

margin of 60.002Km21 as follows:

d Stable: GLR # 0.008Km21

d Neutral: 0.008 , GLR # 0.012Km21

d Unstable: GLR . 0.012Km21

b. Identification of wake events

Since the line-of-sight of lidar L1 was not always aligned

with the wind directions that cause wakes over the marsh

(Bodini et al. 2017), only wake events with a prevailing wind

direction from the north-northeast at 49m could be identified

with certainty. Note that Archer et al. (2019) did not adopt

such a stringent criterion. Because of these limitations, only

wake events for which sites S2 and S3 in the close-wake region

and site S10 in the distant-wake region were under the wake

are considered here. When site S1 was under the wake, for

example, the wind direction was too easterly and therefore too

far off from the line-of-sight of the lidar L1 (Fig. 1). Also, only

cases when the wind turbine generated more than 100 kW of

power, or the wind speed at themet tower (at 49m) was greater

than 5m s21, were considered. The PPI lidar scans at the three

lowest elevation angles (2.68, 4.18, 5.68) were analyzed because

at these elevation angles the wind turbine wakes could be in-

tercepted by the laser beam. For these PPI scans, a 228 dB

Carrier-to-Noise Ratio (CNR) threshold was applied to re-

move unrealistic radial velocities (Bodini et al. 2017). Then the

location of the wake was determined by the wake detection

algorithm ofWang andBarthelmie (2015).With this algorithm,

it was possible to clearly identify which surface flux stations

were under the wake and which were not, as discussed in

Archer et al. (2019).

When a wake was observed over the VERTEX area via the

wake detection algorithm and all the above requirements were

met, the wake could last between half an hour (i.e., the average

interval between two successive lidar scans at the same ele-

vation angle) and several hours; it could sweep or meander

FIG. 2. Ogives from 2-h cospectra of (a) u and w and (b) w and Ty between 0800 EST 4 Sep

and 0400 EST 5 Sep 2016. The vertical line corresponds to the 15-min averaging period. The

labels on the left of the curves are the 2-h time periods included in each line.
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over several surface flux stations; and it could possibly even

come back and forth over a given station multiple times.

Seventeen wake events were identified during the 3-month

long VERTEX campaign. The largest majority of wake events

occurred under stable and neutral conditions. In the Results

section, three representative wake events will be examined

with lidar scans and time series of observed mixing properties

at the site under the wake (wake station) and at a control site

that was not under the wake (no-wake station).

c. Difference-in-differences

When a site was under the wake, the wind direction at the 49-

m level of the met tower was not constant but rather varied

within a certain range. For the statistical analysis, we defined

the wake range as that between the 12.5% and 87.5% quantiles

of wind direction. For example, for the close-wake stations, the

width of the wake range was between 668 to 698 (i.e., 128 to
188), depending on the site, which is slightly larger than the

commonly used 658 expansion of the wind turbine wake

(Barthelmie et al. 2010), but smaller than the 328–408 ranges
used in Rajewski et al. (2014). The wake ranges are not sym-

metrical around the direction of alignment between the turbine

and the site, possibly due to wind veering, wake meandering,

wake swinging, or yaw misalignment.

We then used the 49-m wake range as the proxy to dis-

criminate whether a measurement at a given site occurred

under the wake or not. Here we focus on three ‘‘wake sta-

tions’’, two in the close-wake region (S2 and S3) and one in the

distant-wake region (S10), each paired with a ‘‘reference’’ site

(S1 for the close-wake and S7 for the distant-wake), also called

‘‘no-wake station.’’ Following Rajewski et al. (2014), we cal-

culated the differences in mixing properties and other meteo-

rological variables at the three pairs of station (S2–S1, S3–S1,

and S10–S7) during both wake and no-wake conditions. The

no-wake conditions are those when neither station in the

pair was under the wake (i.e., with wind from the north,

between 2158 and 1108). The wake conditions are those

when the wake station (S2, S3, or S10) was under the wake

but the no-wake station (S1 or S7) was not.

This approach of comparing differences between a station

pair during wake and no-wake conditions, called Difference-

in-Difference (DiD), is necessary to properly account for po-

tential systematic biases, like spatial inhomegeneities, that may

affect one site of the pair but not the other and would therefore

interfere with the wake signal. For example, if site A was clear

of any obstacles but site B was located behind a tall bush patch,

site B would experience blockage from the bush patch and

therefore lower wind speed than site A. Let us say that the

wake hits site B and causes a further wind speed reduction. If

we just compare site B versus A, we would see a very strong

wind speed reduction at B relative to A, which we would en-

tirely attribute to the wake. However, if the wake hits site A,

the two sites may end up having the same wind speed and we

would therefore reach the contradictory conclusion that the

wake did not have an effect on site A. But if we take the dif-

ference in wind speed between site A and B, we would know

that it is positive in the absence of a wake due to the bush patch

at B and we would be able to subtract this initial positive
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difference from the differences obtained during wake condi-

tions. The true effect of the wake is therefore the net of the two,

i.e., the difference during wake conditions minus the difference

during no-wake conditions.

4. Results

In section 4a we describe three examples of wake events,

during which the lidar’s line-of-sight was aligned with the wind

direction, the wake lasted enough to impact the wake station

but not the no-wake station, and a reference period was iden-

tified during which none of the stations in the pair was under

the wake. These cases provide valuable information about the

wake behavior and near-ground vertical mixing. Details about

all wake events can be found in Table 2. In section 4b we de-

scribe the results of the statistical analysis applied to the entire

VERTEX campaign period, inclusive of both close- and

distant-wake stations.

a. Wake event examples

In this section, we quantify the effect of the wake by calcu-

lating the difference of six properties—u*, TKE,w0w0,U,w0T 0
y ,

and 2-m temperature—between the wake station and the ref-

erence station. With the exception of w0T 0
y and 2-m tempera-

ture, the difference is normalized by the value of the property

of interest at the reference station. Values will be reported as

the mean plus and minus one standard deviation.

1) STABLE: 4–5 SEPTEMBER

During the wake event of 4–5 September, the sky was clear,

relative humidity stayed around 68% and the upwind wind

speed at 49 m (measured by met tower) was 7–9 m s21. Based

on the met tower profile, this was a stable case. The location

of the wake is shown in the lidar scans in Fig. 3 and the 15-min

time series of friction velocity u*, TKE, w0w0, and horizontal

wind speed U are shown in Fig. 4. The wake moved over S3 at

1900 EST and moved to the east of the field after 2300 EST.

Therefore, the wake period was selected from 1900 to 2300

EST and the reference period lasted from 0100 EST, when S3

completely recovered from the wake effect, to 0500 EST.

During these two periods the upwind wind speed and tem-

perature were nearly identical.

Starting with friction velocity (Fig. 4a), the magnitude of u*
at the wake station S3 and at the no-wake station S1 was similar

FIG. 3. Horizontal wind speed distribution from lidar L1 during thewake event of 4–5 Sep 2016: (a) just before the

wake hits S3, (b) beginning of the wake periodwhen S3 is under thewake, (c) end of the wake periodwhen thewake

moved to the east of the field, and (d) end of the reference period. The circles centered at L1 in the upper-right

corner show the distances in m (with elevation in parentheses, in m) from L1.
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during the reference period (dashed rectangle). During the

wake period (gray rectangle), however, u* at S3 was lower than

at S1, with a normalized difference of 20.18 6 0.09 compared

to 20.03 6 0.09 in the reference period. TKE and w0w0

(Figs. 4b,c) shared a similar pattern, with the wake station S3

having a higher value than the no-wake station during the

reference period (red line on top of black line), but the op-

posite when the wake hits S3 (red line below the black line).

The normalized differences are20.106 0.18 and20.206 0.17

for TKE andw0w0 when S3 is under the wake, while 0.096 0.13

and 0.32 6 0.20, respectively, when S3 is outside of the wake.

This indicates that a reduction of mixing occurred below the

wake, although the standard deviations were higher than those

of u*. The wind speed (Fig. 4e) was slightly lower at S3 than at

S1 when S3 was outside of the wake, but the difference be-

came even larger when S3 was under the wake. Note that

from 2100 to 2200 EST there was a short-lived wind speed

burst that caused wind speed to bump up by 1 m s21 at S3

only, which also caused a bump in u* (Fig. 4a) and TKE

(Fig. 4b) during this period, but the reduction of mixing and

wind speed still hold.

The turbulent heat fluxes at the two stations were similar

throughout the night (Fig. 4d). A slight increase in temperature

was observed when S3 was under the wake, compared to the

reference period, during which the temperature was nearly the

same between the two stations (Fig. 4f).

FIG. 4. The 15-min time series during the stable wake event of 4–5 Sep 2016: (a) friction velocity u*, (b) TKE,

(c) w0w0, (d) turbulent heat flux w0T 0
y , (e) horizontal wind speed U at 3m, and (f) temperature at 2m. The wake

station is S3 and the no-wake station is S1.
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2) NEUTRAL: 20 SEPTEMBER

The cloudy, high-humidity (.95%) and low-wind speed (4–

5m s21 at 49m) meteorological conditions of this wake event

were already discussed in Archer et al. (2019), including the

lidar scans. During the reference period from 0100 to 0130 EST

(Fig. 5), neither S1 (no-wake station) nor S3 (wake-station)

were under the wake, while S3 was under the wake twice, from

0130 to 0200 EST and from 0230 to 0300 EST. The atmospheric

stability during this case was neutral (not shown).

Similar to the wake event of 4 September, a decrease in

vertical mixing and horizontal wind speed was observed. A

significant reduction of normalized friction velocity was found

under thewake for both of thewake periods (gray-shaded areas in

Fig. 5a), from 20.11 6 0.08 in the reference period to 20.23 6
0.01 and 20.25 6 0.13, respectively. The normalized wind speed

dropped from20.536 0.12 in the reference period to20.776
0.21 and 20.79 6 0.06 under the wake (Fig. 5e). A decrease in

TKE and w0w0 were also observed (Figs. 5b,c), although the

standard deviation in TKE during the reference period was

large and statistical significance was not achieved. The tem-

perature and heat flux changes caused by the wind turbine

wake were negligible (Figs. 5d,f).

3) UNSTABLE: 25 SEPTEMBER

During the daytime on 25 September, relative humidity

was moderate (50%–60%), the sky was clear, and no rainfall

occurred. The air temperature was nearly constant around

188C; wind speed stayed at 6–8 m s21 at 49 m. In the morning,

the turbine did not turn on until 0830 EST. Then the wake

was above S3 from 0830 to 1000 EST and gradually moved to

FIG. 5. As in Fig. 4, but for the neutral wake event of 20 Sep 2016.
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the east afterward. The wake station was S3 and the refer-

ence station was S1. To guarantee the same stability be-

tween the reference period and the wake period, the

reference period was selected from 1100 to 1200 EST when

neither S3 nor S1 were under the wake, while the wake pe-

riod was from 0900 to 1000 EST, with wake station S3 and

reference station S1.

A reduction in u* was found at the wake station S3 during

the wake period (Fig. 6b), with mean normalized Du* de-

creasing from 0.03 6 0.05 during the reference period to

20.09 6 0.07 during the wake period. Similarly, horizontal

wind speed U at the wake station S1 was higher than that at S3

before the wake but became lower than that at S3 after the

wake arrival (Fig. 6f); the mean normalized difference was

20.02 6 0.11 during the reference period and 20.15 6 0.04

during the wake period. Although there was a slight increase in

TKE, a decrease of w0w0 was found. The temperature dropped

slightly at S3 after the wake passage, but not significantly.

b. Statistical analysis

In this section, statistical significance will be reported using

the Wilcoxon signed-rank test with a 95% confidence interval.

The statistical analysis is based on the DiD approach, as de-

scribed in section 3c, thus it will focus on pairs of stations: a

wake station and a no-wake (or reference) station.

Figures 7–12 show the differences of normalized wind

speed and friction velocity, heat flux, and temperature between

wake and no-wake stations, grouped by atmospheric stability.

Only the values in the shaded areas (i.e., no-wake northerly

conditions in green and wake conditions in red) should be

FIG. 6. As in Fig. 4, but for the unstable wake event of 25 Sep 2016.
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considered, since we do not know the position of the wake or

which site might be under it except for the wake and no-wake

wind direction ranges. The sample size for the station pairs are

listed in Table 3. The average values of the changes are re-

ported in Tables 4–8.

Starting with 3-m wind speed for the close-wake stations S3

and S2 (Figs. 7a,b), the most noticeable feature is that the

difference of normalized wind speedDU/U49 becomes negative

in the red-shaded areas, while it is around zero in the green-

shaded areas. Using the DiD approach, this means that the

sites under the wake, S2 and S3, experience a reduction in wind

speed when compared to the site outside of the wake, S1. The

wind speed reduction is statistically significant and does not

depend much on atmospheric stability (Table 4). Looking at

wind speed at S2–S1, for example, the difference between the

pair is around zero in the absence of a wake, meaning that the

two sites experience the same wind speed when there is no

wake (Fig. 7a). But the normalized difference becomes large

and negative (20.128 on average) when the wake hits S2 for

stable and neutral conditions, indicating a reduction of wind

speed at S2. We can conclude that the net effect is due to the

wake because the sign of the difference is negative under the

wake and it is near zero during no-wake conditions, thus only

the turbine can be the reason.

The finding of reducedwind speed under the wake is consistent

with the expansion of the wind speed deficit with distance in the

wake.As thewind speed starts to recover farther downstream, the

deficit is reduced, but the normalizedwind speed reduction caused

by the wake remains approximately the same at the distant-wake

stations S10 (Fig. 7c), between 20.116 and 20.137 on average

depending on stability, for a near-zero (or slightly positive) dif-

ference during no-wake conditions (Table 4).

The difference in normalized friction velocity at close-wake

station pairs (Figs. 8a,b) exhibits the same behavior as DU/U49,

with a clear decrease at the site under the wake during stable

and neutral stability. The decrease in friction velocity under

the wake is small in magnitude because it is normalized by a

large value (U49), but it is statistically significant and stronger

for neutral than stable conditions (Table 5). For distant-wake

stations, the decrease in friction velocity is almost negligible

compared to that in the close-wake region (Fig. 8c), possibly

due to the recovery of the wind turbine wake that causes wind

shear below the rotor in the distant-wake to almost recover to

the undisturbed value.

FIG. 7. Difference (mean and 95% confidence interval) between normalized 3-m horizontal wind speed at the wake stationminus that at

the no-wake station (a) S22 S1, (b) S32 S1, and (c) S102 S7. The wind directions for which neither the wake nor the no-wake station is

under wake are in the green-shaded areas, while those for which the wake station is under the wake are in the red-shaded areas.

FIG. 8. As in Fig. 7, but for normalized friction velocity.
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While the findings so far—decreases of wind speed and

friction velocity under the wake—have been clear to detect,

easy to interpret physically, independent of atmospheric

stability, and statistically significant, the next will be less

straightforward.

Turbulent heat flux in the close-wake region (Figs. 9a,b)

exhibits large fluctuations, especially during unstable condi-

tions and in the absence of a wake. No obvious reduction or

increase can be detected during stable conditions at S3. A

significant reduction is apparent at S2 under stable conditions,

although the magnitude is small (Table 6). Similarly, in the

distant-wake station (Fig. 9c) there appears to be a significant

reduction under stable conditions only (Table 6). On one hand,

it is troublesome to reconcile the lack of significant changes in

the heat flux when both wind speed and friction velocity ex-

perienced reductions. On the other hand, the same finding was

also reported byRajewski et al. (2013): ‘‘the data do not show a

systematic and significant influence of the turbines’’ on the

surface heat flux.

The efficiency of turbulent momentum exhibits a similar

reduction as friction velocity under the wake for all stability

conditions for close-wake stations (Figs. 10a,b). The reduction

in distant-wake stations is much smaller compared to that of

close-wake stations, and the statistical significance is lost

for the S10–S7 pair under stable and neutral conditions

(Fig. 10c). The DiD in turbulent transfer efficiency of heat

has large fluctuations and does not show any meaningful

differences (Figs. 11a–c).

For temperature, the changes caused by the wake are

strongly dependent on atmospheric stability. At the close-wake

sites, the strongest warming under the wake occurs in stable

conditions (Figs. 12a,b). The magnitude of the warming in-

duced by the wake is around 10.21K on average and it is

statistically significant for both close-wake station pairs

(Table 8). In neutral conditions, a smaller but statistically

significant warming is found at both S2 and S3. It is worth

noting that the most significant warming occurs in stable

conditions, during which no significant change in the heat

flux was observed. Vice versa, in neutral conditions, the site

that experienced a reduction in heat flux, S2, experienced a

slight but statistically significant increase in temperature.

This suggests that the temperature effects are, somehow,

not linked to the surface heat flux, which drives local

stability.

The temperature change in distant-wake pairs (Fig. 12c) are

more complex. Only S10 shows a weak warming signal under

stable conditions (Table 8), by approximately 10.11K. At

S10 a reduction of the heat flux was observed during stable

FIG. 9. As in Fig. 7, but for the magnitude of turbulent heat flux jw0T 0
y j.

FIG. 10. As in Fig. 7, but for transfer efficiency of turbulent momentum ru*
.
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conditions, which would cause cooling, not warming. Again,

this further confirms that temperature effects by a wind turbine

cannot be explained by surface heat fluxes.

We would like to point out that the temperature changes

caused by the wind turbine wake, although statistically signif-

icant and unequivocally associated to the wake due to the DiD

approach, are not large compared to natural variability, which

can be estimated by the temperature differences between the

pairs under no-wake conditions as60.09 on average (Table 8).

As changes in near-surface temperature do not seem to re-

late to changes in the surface heat flux, which is the parameter

that drives traditional stability metrics (e.g., the Obukhov

lengthL), we are going to investigate if they are correlated with

the lower-rotor lapse rate GLR.

The dependency of the changes in near-surface temperature

caused by the wake on the lower-rotor lapse rate can be ap-

preciated in Fig. 13 for the site pair S3–S1. No obvious rela-

tionship between stability and the temperature differences at

S3–S1 can be found during no-wake conditions (i.e., northerly

winds, Fig. 13a), when S3 is on average around 0.06K cooler

than S1. However, when the wake is over S3 (Fig. 13b), the

response depends on stability. In unstable conditions, S3 is

cooler than S1 by around 0.07K, indicating that the tempera-

ture decrease caused by the wake is small and negligible. In

neutral conditions, the difference in temperature between S3

and S1 is on average near zero in magnitude; comparing to the

no-wake conditions, a slight warming signal is present. In stable

conditions, there is a clear warming signal induced by the wake:

on average, S3 is warmer than S1 by 0.1K. The strongest

warming is to be expected in the presence of an inversion and it

could be up to 0.4K.

In conclusion, the statistical analysis (Tables 4–8) of the

VERTEX campaign data confirm that near the ground under a

wind turbine wake:

d Vertical mixing is reduced, not enhanced, near the ground

under the wake. Friction velocity u* decreased significantly

in all close-wake cases under all stabilities and in the distant-

wake case for unstable conditions; no case with an increase of

u* was found.
d Wind speed is reduced near the ground under the wake. In all

cases, for all stabilities and for all distances from the turbine,

the horizontal wind speed decreased after the wake arrival

with statistical significance.
d The surface heat flux is generally unaffected by the wake. The

only statistically significant signal was a reduction in the heat

flux during stable conditions at two of the three site pairs.
d Statistically significant (but modest in magnitude) warming

was observed under stable conditions at all sites, by up

FIG. 11. As in Fig. 7, but for magnitude of transfer efficiency of heat jrwTy
j.

FIG. 12. As in Fig. 7, but for 2-m temperature.
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to 10.4K. Slight warming under neutral conditions was also

found in the close wake. Temperature changes are better

correlated with stability assessed with the lower-rotor lapse

rate GLR than with surface heat fluxes.

These findings give rise to a challenging question: how can

warming occur near the surface without a change in the surface

heat flux? Many modeling studies in the literature have re-

ported changes in near-surface temperature caused by changes

in the surface heat fluxes. In the next section we attempt to

provide an answer to this question.

5. Discussion

The mechanism behind the reduction of vertical mixing

under the wake has already been explained in Archer et al.

(2019) and is only summarized here. The extraction of kinetic

energy by the wind turbine causes a wind speed deficit at the

rotor area that propagates farther downwind. The wind

speed deficit alters the vertical wind shear profile and causes

an enhancement of shear above hub height and negative

shear below it. The upward transfer of momentum from the

bottom of the wake to the hub height ‘‘sucks in’’ the higher

momentum below the wake. Consequently, wind shear is

reduced below the wake, causing a reduction of shear and

shear-production of turbulence, which is one of the drivers of

vertical mixing. The results are in agreement with wind

tunnel studies (Chamorro and Porté-Agel 2010) and LES

studies (Xie and Archer 2017).

Although no information on turbulence in the upper wake is

available in VERTEX, we propose that the reduction of shear

caused by the reduction of wind speed is the dominant factor

that drives changes of vertical mixing near the ground, at least

in stable and neutral stratified atmospheres. The enhancement

of mixing only occurs above the hub height and is caused by the

combination of direct blade-induced turbulence and indirect

increase in wind shear (Lu and Porté-Agel 2011; Calaf et al.

2011; Xie and Archer 2017). With this information at hand,

i.e., a wind turbine wake with high turbulence only in its upper

part and a wind speed deficit that reaches the ground, in this

section we will try to explain how near-surface temperature

changes can take place.

To understand how warming/cooling can occur near the

surface without a change in the surface heat flux, we propose

here that the warming/cooling near the surface, where vertical

mixing is reduced, is controlled by the changes in the diver-

gence (or convergence) of the heat fluxes below the rotor,

despite constant or slightly reduced surface heat fluxes and

despite reduction in turbulence production due to reduced

wind shear.

The theoretical justification for this mechanism lies in the

energy equation, assuming horizontal homogeneity [Stull 1988,

Eq. (3.4.5b)] and neglecting the changes of pressure following

the air parcels [Gill 1982, Eq. (4.4.7)]:
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The first term on the right-hand side is the vertical advection of

temperature and the second term is the vertical divergence of

turbulent heat flux (with a minus sign to indicate that conver-

gence causes warming). The other two terms are radiative

heating (Qrad) and the combined effect of viscous dissipation

and latent heat (QH), which we can ignore as a first approxi-

mation, leaving the vertical advection and the divergence of

heat flux as the two possible mechanisms controlling the tem-

perature change near the ground. The importance of these two

terms was proposed first by Xia et al. (2019), who concluded

from numerical simulations that they both play a role in the

temperature changes near the ground downwind of inland

wind farms.

In VERTEX, the vertical advection of temperature was not

found to be an important factor. It was estimated with vertical

wind speed measured at 3m and virtual temperature gradient

between 10 and 7m. For both close- and distant-wake stations,

vertical advection did not show a distinguishable signal when

the station was under the wake (not shown), compared to

northerly wind when no station was under the wake. As such,

we focus on the vertical divergence of heat flux only in the rest

of the section.

TABLE 3. Sample size for the statistical analysis of DiD prop-

erties for northerly no-wake for all pairs, S2 under the wake in the

S2–S1 pair, S3 under the wake in the S3–S1 pair, and S10 under the

wake in the S10–S7 pair.

Northerly no-wake S2 S3 S10

Stable 32 68 66 51

Neutral 45 82 82 56

Unstable 61 80 19 172

TABLE 4. Results of the statistical analysis: difference of 3-m horizontal wind speed between wake and no-wake sites (i.e., S2 2 S1

and S3 2 S1 in the close-wake region, S10 2 S7 in the distant-wake region), normalized by wind speed at 49m. Statistically significant

(p, 0.01) results for wake conditions are in boldface for decreases and in boldface and italic for increases. The values reported are means

with standard deviations in parentheses.

U/U49(Wake) 2 U/U49(Ref) S2 2 S1 S3 2 S1 S10 2 S7

No-wake conditions Stable 0.006 (0.032) 20.012 (0.042) 0.032 (0.039)

Neutral 20.001 (0.028) 20.030 (0.043) 0.027 (0.029)

Unstable 0.003 (0.026) 20.031 (0.029) 0.031 (0.029)

Wake conditions Stable 20.123 (0.053) 20.126 (0.051) 20.125 (0.055)

Neutral 20.132 (0.056) 20.128 (0.048) 20.116 (0.052)

Unstable 20.156 (0.051) 20.090 (0.037) 20.137 (0.053)
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Evidence from LES results in the literature (Lu and Porté-
Agel 2011; Calaf et al. 2011; Xie andArcher 2017) suggests that

two main processes affect vertical mixing within the rotor area

of a wake: 1) an increase in wind shear due to the wind speed

deficit in the upper part of the rotor area (above hub height)

and 2) added TKE due to the rotation of the blades and the

formation of tip vortices in the entire rotor area. As a result of

these two mechanisms, large TKE increases are found in the

upper part of the rotor area (above hub height) and modest

increases in the lower part of the wake, i.e., below hub height

but above the bottom tips. These two effects are sketched in

Fig. 14 as large swirls in the upper part of the wake and smaller

swirls in the lower part. From the previous VERTEX results,

we know that vertical mixing near the surface is reduced, thus

no swirls are shown below the wake. The heat fluxes are rep-

resented as arrows, pointing upward in unstable conditions and

downward in stable conditions, or as ‘‘0’’ in neutral conditions.

The mean wind flow is left to right, thus the undisturbed heat

fluxes are to the left of the turbine and the altered heat fluxes

due to the turbine wake are to the right. Blue and green are

used to indicate two slightly different potential temperature

profiles, found during VERTEX, within the same general

stability category.

In stable conditions (Fig. 14a), with or without a ground-

based inversion (blue and green lines, respectively), the up-

stream downward heat fluxes are largest near the ground and

decrease nearly linearly with height (Stull 1988, Fig. 2.15). This

distribution results in a slight divergence of the heat fluxes at all

levels. The combination of enhanced mixing in the wake and

unchanged or slightly reduced surface heat flux causes a con-

vergence of the heat fluxes below the rotor. Consequently,

warming is expected near the ground. Note that, if only the

surface heat fluxes were considered, cooling or no change

would be expected as a consequence of the slightly reduced or

unaffected downward surface heat fluxes.

In unstable conditions (Fig. 14b), with a deep or shallow

superadiabatic layer (blue and green lines, respectively), the

upstream upward heat fluxes are largest near the ground and

decrease linearly with height (Stull 1988, Fig. 2.15). Note that

the convective well-mixed layer is characterized by an adia-

batic lapse rate but also by upward heat fluxes (Stull 1988,

Figs. 2.15 and 3.7). This distribution results in a slight convergence

of the heat fluxes at all levels. Below the rotor, the exact

thermal response depends on the thickness of the super-

adiabatic layer. If it is deep enough to intersect the rotor re-

gion (blue line), then a reduction of convergence or even

divergence may occur instead of convergence and cooling is

expected near the ground; if it is shallow (green line), then the

previous convergence may just be slightly reduced, causing

slight or no cooling at the surface.

In neutral conditions (Fig. 14c), the upstream heat fluxes are

near zero all the way to the capping stable level. There will be

no change in near-surface temperature if the stable layer is

above the rotor (blue line). However, if there is a stable layer

that intersects the rotor area (green line), e.g., during the

erosion of the nocturnal ground-based inversion after sunrise,

the mixing by the turbine will slightly enhance the downward

heat flux, increasing convergence below the rotor. In this case

there will be warming near the ground.

Direct evidence of the heat flux divergence mechanism

could not be gathered during the VERTEX cases because the

met tower, although it measured heat fluxes at five levels below

hub height, was located upstream of the turbine, not down-

stream, during the northeasterly wake events. However, when

the wind was from the southwest, the met tower was likely to be

under the wake. It was therefore possible to estimate the heat

flux divergence using the gradient of the heat flux between the

top height (49m) and the lowest height (10m) of the met tower:

›w0T 0
y

›z
’
Dw0T 0

y

Dz
5
w0T 0

y49 2w0T 0
y10

49m2 10m
. (8)

The time periods when the met tower was hit by the wake were

determined using the wake detection algorithm from section 4b,

TABLE 5. As in Table 4, but for normalized friction velocity.

u*/U49(Wake)2u*/U49(Ref) S2 2 S1 S3 2 S1 S10 2 S7

No-wake conditions Stable 20.002 (0.004) 20.001 (0.005) 20.002 (0.003)

Neutral 20.002 (0.003) 20.001 (0.003) 20.002 (0.004)

Unstable 20.001 (0.004) 20.001 (0.004) 20.001 (0.004)

Wake conditions Stable 20.010 (0.006) 20.008 (0.006) 20.004 (0.007)

Neutral 20.010 (0.006) 20.008 (0.005) 20.002 (0.006)

Unstable 20.012 (0.007) 20.007 (0.004) 20.005 (0.005)

TABLE 6. As in Table 4, but for the magnitude of turbulent heat flux jw0T 0
yj.

jw0T 0
yj(Wake)2 jw0T 0

y j(Ref) (Km21) S2 2 S1 S3 2 S1 S10 2 S7

No-wake conditions Stable 0.000 (0.007) 20.005 (0.013) 0.002 (0.007)

Neutral 0.003 (0.010) 20.002 (0.009) 0.003 (0.010)

Unstable 20.004 (0.016) 20.009 (0.013) 20.003 (0.014)

Wake conditions Stable 20.006 (0.006) 20.003 (0.005) 20.010 (0.006)

Neutral 20.002 (0.004) 20.002 (0.004) 20.005 (0.005)

Unstable 20.003 (0.005) 20.007 (0.008) 20.006 (0.013)
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but for southwesterly wind directions. During VERTEX, a total

of five time periods in which the tower was likely to be hit by a

wake occurred, shown in Fig. 15.

The first case, characterized by very stable conditions with a

temperature inversion, lasted from 1945 EST 8 September to

0300 EST 9 September (shading in Fig. 15a). At first, Dw0T 0
y/Dz

was positive around 2Kh21, which is consistent with the

gradually decreasing negative heat flux with height. However,

starting at approximately 1945 EST, the divergence of the heat

flux dropped dramatically from positive to negative (thus

convergence), likely as a response to the arrival of the wake,

and eventually oscillated between 22 and 24Kh21. From

0300 EST, when the wake moved away from the tower, the

divergence recovered to a slightly positive value.

The second case, characterized by a near-neutral lapse rate,

lasted from 0200 EST 27 September to 0500 EST 27 September

(shading in Fig. 15b). The divergence of the turbulent heat flux

changed from near-zero to slightly negative (thus weak

convergence) more gradually. The other three periods be-

haved similarly (Figs. 15c–e). The observed changes in the

divergence of the heat flux when the met tower was under

the wake provide preliminary evidence of the existence and

coherence of this mechanism in driving temperature changes

near the ground.

6. Conclusions

The VERTEX field campaign aims at answering two research

questions: (i)What is the impact of wind turbinewakes on vertical

mixing, wind speed, and temperature near the ground? (ii) What

physical mechanisms are responsible for the observed changes?

We have observed the following near the surface under the

wind turbine wake:

1) A reduction of vertical mixing and wind speed, which

are caused by the reduction of wind shear near the

ground, caused in turn by the momentum deficit in

the wake;

2) A lack of change in surface turbulent heat flux and

moisture;

3) Small temperature changes (lower than 0.48C in magnitude,

on average comparable in magnitude with the natural

variability in the marsh) but statistically significant; and

4) A correlation of near-ground temperature changes with the

lower-rotor lapse rate.

The proposedmechanism that drives the changes in near-ground

temperature by wind turbine wakes is the change in the vertical

divergence/convergence of turbulent heat flux below the rotor.

This mechanism may cause the following under single wind

turbine wakes, depending on the lower-rotor lapse rate:

d Under stable conditions, the enhanced downward heat flux

in the lower-rotor region and the lack of change in surface

heat flux cause a convergence in heat flux below the rotor,

which causes an increase in the near-surface temperature;
d Under unstable conditions, the change in vertical conver-

gence of heat flux depends on the depth of the superadiabatic

surface layer: with a deep superadiabatic layer, less conver-

gence or even divergence of heat flux occurs below the rotor,

instead of the previous convergence, which decreases the

surface temperature; with a shallow layer (more common),

the convergence is slightly reduced below the rotor, which

may cause a slight cooling or no significant effect;
d Under neutral conditions, no change is expected in temper-

ature near the ground. An exception may occur when the

neutral layer is topped by a stable layer that intersects the

rotor layer, in which case a slight warming may occur near

the ground due to enhanced heat flux convergence.

The lack of correlation between near-surface temperature

changes and surface heat fluxes and the positive correlation

between near-surface temperature changes and the lower-rotor

lapse rate suggest that the prediction of near-surface tempera-

ture changes caused by wind farms depend on the vertical

temperature structure from the ground to the rotor region. The

lower-rotor lapse rate is an effectivemetric formultiple reasons.

TABLE 7. As in Table 4, but for turbulent transfer efficiency of momentum ru*
.

ru*
(wake)2 ru*

(ref) S2 2 S1 S3 2 S1 S10 2 S7

No-wake conditions Stable 20.010 (0.042) 20.005 (0.042) 20.008 (0.034)

Neutral 20.008 (0.024) 20.016 (0.026) 20.005 (0.026)

Unstable 20.004 (0.027) 20.017 (0.028) 0.004 (0.027)

Wake conditions Stable 20.067 (0.033) 20.052 (0.033) 20.008 (0.034)

Neutral 20.067 (0.032) 20.051 (0.036) 20.007 (0.031)

Unstable 20.080 (0.038) 20.061 (0.025) 20.020 (0.027)

TABLE 8. As in Table 4, but for 2-m temperature.

T(wake) 2 T(ref) (K) S2 2 S1 S3 2 S1 S10 2 S7

No-wake conditions Stable 20.12 (0.12) 20.11 (0.12) 0.08 (0.15)

Neutral 20.11 (0.09) 20.07 (0.07) 0.10 (0.08)

Unstable 20.01 (0.10) 20.06 (0.07) 0.11 (0.11)

Wake conditions Stable 0.09 (0.09) 0.10 (0.10) 0.19 (0.15)

Neutral 20.01 (0.06) 0.02 (0.06) 0.15 (0.06)

Unstable 0.00 (0.07) 20.07 (0.08) 0.09 (0.10)
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First, the stability in the rotor region—especially in the lower

part—is the driving factor for the convergence/divergence

mechanism, because it determines the sign of the enhanced

fluxes, either upward or downward. Although necessary, the

stability in the rotor region alone would not be sufficient. Let us

consider for example the case of an unstable boundary layer

with a shallow superadiabatic layer followed by a neutral

convective layer across the rotor. If the rotor stability were the

only metrics, we would wrongfully conclude that the boundary

layer is neutral and therefore expect no change in surface

temperature. This suggests that information on surface stabil-

ity should be utilized too, but not alone either. For example,

during the erosion of the nocturnal ground-based inversion

after sunrise, neutral or unstable conditions may occur near the

ground, while the rotor region is still stable. If only surface

stability was known, cooling or no change in near-surface

temperature would be wrongfully predicted. In summary, the

lower-rotor lapse rate can properly account for both rotor and

surface stability. In VERTEX, it allowed us to correctly predict

warming and cooling near the surface in most cases. The only

exceptions were a few wake cases that were classified as neutral

according to the lower-rotor lapse rate but were associated with

slight warming, likely because the stable layer on top of the

neutral layer was above 49m. We suspect that one of the main

reasons why past studies, including field campaigns, reported

some inconsistencies between the observed temperature changes

and the associated atmospheric stability was that they either used

surface stability or a simple day/night characterization of stability.

The former is incorrect because it neglects the rotor layer and the

latter because it implicitly assumes that the atmosphere is stable at

night and unstable during the day, whereas it can often be stable

or neutral during the day. In fact, studies that used a day/night

characterization of stability often found a lack of cooling or even a

warming signal during the day, which would be impossible to

explain with enhanced vertical mixing near the ground and were

likely just days with a stable or neutral rotor-layer lapse rate.

A limitation of the VERTEX field campaign is that the

measurements of mixing properties and climatological

properties were conducted under the wake of a single wind

turbine only. For larger wind farms, nonlinear interactions

FIG. 13. Near-surface (2m) temperature difference between S3 and S1 as a function of the

lower-rotor lapse rate GLR between the 49- and 10-m levels of the met tower for (a)

(northerly) no-wake conditions and (b) wake conditions at S3 (i.e., with wind directions such

that S3 is under the wake, while S1 is not).
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FIG. 14. The proposed mechanism to explain changes in near-surface temperature

based on the changes in divergence/convergence of the heat fluxes below the rotor

during: (a) stable, (b) unstable, and (c) neutral atmospheric stability. In green and blue

are two typical upstream conditions found in VERTEX per stability category, for both

potential temperature and heat flux profiles. The swirls represent the added TKE and

enhanced vertical mixing caused by the wake within the rotor area, which are stronger

in the upper part of the rotor than below hub height based on the literature.
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by the overlapping wakes may cause different impacts on

vertical mixing and temperature near the ground (Ghaisas

et al. 2017). Also, the surface flux stations were located in a

marsh downwind of the turbine, thus the findings from the

VERTEX campaign may or may not be representative of low-

to medium-humidity conditions at inland locations. In addi-

tion, the lack of effects on moisture may be due to the fact that

relative humidity was generally high during the campaign and

therefore any changes caused by the turbine wake may not

have been large enough to be detected over noise.

In future studies, we will conduct single-turbine, high-

resolution, idealized simulations under a variety of incoming

boundary conditions, such as different vertical temperature

profiles across the rotor (stable, stable with ground-based

inversions, etc.), moisture, wind speeds, among others. In-line

coupling with a land surface model will ensure that the

feedback between the atmosphere and the soil is properly

captured (e.g., with the WRF Model).
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