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Abstract

When monitoring winds and atmospheric stability for wind energy applications, remote
sensing instruments present some advantages to in-sifu instrumentation such as larger
vertical extent, easy installation and maintenance, measurements of vertical humidity
profiles throughout the boundary layer, and no restrictions on prevailing wind directions.
In this study, we compare remote sensing devices, Windcube lidar and microwave
radiometer, to meteorological in-situ tower measurements to demonstrate the accuracy of
these measurements and to assess the utility of the remote sensing instruments in
overcoming tower limitations. We also compare temperature and wind observations, as
well as calculations of Brunt-Viiséla frequency and Richardson numbers for the
instrument deployment period in May-June 2011 at the U.S. Department of Energy
National Renewable Energy Laboratory’s Wind Center near Boulder, Colorado.
Differences in temperature and wind fall within the measurement accuracy of +0.1°C for
temperature, ~0.5 ms™ for wind speed and ~ 1.3° for wind direction. Although the tower-
radiometer intercomparison of the squared Brunt-Viisila frequency shows a wide spread
(~3.2 x 10™ s7%), the two approaches agree on the classification of conditions as stable,
neutral, or unstable in 94% of the cases. Differences in Richardson numbers from the in-
situ and remote sensing instruments show a spread of ~0.1. We demonstrate that the
atmospheric stability is determined more accurately when the liquid-water mixing ratio

derived from the vertical humidity profile is considered under moist-adiabatic conditions.
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1. Introduction

Wind anemometers and thermometers mounted on a tower have served as a
benchmark for meteorological observations at wind farms, despite being limited to a
height of 100 m. With the height limitation, towers can often not provide the observations
required for accurate wind measurements and forecasts, which are needed to satisfy the
rapid evolution of new wind turbine technologies. Moreover, tower measurements at
wind farms rarely include humidity, which is crucial to determining atmospheric stability
under near-saturated conditions. In this study, we demonstrate that combining a
Windcube lidar with a microwave radiometer provides measurements of wind and
temperature comparable to or better than those obtained from tower observations.
Furthermore, this combination overcomes the limits of traditional tower measurements by
collecting measurements well above tower heights. To our knowledge, this study is the
first time these instruments have been deployed and compared in this manner. While the
importance of humidity measurements has not yet been determined for wind farm
applications, we demonstrate that atmospheric stability is determined more accurately
when the liquid-water mixing ratio derived from the vertical humidity profile is
considered under moist-adiabatic conditions.

New wind turbine technologies and forecasting techniques require measurements at
heights beyond 100 m above ground level (AGL) [Shaw et al. 2009]. As power-
producing capacities have increased, turbine heights have grown from 60 m to100 m
AGL for turbines with 1 MW to2 MW capacity ratings to ~135 m AGL for turbines with
a 6-MW capacity rating [ Wiser and Bollinger, 2011]. Several studies have emphasized

the importance of monitoring wind, wind shear, turbulence, and atmospheric stability not
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just at hub heights, but also between the surface and ~1 km AGL to determine the amount
of power that is generated by wind turbines [Kelley, 1994, Hand et al., 2003; Johnson et
al., 2004; Barthelmie and Jensen, 2010; Politis al., 2011; Wharton and Lundquist, 2011,
Marquis et al. 2011, and references within]. The flexibility in deployment location and
increase in vertical range at which measurements can be taken make the combination of
remote sensing instruments more desirable than fixed meteorological towers with a
limited vertical height.

Vertical profiles of moisture are generally not measured by in-situ tower instruments
for wind farm applications [A WS Truepower, 2010]. As a result, atmospheric stability
might not be correctly determined under moist-adiabatic conditions. The Richardson

number compares the magnitude of buoyancy-driven forcing to shear-driven forcing:

gae gdlne N2

@B +(@ @@ @@

where  represents mean potential temperature between the height z, 6 the potential

temperature, u and v the west-east and south-north wind components, respectively, g the
acceleration due to gravity, and N7 the squared Brunt-Viisili frequency for an
unsaturated atmosphere. In a saturated atmosphere, latent heat affects the temperature
profile, and therefore a modification is required to Eq. (1) to incorporate the change in
latent heat from condensation of water vapor [Einaudi and Lalas, 1973; Durran and
Klemp, 1982], namely that the squared Brunt-Viisild frequency (N;) can be

approximated following Einaudi and Lalas [1973] and Durran and Klemp [1982] as

Nz =g )

Lq
1+—= (dlnB L dqs\ dquw
el?qs \ dz c,T dz) dz |\’
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where L is the latent heat of vaporization, R is the ideal gas constant for dry air, and g,
the total water mixing ratio, is the sum of the saturated mixing ratio (¢qs) and the liquid
water mixing ratio (q.), ¢, is the heat capacity of dry air, € is R/R,, and R, is the gas
constant for water vapor. Under dry-adiabatic conditions, there is no latent heat release
from condensation (i.e., L = 0), and the total water mixing ratio does not need to be

considered. In this case, Eq. (2) reduces to the dry-adiabatic squared Brunt-Vaiisila

dilné
dz

frequency, N7 = g

2. Intercomparison experiment

Simultaneous profiles of temperature, moisture, and wind were collected between
24 May—16 June 2011 by a Radiometrics MP-3000A microwave radiometer, an
NRG/Leosphere Windcube version 1 lidar, and sensors mounted on an 82-m
meteorological tower. The instruments were deployed in close proximity at the
Department of Energy’s National Renewable Energy Laboratory’s (NREL) Wind
Technology Center located ~ 5 km south of Boulder, Colorado. Three T-200A air
temperature probes were mounted on the meteorological tower (also referred to as the M2
tower) at a height of 2 m, 50 m, and 80 m above the ground. Temperature was measured
with an accuracy of +0.1°C every 2 s and averaged over one minute. Wind was sampled
at2m, 5 m, 10 m, 20 m, 50 m, and 80 m using the Met One Instruments WS-201 wind
sensor system. The measurements were accumulated over one minute and had an

accuracy of +3.6° for wind direction and +0.5 ms™ for wind speed. The wind direction
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sensor at 80 m failed during this time period, and therefore wind directions from 80 m are
not included in this analysis.

Vertical profiles of temperature and relative humidity were provided by the
radiometer measuring microwave emission at 22 — 30 GHz (water vapor absorption band)
and 51 — 59 GHz (oxygen absorption band) and infrared emission at 9.6 — 11.5 microns.
Its zenith-pointing antenna yields a ~6° (22-30 GHz) and ~3° (51-59 GHz) beam
sampling width. Observations were integrated over 0.2 s, leading to a temperature
resolution of 0.25 K. Measurements were taken at zenith and at an elevation angle of 15°
above the ground, with the instrument pointing towards the north and south. Vertical
profiles of temperature and relative humidity were derived using a neural network
algorithm [Solheim et al., 1998a, 1998b]. The algorithm, based on a radiative transfer
model [Rosenkranz, 1998], was trained on a 5-year radiosonde climatology from the
Denver, Colorado, National Weather Service sounding archive. The temperature and
moisture profiles ranged from the surface to 0.5 km AGL with 50 m vertical resolution,
0.5 km to 2 km AGL with 100 m resolution, and 2 km to 10 km AGL with 250 m
resolution. The radiometer was calibrated before the experiment using an external liquid
nitrogen target and an internal ambient target [Han and Westwater, 2000].

Approximately 1 km southeast of the radiometer and 1 km east of the M2 tower,
the Windcube lidar collected wind speed, wind direction, and turbulence intensity
profiles between 40 m and 200 m AGL; measurement levels were at 40 m, 50 m, 60 m,
and every 20 m from 60 m to 200 m AGL. Windcube version 1 is a pulsed lidar operating
at a wavelength of 1.5 wm. The fixed focus of the Windcube was optimized for minimum

error at 80 m AGL. As described in Courtney et al. [2008], the Windcube takes four slant
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profiles at approximately 30° from the vertical and then averages those measurements
together to extract horizontal and vertical velocities from the measured radial components
of the flow, assuming horizontal homogeneity across the scanning cone for each
elevation. The diameter of this cone at 40 m AGL is ~46 m; at 200 m above the surface,
the diameter of the cone is ~230 m. The Windcube updates the wind speed after each
scan, which take place about once every second. Accordingly, there are approximately
600 wind speed measurements every 10 minutes. For a given 10-min interval, the average
wind speed and standard deviation are calculated based on these 600 measurements.
Turbulence intensity is the standard deviation of the wind speed divided by the average
wind speed over the 10 min interval. The Windcube’s ability to discern wind speeds
depends on the particulate loading in the atmosphere, which influences the carrier-to-
noise ratio [Aitken et al., 2011]. During this ecperiment, Windcube measurements were
accomplished up to 140 m 98.3% of the time during this collection period, and up to 200
m 77.5% of the time. As reported by Sathe et al. [2011], the mean error of the Windcube
in flat coastal conditions is within £0.05 m s, with a standard deviation in mixed shear

conditions of about 0.15 m s’

3. Intercomparison between tower and remote sensing observations
3.1. Temperature

Comparisons between temperature measurements from the microwave radiometer
and the in-situ tower observations (Fig. 1) provide an assessment of the utility of the
radiometer at the altitudes where the tower collected profiles. The temperature measured

by the radiometer was averaged between the 15° elevation scan pointing north and the
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15° elevation scan pointing south. The averaged temperature from the radiometer was
compared to the tower observation taken within a time interval of =1 min. Radiometer
measurements are thus available at 50-m increments, and so the temperature “observed”
by the radiometer at 80 m was interpolated from the 50-m and 100-m observations. As
would be expected, the largest differences in temperature were observed at the surface
with a spread of 2.3°C (Fig. 1a) and a slight bias of -0.4°C (tower is cooler). The
differences in temperature decreased with distance from the surface as indicated by the
decrease in spread from 2.3°C at the surface to 1.4°C at 50 m (figure not shown) to 0.8°C
at 80 m (Fig. 1b). The median in temperature difference remained at +0.1°C at 50 m and
80 m. The results from the tower-radiometer intercomparisons agree well with those of
other studies: for example, the root-mean square difference in temperature between
radiometers and radiosonde observations are < 1°C below 500 m [Giildner and Spénkuch
2001 and 2001, Liljegren et al., 2005, Cimini et al., 2006, 2007, 2009, and 2010;
Hewison 2007].

The accuracy of the microwave radiometer can decrease rapidly during
precipitation because zenith brightness temperature measurements (90° elevation angle)
can be saturated and microwave emission scattered. Cimini et al. [2010] analyzed the
performance of the same Radiometrics MP-3000A microwave radiometer during the
2010 Winter Olympics in Vancouver, Canada. They discovered that the retrievals from
off-zenith observations at the 15° elevation angle exhibit less scatter and no temperature
saturation, as compared to the zenith scans. Similar results were obtained from the tower-
radiometer intercomparison presented in Fig. 1, which contained more than 8 hours of

rain with maximum rainfall rates of ~8 mmh™'. Temperature differences between tower
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and radiometer were less than 1 K during the rain events, as indicated by the gray plus
signs in Fig. 1. We conclude that the radiometer elevation scans provide reliable

assessments of temperature even during precipitation events.

3.2. Wind Speed

To compare the tower wind observations with the Windcube lidar measurements, we
averaged the tower data were over 10 min. Unfortunately, the vane at 80 m AGL was
broken during the intercomparison period, so the analysis solely focused on the
measurements at 50 m AGL. Recognizing that the tower wind speed and direction
measurements are only reliable when they are not in the wake of the tower, we only
considered westerly flow cases when the wind speed was >3 ms™ (i.e., minimum wind
speed for turbines to operate) between 180° and 360° as measured both by the
anemometer and the Windcube lidar. The differences in wind speed between the lidar and
the anemometer at 50 m AGL were relatively small with a median of -0.3 ms™ and a
spread of 1.2 ms™, as indicated in Fig. 2a. The Windcube observed slightly higher wind
speeds compared to the anemometer. The intercomparison of wind direction reveals a
median differences of 2.1° and a spread 10.1°. The location of the Windcube relative to
the tower was not established for the purpose of direct comparisons of tower and
Windcube measurements, but even with the 1-km distance between the sites, the

agreement is remarkably good.

3.3. Brunt-Viiisila frequency
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The squared Brunt-Viisild frequency quantifies buoyancy forces, indicating the
frequency at which an air parcel will oscillate when subjected to an infinitesimal
perturbation in a stably-stratified atmosphere. As a result of latent heat release due to
condensation and latent heat absorption due to evaporation, the effective squared Brunt-
Viisidld frequency is lower in a saturated atmosphere than in a dry atmosphere.
Conditional instability, in which the atmosphere is stable when dry and unstable when
saturated, is a very common phenomenon in the atmosphere. As a result, an unstable
saturated atmosphere might appear stable if the vertical profile of moisture is ignored. In
wind energy applications, several investigators have observed that atmospheric stability
influences turbine performance and turbine wake evolution [e.g., Kelley, 1994,
Barthelmie and Jensen, 2010; Wharton and Lundquist, 2011].

The 1-minute temperature profiles observed by the radiometer and tower
thermometers (between the surface and 80 m AGL) enable calculations of the squared
Brunt-Viisild frequency (Eq. 2), and therefore, enables us to identify the buoyant forcing
between the surface and 80 m AGL (Fig. 3a). We calculated frequencies using the same
surface temperature measurement from the radiometer because the lowest tower
measurement available is at 2 m AGL, and a large temperature gradient is expected
between the surface and 2 m AGL (cf. Fig. 1a). The tower and the radiometer tend to
agree on the nature of the temperature profile. Only 5.6% of all time periods showed
disagreement: 1.3% of the time the radiometer suggested negative N2 values (unstable)
while the tower suggested positive N2 values (stable), while 4.3% of the time the
radiometer suggested positive N7 values (stable) while the tower suggested negative NZ

values (unstable). When 10-minute averages of the temperature profiles were used
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instead of one-minute averages, agreement improved, suggesting that the disagreement is
due to heterogeneity of the site rather than to systematic differences between the
instrument platforms (figures not shown).

To study the relevance of latent heat release on the atmospheric stability, we
calculated the squared moist Brunt-Viisdld frequency using Eq. 2 and included the
vertical profile of moisture from the radiometer during time periods when the relative
humidity was >90% either at the surface or at 50 m AGL, which accounts for 12% of the
data. During about 40% of the moist-adiabatic events (blue plus signs in Fig. 3a), the
radiometer observations using the moisture profile indicated negative N (unstable),
while the tower measurements indicated positive N2 (stable). These cases underscore the
importance of the moisture profiles: without moisture profiles, an incorrect assessment of
atmospheric stratification emerges. In section 4, we investigate how this conditional

instability affects turbulence near the surface during a cold front passage.

3.4. Richardson number

The Richardson number (Ri) compares buoyant forcing to shear forcing; negative
values indicate an unstable atmosphere while positive values indicate a stable
atmosphere. Herein, we calculate the Richardson number from vertical profiles of
potential temperature observed by the radiometer and the wind observations from the
Windcube between the surface and 50 m AGL following Eq. 1. We assumed the winds
were still at the surface (u = v = 0 ms-/) following Vickert and Mahrt [2004] and Mahrt
etal. [2010]. We compared Ri calculations from the remove sensing instruments to the

Ri calculations but using in-situ tower observations, all averaged over 10-minutes to
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match the Windcube measurements. As with the wind intercomparison in Fig. 2, only
winds in excess of 3 m/s™' and between 180°-360° are considered for the analysis.
Differences between the in-situ and remote sensing-based Ri values have median and
spread values of 3x10™ and 9x107, respectively. The smallest differences occurred for
small Ri within stable atmospheric conditions with considerable wind shear, while larger
differences occurred when Ri > 0.3 (Fig. 3b). The squared moist Brunt-Viiséla
frequency is included in the Ri calculations using the Windcube and radiometer
observations when the relative humidity at the surface or at 50 m AGL exceeds 90%
(blue plus signs in Fig. 3b), which accounts for 9% of the total data. During about 37% of
the events using N3, the Richardson numbers, calculated from the remote sensing
observations and the moisture profile information, were negative (unstable atmosphere),
while the tower measurements indicated a stable atmosphere with positive Richardson
numbers. These cases underscore the importance of the moisture profiles. In most of the
cases with moist adiabatic conditions, the atmospheric stability would be assessed

incorrectly using the tower conditions.

3.5. Turbulence intensity

Performance of wind turbines that is assessed using the turbulent intensity is also
sensitive to changes in atmospheric turbulence, which is a measure of the variation in
wind speed about the mean [Kaiser et al. 2003; Honhoff 2007; Tindal et al. 2008,
Rareshide et al. 2009]. Although most researchers prefer to use a three-dimensional
assessment of turbulent motions, many wind farms only deploy cup anemometers, so

turbulence intensity is often the only available estimate of turbulent motions. Turbulence
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intensity is defined as the coefficient of variation, i.e., the ratio of the standard deviation
of the wind velocity to the mean wind velocity. Changes in the atmospheric stability in
the boundary layer are often correlated with large variations in turbulent intensity. Low
turbulence intensity is expected under stable conditions, while strong mixing during
unstable conditions will increase the turbulence intensity. Herein, we calculated the
turbulence intensity using wind observations from the Windcube lidar and compare those
values to the dry and moist Ri (Fig. 3c-d). High values of turbulence intensity were
observed when the atmosphere was unstable or neutral with negative dry Richardson
numbers and dry Richardson numbers close to zero, respectively. With increasing
stability, i.e., an increase in Ri, the turbulence intensity decreased. Under moist adiabatic
conditions (blue plus signs in Fig. 3c) turbulence intensity ranged between 0 and 0.7.
Using the dry Richardson number under moist-adiabatic conditions can lead to
inaccuracies, which are linked to high values of turbulence intensity and increasing
positive Ri numbers. In the limited cases we explored, when Ri numbers were close to
zero, the relationship between turbulent intensity and Ri numbers were similar for dry-

and moist-adiabatic conditions.

4. Richardson number during a cold front passage

In this section, we analyze the impact of the vertical moisture profile on Ri during a
rain event. Figure 4 shows the Windcube and microwave radiometer observations during
a cold front passage on 9 June 2011. On that day, an upper-level trough passed over
Colorado with a surface cold front moving over the instruments at about 0820 UTC. Prior

to the cold front passage (0000-0820 UTC), the atmosphere below the mountain crests
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was stable with a northerly surface wind of 5-15 ms™ (Fig. 4a, e). With a relative
humidity below 60%, the atmosphere was unsaturated and stable with turbulence
intensity values < 0.4. During the cold front passage, the surface temperature dropped by
~10°C (Fig. 4b), relative humidity increased from 20% to 100% (Fig. 4c), wind veered to
the east for ~1 h and then returned to northwesterly winds with steady wind speeds of 15
ms™' (Fig. 4a). During the cold front passage, the atmosphere became neutral with
Richardson numbers around zero and remained neutral under both saturated and
unsaturated conditions, and turbulence intensity remained below 0.2 between 0820-1130
UTC. Note that the squared moist Brunt-Viisild frequency was negative, while N7
remained around zero. As a result, the Richardson numbers, which are similar for
saturated and unsaturated conditions, were governed by the wind shear. Between 1200-
1500 UTC, the atmosphere became slightly conditionally unstable, i.e., slightly
stable/neutral if dry-adiabatic conditions are assumed but unstable under moist-adiabatic
conditions (Fig. 4d). Accordingly, turbulence intensity slightly increased and ranged
between 0.2-0.6 (Fig. 4e). With relative humidity values >95%, the atmosphere was close
to being saturated during this time. Rain was observed at ~0430 UTC prior to the cold
front passage and occasionally at the surface between ~0820-1430 UTC (Fig. 4c). While
maintaining the wind speed, the wind direction backed to northerly after 2000 UTC.
Ceilometer observations from the nearby University of Colorado Skywatch Observatory
indicate the cloud base remained below ~100 m AGL until 2000 UTC (figure not shown).
The atmosphere became more unstable under both saturated and unsaturated conditions.
The calculation of the Brunt-Viiséld frequency and the Richardson number

underscore the critical role of latent heat release in understanding atmospheric stability
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and turbulence. Even though rain only occurred occasionally after 0820 UTC, it can be
assumed, based on the low cloud height and the relative humidity exceeding 95%, that
the atmosphere was near-saturated. The differences between the Richardson numbers
using the dry and moist Brunt-Viisild frequency increased to ~0.2 between 0820-1400
UTC. After 1400 UTC, the atmosphere became unstable under both dry and moist-
adiabatic conditions, and the Richardson number decreased for both in-situ and remote
sensing instruments.

The microwave radiometer observations also revealed important meteorological
structures, which are important to forecast the 3-dimensional structure of the atmosphere
and cannot be observed with tower observations. Prior to the cold front passage,
evaporation occurred below 1.5 km AGL, as indicated by a large gradient in relative
humidity. Upper-level dry-air intrusions, which occurred after 1300 UTC above 1 km
AGL, have been often been observed with the passage of an upper-level trough leading to
a destabilization of the atmosphere [Schultz and Trapp 2003, Steenburgh 2003; Colle et

al. 2005].

5. Conclusion

We examined the advantages of remote sensing of turbulence and stability within the
atmospheric boundary layer by comparing Windcube lidar and microwave radiometer
measurements to in-sifu tower observations. The investigation focused on three main
issues: 1) the accuracy of wind and temperature measurements from the remote sensing

instruments, 2) advantages of remote sensing instruments for monitoring stability and
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turbulence in the atmospheric boundary layer, and 3) the influence of the humidity profile
on atmospheric stability and Richardson number.

The Windcube lidar and Radiometrics microwave radiometer provided measurements
as accurate as the in-sifu tower observations. Differences in temperature ranged between
0.7-1.7°C between the tower and radiometer. Slightly larger values were observed at the
surface, which were likely related to thermal turbulence rather than instrument accuracy.
Wind observations from the Windcube lidar and in-situ tower indicated a spread of 1.2
ms™' for wind speed. As a result, the differences in squared Brunt-Viisili frequency and
the Richardson numbers based on in-situ tower and remote sensing observations showed
median values of 0.2x10* s> and 0.0003 and spread values of 3.2x10™ s and 0.09,
respectively.

Mobility of the instruments, larger vertical extent of measurements, and ease of
maintenance are the main advantages of remote sensing instruments over tower
observations. With the remote sensing instruments used herein, temperature, moisture,
and wind measurements can be collected throughout the turbine rotor disk layer, even
when turbine hub heights reach as high as 135 m AGL. Further, characteristics of the
atmospheric boundary layer, including atmospheric stability and turbulence, can be
monitored above turbine height and be used for nowcasting and forecasting applications.
Wind measurements and, therefore, the calculation of Richardson numbers are not
limited to cases when the orientation of an anemometer is appropriate for the wind
direction but can instead be accomplished under any wind direction.

While the importance of humidity measurements has yet to be established for wind

energy applications, we demonstrated that the atmospheric stability, and therefore the
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Richardson number, were determined more accurately when the liquid-water mixing ratio
derived from the vertical humidity profile was considered under moist-adiabatic
conditions. Under those conditions, the squared moist Brunt-Viisild frequency derived
from the radiometer humidity profile indicated that the atmosphere was unstable, instead
of stable as indicated when using the squared dry Brunt-Viisila frequency. In those
cases, changes in the squared Brunt-Viisild frequency affected the accuracy of the
Richardson number and therefore, the relationship between the Richardson number and
the turbulence intensity.

This intercomparison study also showed the ability of the remote sensing
instruments in overcoming the limits of traditional tower measurements by measuring
wind, temperature and humidity beyond 100 m AGL. In addition, the small footprint of
the remote sensing instruments provides flexibility in choosing deployment locations.
Further observational studies are necessary to quantify the role of vertical humidity
profiles on the stability during moist-adiabatic conditions and to determine how humidity
impacts the formation and maintenance of low-level wind maxima and wind turbine
performance. The implementation of remote sensing observations throughout the entire
boundary layer, in particular the vertical profiles of humidity, into nowcasting and
forecasting procedures is necessary to investigate further the influence of those

measurements on improvements in wind turbine operations.
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Figure 1: Scatter plot of temperature measured by thermometers mounted on a
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Temperature Radiometer (°C)

meteorological tower and a microwave radiometer at a) the surface and b) 80 m AGL
between 24 May and 16 June 2011 (14141 samples = 235 hours, 41 minutes). Radiometer
observation in b) were interpolated to 80 m using the 50 m and 100 m measures.

Measurements during rain are indicated in gray (518 samples = 8 hours, 38 minutes).
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Figure 2: Scatter plot of a) wind speed and b) wind direction at 50 m AGL measured by
anemometers mounted on the meteorological tower and the Windcube lidar between 24

May-16 June 2011. Number of samples are indicated in a) and b).
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Figure 3: a) Scatter plot of Brunt-Viisild frequency for dry (black plus signs) and moist-
adiabatic conditions (blue plus signs) derived from 1-minute temperature observations at
the tower and 1-minute temperature and moisture measurements from the radiometer
between the surface and 80 m AGL. b) Scatter plot of the Richardson numbers between
the surface and 50 m AGL (black plus signs) measured by the anemometers and
Windcube lidar every 10 min. Black plus signs indicate the Richardson numbers using
the squared dry Brunt-Viisila frequency, while blue plus signs represent the Richardson

numbers with the squared moist Brunt-Viisild frequency. c-d) Turbulence intensity as a
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function of Richardson numbers at 80 m AGL derived from the 10-minute Windcube
observations. Blue plus signs in c) represent time steps with moist-adiabatic conditions,

red plus signs in d) represent the same time steps but using the dry Richardson number.
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radiometer, d) moist and dry Brunt-Viisiléd frequency between the surface and 50 m AGL
derived from radiometer observations and Richardson number derived from the
Windcube and radiometer measurements, and e) Turbulence intensity derived from the
Windcube lidar at 50 m and 80 m AGL. The location of the surface cold front is shown as
a blue line with filled triangle symbols attached. Rain was observed at the surface was

occasionally observed by the rain gauge at the tower.
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