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Abstract. Atmospheric stabilitthas as i g n i effectaomwind shear and turbuleniogéensity and these variables,
in turn, have a direcimpacton wind power production and loads wind turbines.lt is therefore important to know
how to characterize atmospheric stability in order to niegtterenergy yield estimation in a wind farm.

Based orresearch grade meteorological mast at Alaiz (CENER's Test Site in Navarre, répaéun) MP5this work
compares and evaluatdiferent instrument saeitps and methodologies for stability characteraathamely: tFhe
Obukhov parameters—=—, whithtean-bemeasuredecally-with the—use—ofa sonicanemometerandthe bulk
Richardson numbérave-been-studibdsed on two temperatueed one wind speed measuests The methods
are examined considering their theoretical background, impltien complexity, instrumentation requirements,
and practical use in connectiewith-to wind energy applicationsLhe sonic method provides a more precise local
measurement of stability while the bulk Richardson séngpler, robust and costffective tehnique to implement in
wind assessment campaigns. Using the sonic method as a benchmark, it is shawnobitain reliable bulk
Richardson measuremeritsonshore siteg is necessary instatine of the temperature sensors close to the ground

where theéemperature gradient is stronger Comentario [ECN1]:  Answer RC2
General comments, English
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1. Introduction

The vertical wind profile and the turkence intensity in the atmospheric boundary layer (ABL) are two of
the main physics aspects driving wiedergy productiomnd turbine loadthefeatures-that-most-affeiie wind
energygenerationThe vertical wind profile is especially important simrogors are getting bigger and hub heights

are getting higher making it invaluable to know the wind speed at hub height. The vertical wind profile shape and

turbulence intensity can dlrectlv influence Wlnd turbine productlon but also wind turblne Ioa}m@ﬁhe wmd
turblnes |Ifetlmé v Comentario [ECN2]:  Answer RC2

Technical corrections, English

J

Desplte the fact that th&C standardIEC614001 (ED4)
2019, 2019)specifiesa power law verticalmodel independent of atmospheric stability perform load
calculations the dependence of this and, in turn, the turb@entensity with atmospheric stability is widely
demonstratedEmeis, 2013; Lange et al2004b; Pefia and Hahmann, 2Q1R) addition severalstudieshave
demonstrated the impact of atmospheric stability on wind resource assefisamgat et al., 2004ayvind turbine

Technical corrections.

powercurves and Annual EnergyProductioh(AEP) -calculationgMartin et al.,2016; Schmidt et al., 2016¥ind [Comentario [ECN3J:  Answer RC2

turbine loadgKelly et al., 2014; Sathe et al., 2018)d wind turbine wake¢Abkar and PortéAgel, 2015; Hansen

J

et al., 2010; Machefaux et al., 2018his is why the wind industrys developng models and methods to include
the effect of atmospheric stability in the layout design and energy yield assessment. These methodologies and
models require the characterization of the probability distribution of atmeospstability at each site. Therefore

different methods an[darametej are used to describe atmospheric stabiktthout an industrywide convention Comentario [ECN4]:  Answer RC2
about which one is the most appropriate Technical corrections.

J

According toMonin andObukhovsimilarity theory (MOST)(Foken, 2006; Monin and Obukhov, 19%tability
can be estimated in terms of inversf Obwkhov lengththat can becalculatedwith vertical fluxes of heat and
momentumobtained with theeddy covariance methodo obtain the necessary hififequencymeasurements of
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wind speed vector components and temperasmeic anemometers are used, whictviigy this calculation method
is called "sonic method".

Another measure for stability is the Richardson numberabBardal(Bardal et al., 2018xplairs according to
Stull book (Stull, 1989)has several formulationshe flux Richardson number, gradient Richardson nunaiper
bulk Richardson number. The latter is based on one heighd speed measurement amdo temperature
measurements, orieom the air at one height anile other fromthe ground or watesurface.

In thewind energycontextsome studies have been doneuwtlimw to measure the stability and their influence in
the turbulence inteiity and vertical wind profile. ldwever, most of these studies have been carriethaffshore
sites(Pefia and Hahmann, 2012; Sanz Rodrigo et al., 2015; Sathe et al.fig@id relationships(Grachev and
Fairall, 1997)between théObukhovlength and e Richardson bulk number that, facilitéte characterization of

stability withoutthe need ofsonic anemometerThig is convenient, because although the sonic anemometer has{

many advantageCuerva et al., 2006)Fhis-is-convenientoaveid-théhey added complexity_in terms ofuseand
data managememntand cost ten times higher than cup anemometefsthese-instruments-to the longterm site
assessment campagn

Comentario [ECN5]:
specific comments.

Answer RC2 }

For onshore sites the are few studies thahalysehow to characterize atmospheric stability and those that exist

areon simple topography in coastal ardBardal et al., 2018)

Although the behaviourof wind flow over complex terrain is widely studied, asnRigan summarizes in
(Finnigan et al., 2020and there are recent publications about the influence of atmospheric stability ifievwsd
located in complex terraifHan et al., 2018; Radiinz et al., 2020, 20218re are no references tlaailysdan detail
how to characterize atmospheric stability according to different instrumentatjiomemats

Measuring atmospheric stability in complex terrain has some challenges (compared to flat tereagf)ihem
is the fact that th&1OST is developed for horizontally homogeneous and flat terrain and in complex tezrgal

wind speed can beduet st ability or sloping terrain, therefore, verti
effects. This can be mitigatday using good measurement practices (data quality, coordinate systems and post

processing optiongBtiperski and Rotach, 2015

This study presentatmospheric stabilitycharacterizationfrom one moutainous site obtained usintgyvo

methods:sonic methodand the Richardson bulk numbé&ieasurements of different heights have been used to see

the influence of this parameter orettesults

The place used in this study meets the characterisb€sa typical complex terrainsite for wind energy
deployment The 118 m high MP5 reference meteorological mast is explained in other articles by S¢8anz
Rodrigo et al., 20133nd SantogSantos et al., 2020 equiped with wind (cup and 3D sonanemometgrand
temperature measurements distribuggangsix verticallevels: 2, 40, 80, 90, 100 and 1dBabove the ground leve

(a.gl), enabling the comparison between Richardson bulk number and the sonic method to evaluate atmospheric

stability.

Special focus is giverto explaining the pogprocessing methodologies to derive stability from raw data
considering fastesponse sonianemometein a complex terrain

2. Atmospheric stability definitions
2.1The Obukhov length
Monin and Obukhov (MO) (Monin and Obukhov, 1954)ntroduced the Obukhov length to characterize

atmospheric stabilitywhich is proportional to the height above the surfatevhich the production of turbulent
energy from buoyancy dominateser mehanical shear production of turbuler{&tull, 1989) and it isdefined as

cal folo

0. | Comentario [ECN6]:  Answer RC2
0. | /| Technical corrections
II—0 ae# @
9
Where g=9.81 msH is the acceleration dugravity, K = 0.41 is the von Karman constant is the friction iCOmentario [ECN7]:  Answer RC2 1
v e | o cyis thgsurfaddpotentialtemperature an}drl')aeeﬁizsithe heatf ux. The di mensi onl es gTechnicalcorections.
as stabilityparaméer,whers& < 0 i ndi cat else uarsd ad |l =,0 gneutdr alt ado nd Comentario [ECNS]:

[Table 1shows theSerbjar-& GracheySorbjan and Grachev, 2018)ability classificationproposing they
identify-four regimes inthe-stableconditiondeundarytayerThis classification isalso followed by Sarz(Sanz
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Rodrigo et al., 2015pssuming a symmetric classification in the unstable taSgezRodrigo et al. shift the [cOmemario [ECN9]:  Answer RC2 }

I'extremely ustable andstable’r e gi me | ilimiorder to avoid oeritamination of the large scatter found in | General comments, English

the high ends of thecale to thé'very urstable anfstable/c | a s s . An additional | i "mif comentario [ECN10]: AnswerRC2 |

higher resolution in the most frequent stability rarfe@. consistency, we shall adopt the same classification used |n Technical corrections.

(Sanz Rodrigo et al., 201K) facilitate the comparison withffshore conditions. Comentario [ECN11]:  Answer RC2
Technical corrections.

Table 1 Classification of atmospheric stabilityadapted from {symmetric-for-the-unstable-range)Sorbjan and Grachev,

2010)
Stability Class Stabilityparaméeretete =z / L [ Comentario [ECN12]:  Answer RC1 }
extremely unstable (xu) z<-1 corrections.
very unstable (vu) -1<z<-0.6
unstable (u) -06<z<-02
Wweaklyunstable (vu) 02 <7<-002 {Comentario [ECN13]:  Answer RC2 }
nearneutral (n) 0<6<0.02 Specific comments
weakly stable (ws) 0.02<z<0.2
stable (s) 0.2<z<0.6
very stable (vs) 0.6<z<1
extremely stable (xs) z>1

Using sonic anemometers arddy covariancéechnique, the Obukhov length can be obtairedhis way,
stability is evaluated locally based on turbulent fluxes averaged over periods from minutes tordwoeirfitegrate
the kinetic energy in the microscale turbulence range.

Sonicanemometecan be used in complex terrain to derive the local Obukhov length. Following the planar fit
method ofWilezaketal-(Wilczak et al., 2001)momentum fluxes should be calculated in treamstreamline plane
and heat fluxes in the true vertical coordinate system. If the streamline plane can be known a priori, from a wind
direction sector with uniform slope, the planar fit method can be used to infer the mounting tilt angle and correct for
it to reduce the uncertainty on the vertical fluxes.

2.2Bulk Richardson number

The bulk Richardson numb&i, is a form of the Richardson number that is widely used for characterizing stability
for its simplicity, defined in terms of [gpetentialpotental temperature difference and a single velocity level: Comentario [ECN14]:  Answer RC2 }
o Technical corrections.
" Qd'g
gy
Where as|propos€| Sanzet-al-in-(Sanz Rodrigo et al., 2015he heightz is taken here as the mean height {Comentario [ECN15]:  Answer RC2 }
between the two levels of temperature 84lis derived from the wateair or surfaceair temperatue difference. Technical corrections.

As Bardalet-al—proposein-(Bardal et al., 2018proposethe general empiri¢aelations fromBusinger—et-al. ‘k[gggi?é:[igo[ﬁgc%ﬁ]s: AETET (REZ }
(Businger et al., 1975lightly modified bybByer(Dyer, 1974)hhave been used to relatevith the Rib :

YQYQ n
" ——hTm YQ ™ ®

WternativelvRih can be used directly to do a stability classificatidhohan, 1998has proposed a seven classes
of stability classification methodoloquabIe p) WhICh has been accepted by the suentlflc communlty as it was

showmlternatively by -Ri;
WM&helassmeauen—&used—wHﬁeFatu(tﬁum and Bossanyl ZOLQaasel-ense\mFelass@—s&abmWabie—a

Table 2 Classification of atmospheric stability(Mohan, 1998)

Comentario [ECN17]:  Answer RC2
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Stability Class Statlity [parameeretef Ri, '[Comentario [ECN18]:  Answer RC1 }
Very unstable Rib <-0.023 corrections.

Unstable 0.023 O0Ri b <

Weakly unstable -0.011 OO00BE b <

Neutral 0.0036 O Rib < 0.0072




Weakly stable 0.0072 O Rib < 0.042
Stable 0.042 O Rib > 0.084
Very stable Rib O 0.084

128 3. The Alaiz site

129 The MP5 mastis located4 2 U4 1. 76 N, 1 U3Aaiznbuntad)in thetregibnhok Navawep(Spairi),

130 around 15 km SSE from Pamplonan t he CENERG® s e x.pleerpievaiing tviad direstions dre f ar m
131  from the North and from the Soutfio the Norththere isa large valley at around 700 m lower altitude. To the

132 South, complex terrain is found with the presence of some faimndks;the closest one situated 2 km behind the row

133 | of six wind turbine stands of the test sigeeFig. 1). |Ad it is explained § (Sanz Rodrigo et al., 2018)e wakes { Comentario [ECN19]:  Answer RC2
134 from this wind farmcan be cosidered well mixed with the boundary layer flow in most conditionadditional Specific comments

135 turbulence it is not expected MP5 due wakes fromeighbour wind farms.

136 Besides MP5 meteorological mast there are four aference met masts (MPO, MP1, M&%d MP6)all of them
137 118 mtall

138 The test sitestarted operating in 2009 with te#e calibration procedure$he first wind turbines wermstalled

139 in the summer of 2011. The standard configuration of each mast is designed fenegadtvatt wind turbine testing
140  andincludes sonic and cupnemometerwind vanes and temperature/humidity measurements. Replicated cup
141  anemometeraresituated 2 m below the reference ones.

142 The mast MP5 is 118 rhigh lattice permanent mast with nine measurement levéls boomsorientedto the

143  West (263) andthe East§3°). Wind speed and wind direction are measured at five levels (118, 102, 90, 78 and 40
144 m) with cupsanemomete(oriented to the Wesgndwind vanes(oriented to the Eastjvhile sonicanemometeare

145 installed at115.5, 75.5and39.5 m(oriented to the West)Temperature and relative humidity are measurdiat

146  levels (113, 97, 8138 and 2m) and pressure & mhigh.

147 The instrumental seip is compliant with IEC 614002-1(IEC6140012-1 (ED1) 200512, 2005) with
148 MEASNET cup anemometercalibration (Measnet, 2009pnd with ENAC accreditation according to UNHN
149  ISOJ/IEC 17025.

150 The data acquisition system consist in a-teaé controller CompactRIO from National Instruments wi#81
151 MB DRAM and 2 GB storage embedded in a chassis in connection with 8 modules of digital and analogical data
152  acquisition. All connected to an Ethernet network.

153 The rate sample is 5 Hz for capemometefVector A100LK) and 20 Hz fosonicanemomete(METEK USA-
154 1), wind vanegThies Compact)pressurgVaisala PTB100A)and umidity temperatursensor(Ammonit P6312)
155 Figure 2shows the wind rose at the MP5 sifieom the period between July 2014Jone2015.1t presents a

156  bidirectionalwind climate with prevailing winds fronthe north-northwest sector (33360, 32%of total) andthe
157  south southeast sector (13@0, B% of total).

158
159 Figure 1 Alaiz elevation map, closeup of the test site and view from the upstream ridgeatthe North.
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Figure 2 Wind rose of 10 min wind speeds observed by MP5 at 118m for the reference period (July 2Qli4he 2015)

4, M ethodology

In the present work, a one year periotis{ July 2014 to30th June 2015) is analyzeteasurementdlux
Imeasuremenitfrom the sonicanemometeat 115.5 75.5 and39.5 m are used to calculate dgbukhov lengthl,
while conventional sensors (wind direction, relativenidity, air pressure and temperature) are used to estiheate
bulk Richardsomumber.

4.1 Data quality contol

Before calculating stabilitparameterll data are checked for data quality.

Data from conventional sensofwind direction, relative humidity, air pressure and temperatbaeg been
processedollowing Brower (Brower, 2012) It consistson checking the completenes$ the collected data and
applying several test (range, relational and trend). After filtering for quedityrol purposes, theonventional
sensors providéorizantal wind speedsdirections relative humidity, pressuresnd temperatureavailabilities
greater than 8 at all levels duringhe evaluation period

For sonicanemometethere are a lot of procedw@ubinet et al., 2012and test criteria for quality control of
turbulent time series and studies about the impact in thétseof this procedurgStiperski and Rotach, 2015)

[

Comentario [ECN20]:
Technical corrections.

Answer RC2 }

High-frequency raw data often contain impulse noise, that is, spikes, dropouts, constant values, and noise. Spikes

in raw data can be caused by instrumental problems, such as imprecise adjaétthe transducers of ultrasonic

anemometerinsufficient electric power supply, and electronic noise, as well as by water contamination of the

transducers, bird droppings, cobwebs, etc., or rain drops and snowflakes in the path of teesoometer

Several spikes in wind speed have been detected in the ranasenmmetedata. Thereforea despiking filter
is appliedbased on the changewind speed from each data pototthe nexiand taking into account the physical
limits according to sensapecifications Data points @ removed if they are precedadd followed by changes
exceeding the lowest 99% of ahanges. After filtering thepikes,the sonicanemometeprovide wind speed and
temperatureavailabilities greater than 80% in the themmicanemometer

4.2 Eddy Covariance method

The operating principles of sorememometeare describetyy differentauthors(Aubinet et al., 2012; Cuerva et al.,
2003; Kaimal and Businger, 1963; Kaimal and Finnigan, 1994; Schotanus et al., TB83onicanemomete

output provides three wind components in an orthogonal axis system and sonic temperature. The relation between

sonic temperature and absolute real temperature is givaimeal-& Gayrer(Kaimal and Gaynor, 1991)

High frequency data from sonanemometehave been processing to obtain 10 minutes databases that include

turbulent fluxes of energy, mass, and momentum with tldy edvariance techniqu@ubinet et al., 201ZBurba,
2013; Burba and Anderson, 2010; Geissbihler et al., 2000)

The main requirements for instruments and data acquisition systems used for eddy covariance data are their
response time to solve fluctuationp to 10 Hz. This means that the sampling frequency has to be high enough to
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cover the full range of frequencies carrying the turbulent flux, leading usually to a sampling rat@®H0In the
test case in this report 20 Hz is the sample rate fasdh&zanemometer

The transformation of higfrequency signals into means, variances, and covariances requires different steps

| (Aubinet et al., 2012; Stiperski and Rotach, 2015}his study the next stepsshave been proposed: Comentario [ECN21]:
Technical corrections.

Answer RC2 }

1. Quality Control of raw datagxplained in point 4.1.2
2. Coordinate Rotation, transformation of coordinate systems, from the original axes basedanentioeneter
output to the streamline terraiallowing system, based on the Planar Fit Method (PgRighiardone et al.,

| 2008; Wilczak et al., 2001)Momenturhfluxes and heat fluxeshave beencalculated with respect to the [cOmemano [ECN22]:

streantine terrainfollowing coordinate system Figure 3shows the steps to rotate the axes from mounting

Specific comments

Answer RC2 J

coordinates to streamline coordinates.

Z (LXY) Z ., Z (L XYy)

Y
X
X; = East
Mounting coordinates Meteorological coordinates Streamline coordinates
Xz} {X:,Y1,21} {UVW}

Figure 3 Schematic description for the rotation process.

3. Variance and Covaance Computation, apply edaypvariancetechnique for calculation of vertical turbulent
fluxes (heat and momentum). It corresponds to the calculation of the covariance of the fluctuations of the vertical
velocity with the quantityi (temperature for heatelocity components for momentum).

S N
F=wf' =wfw fT\lz-_lgaW fﬁ( aW)( a) @

N denotes the number of samples considered for the short averaging period T over which the flux is
calculated (from 5 to 6@ninuteg. N has to be long enough émsure statistical convergence and short enough to
assume stationarity (in complex terrain difficult to fulfil both criteria). In this work a 10 minutes averaging period
has been selected.

In the MP50 sonic anemometerat 115.5, 75.5 and 39.5 m height, noreover the temperatures, the variables
recorded arethe module of wind speed vector, the direction and vertical componeihége values are projected
to meteorological coordinates to obtain the three components of wind speed(xeytar) after béng filteredthe
transformation of higtirequency signals into means, variances, and covariances has been done.

The 10 minutes values of wind speed from s@riemometeafter applying steps 1 to&e checked and some
non-valid data areletected Asin conventional sensors these invalid data are due to icing effects so they are filtered.

4.4 Stability assessment

This will be the benchmark ntetdd since it is directly obtained from the measurements without introducing any

| MP5 $omicanemometeatiowinglallow evaluating stability based on the local Obukhov length at different heights. [cOmemario [ECN23]:

Technical corrections.

Answer RC2 }

assumptions or empirical relationships. The bulk Richardson number is evaluated as an alternative methodology
since it follows easier instrumentation-sgt and posprocessingand for offshore laces has presented good results
(Sanz Rodrigo, 2011; Sanz Rodrigo et al., 2015)

4.4.1Sonic method

To obtain the stabilitparametes = z/ L, as it waanemoreeheasurermants dreerbtaded ®, s oni
the mean streamline coordinate system using the planar fit method to guarantee that the mean streamline plane will

be parallel to the terrain surface. After this, variaremed covariances of detrended velocity and sonic temperature
perturbations are computed using the eddyariancetechnique over high frequency timescale. Then, turbulent

fluxes are obtained by averaging the covariances over a period of 10 minutes.
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In comgex terrain, the hypothesis of a homogeneously horizontal surface layer is not fsliltesl applicability of
Monin and Obukhov similarity theory{OST) to complex terrain conditions is not obviotikis signify thatfor the
complex sites as Alaithe heory is notcompletelyvalid becausehe topography creates local variations dfidv
flow near the groun@Kaimal and Finnigan, 1994)

4.4.2 Bulk Richardson number

As it was explained before, sordoemomey is not routinely used in wind energy, and bulk RichardsanberRi,
is an alternative way to estimate atmospheric stability based on a temperature difference and a single velocity level

(Eq.(2))! Comentario [ECN24]:
Technical corrections.

Answer RC2 J

and pressure p would have if brought adiabatically to the pressure at the 1000 mb level. To first order it can|

INnRbnumber equation, potenti al t epapetwitadbsolute temperaturesT -t
calculated as: {

Con formato:

Fuente: 10 pto, Sin
Negrita, Inglés (Estados Unidos)

|

N Q..
o 7Y 5 Ya (5)

Whereg is the acceleration due ayity, Cp=[1000 Jkg'K ™ fis the specific heiapacitv of the aifat constant Lcumemario [ECN25]:

Technical corrections.

pressure, anBzis the height dfierence from the 1000 mb level.

Answer RC2 }

With Eq. (3(3) the obtained Riwill be used to estimates the stabiligrametes = Ag Batdalet al. (Bardal [ ST M| [FENEE

et al.,, 2018)explain, theseformulationsare only valid ér values lower than 0.2, but to make a classification

Technical corrections.

Answer RC2 }

according to atmospheric stability they are considered adequate. {(Nw“ _ftc"mami
egrita

Fuente: 10 pto, Sin }

5. Results and discussion

The study is divided into two parts: statistics of atmospheric stability with both methods (the Obukhov length an
Richardson Bulk); and comparison between both methods.

5.1 Sonic method

Atmospheric boundary layer (ABL) models used in wind farm design tools are typically based ornQborkimov
theory. In stable conditionshis surfacdayer theory is extended to ttemtire ABL by assuming local scaling of

turbulence characteristics through the stabjlityametee = z/ L. Thi s si mi |l arsimlay t heory

profiles of dimensionless quantities regardless of the height above ground level.

In the study cas asit was explained befordrom the highfrequency(20 Hz) data recorded in the three
available sonic anemometersMP5 mast the values of th©bukhov length(L) over a period of 10 minutdsave
been obtainedand taking into account theeights at vaich they are installed, the parameater =. z / L

In Fig. 4the stabilityparametee = z/ L frequency di st risdepictedresaltingin t he
showing a good agreement among them with a reduction of the percentage of conditions near neutral stability as the
measurement light increases.
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Figure 4 Probability distribution of z/L at all the sonic heights. Only concurrent time steps between July 2014 and June

2015 ardincluded.

Figure 5Sh0WS the dlstrlbutlon of atmosphestability aganst wmd speecht the MP5measurements helghts

classification usedFor the three heights, the stable situations are slightly higher than the unstable ones and ther¢ Technical corrections.

knowledge that for strong wind speeds the atmosphere becomes neutrally stratified

Table 3According to Table 1a reduced fivestability lclassels
Stability Class Stabilityparameteg = z/ L

very unstable (vu) -2<-0.6
unstable (vu) -0.6<z<-0.02

neutral (n) -002<¢<0.02
stable (ws) 0.02<z<06

an increase of neutral and stablenditions with increasing wind speedhis is in accordance with the general {

very stable (vs) 0.6 <z

As mentioned beforet is observed a significant dependerafestability distributions with height. At higher
levels, the stability distributions are broader and there are more frequent cases with very large and extreme stability.
This dependency of the stability distribution with heightbecausez is part of thedefinition of the stability
parameter; andloser to the grountherearenor e fineutral 06 conditions because z/L ten

“HH””IHIIM. = g “H|H|I|ln|..n| = g HHHHIHHHI. a
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unstable; vu, very unstable.

The diurnal cycle, seEig. 6 presents unstable conditions developing from 9.00 to 15.00. The rest ofytise da

dominated by stable conditions resulting in low turbulence intensities.
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Figure 6 Distribution of atmospheric stability with hour basedon z/L obtained with sonicanemometerat different

heights, left 115.5m, center 5.5m and right 39.5m. vs, verystable; s, stable; n, neutral; u, unstable; vu, very unstable.

Figure 7shows the evolutionf stability throughout the yeaihe stable side dominates during wimteonths

with unstable conditions peakimbgtveen April to Augustvhere they take & 8% share.
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Figure 7 Monthly distribution of stability based on z/L obtained with soni@anemometerat different heights, left 155.5
m, center 5.5m and right 395 m. vs, very stable; s, stable; n, neutral; u, unstable; vu, very unstable.

The variationof atmospheric stability with wind direction is showedrig. 8 Stable situations dominate in most
of the directions except for the northwest direction (3389°) that is oe of the predominant in AlaiAs can be
seen inFig. 1, the North face of Ala Mountain has a steep slope (fReughness Index (RIXJalue in the north
sector in MP5 position is 22.4%) that empties into a large valley at around 700 m lower altitude. Accqi@tinly to
1989) this topography causes ascending hillside/valley winds that generate convective turbulence and therefore
situations of instability that could explain some of timstable conditionfound in the 330850° directiorsector { Comentario [ECN36]:  Answer RC1
|||" 2 specific comments
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Figure 8 Distribution of atmospheric stability with wind direction based on z/L obtained with sonicanemometerat
different heights. vs, very stable; s, stable; n, neutral; u, unstable; vu, very unstable.

Following the stability classification defined |ifable 3Fable—j, Fig. 9and Fig. 10present the dependency of [ Comentario [ECN38]:  Answer RC2 ]
wind shear(calculated as thwind speed ratio between 118 and 4Pand turbulence intensitfcalculated as the specific comments

ratio of the standar deviation to the mean wind speat118Jn) with stability based on z/parametefrom the  ( comentario [ECN39:  Answer RC2
three sonic sensors installed for the NNW and SSE prevailing wind direction sectors. [specific comments ]
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Figure 9 Wind shear and turbulence intensity vs sonic stabity in MP5, [337.5%22.5°] sectorRed dots are thez/L mean
values for 0.01 resolution scaléylack squares are thez/L mean values in each of the stability classes accordingTable 1
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Figure 10Wind shear and turbulence intensity vs sonic stability inMP5, [157.52202.5°] sector. Red dots are the/L mean h
values for 0.01 resolution scale, black squares are th mean values in each of the stability classes accordingTable 1

For the three heights is observed that, as is explainé@rbgis, 2013)in unstable situations the ground surface is
warmer than the air above so there is a positive heat flux that causes more turfiillisne@sults in a convective,
well-mixed, surface kger with small vertical gradient®n the othehand lower turbulence and higtheamwind
profiles are associated to stable situatiohgre turbulence is reduced dueatnegative vertical heat flux

5.2 Bulk Richardson number

Since soni@anemometerarenot commonly used in wind resource assessment, an alternative method to estimate the
atmospheric stability is Bulk Richardson number. It is based on mean wind speed at height z and mean virtual
potential temperature difference between air at the refereright (z) and surface temperature.

The calculation of the BuikRichardson number is, in the present study, not straightforward because of the lack
of reliable sensors at the surface. The lower air temperature is measureth & RP5 mast. Ideally, the
temperature difference at the-airrface interface is requirggkaimal and Finnigan, 1994pr stability analysis.
However, because of the lack of surface temperatumeh2ight air temperature has been chosen as representative.
Observations of 118n wind speed and BLm air temperature have been used in conjunction witm 2ir
temperature to estimateRi

. 3 asu ampaigns,—thaneThee MP5 mast_has njt Comentario [ECN42];
measurements of surface temperature or near the grontk authis in these circumstancegherextrapolate the

Technical corrections.

Answer RC2 ]

values to the surfac&=0) (Machefaux et al., 20169r perform the calculation directly between the available
temperature level@artin et al., 2016; Ruisi and Bossanyi, 2019; Zhan et al., 2020analyze how the choice of
measurerant heights may influence resulting,Rtability distributions the Rihas also been calculated usingr38
air temperature insteadrd

The values of the BulRichardson number have been obtained over a period of 10 minetekgisame period

specific comments.

used forcalculation of the Obukhdength l Comentario [ECN43];

Answer RC1 ]

Figure 11shows thelistribution for the bulk Richardson number method. The lower measurement level is varie
between 2 and 38 nUsing the 38 mlevel, it is observed that according to thasslification inTable 2 unstable
cases practically disappear. This is not physically possible and does not occur in the classification obtained by the
sonic method (seEig. 4). So In this case, the results abtd using the 38 m temperature sensor as a representative

surface Ieveludesnot give usany reliable informationSmall temperature differencéghly affect the result of the Comentario [ECN44]:
Richardson numbemethodand thereforet is greatly affected by deviations the measurememnf this variable.
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